
  

  

End effector with combined CAM 
and TPM for an automatic  

milking robot 
 

 

 

 

 

 

ANDERS BERTILSSON 
 

 

 

  

Master of Science Thesis 

Stockholm, Sweden 2016 

 

 



  



  

 

 

 
End effector with combined CAM and 
TPM for an automatic milking robot 

 
 

 
 
 
 

Anders Bertilsson 
 
 

Master of Science Thesis MMK 2016:86 MKN 165 

KTH  Industrial Engineering and Management 

Machine Design 

SE-100 44  STOCKHOLM 



  

 



 1 

 

 
 

 Examensarbete MMK 2016:86 MKN 165 
 

Sluteffektor med kombinerad gripklo och 
förbehandlingsutrustning för mjölkningsrobot 

   
  Anders Bertilsson 

Godkänt 

2016-06-09 

Examinator 

Ulf Sellgren 

Handledare 

Kjell Andersson 

 Uppdragsgivare 

DeLaval International 

Kontaktperson 

Helmut Obermüller 

SAMMANFATTNING 

Med minskande ekonomiska marginaler inom mjölkproduktion världen över vänder sig dagens 

mjölkproducenter mot en ständigt ökande grad av automatiserad mjölkproduktion. 

Anledningarna är att kunna minska kostnader för arbetskraft och samtidigt kunna öka djurens 

välmående, på så vis även öka sin avkastning.  

DeLaval International är ett företag med lång erfarenhet och expertis av att leverera och 

producera produkter för modern mjölkproduktion. Som ett steg i denna utveckling har DeLaval 

International lanserat AMR, en automatisk mjölkningskarusell. Denna produkt använder robotar 

för att ersätta annars tungt, monotont manuellt arbete. Som en del av vidareutvecklingen av 

AMR gjordes detta examensarbete för att skapa en ny typ av robotverktyg med mål att korta 

robotens cykeltid och på så vis öka den totala produktionstakten för karusellen.  

Två koncept av olika robotverktyg togs fram i form av virtuella och fysiska modeller. 

  

Olika ingenjörsmässiga verktyg användes för att stötta processen såsom: Morfologisk matris, 

Gantt schema och WBS. Båda koncepten visar möjliga sätt att både rengöra och montera 

mjölkkoppar på kor. Båda koncept uppfyller kraven fastställda i den kravspecifikation som 

framtogs för ett robotverktyg till en AMR-karusell.  

 

Arbetet ger reflektioner och rekommendationer till arbete som kan göras för att förbättra 

koncepten innan ett eventuellt fälttest kan genomföras.  

 

Nyckelord: Produktutveckling, Konstruktion, Robot, Mjölkningsutrustning 
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ABSTRACT 

With decreasing financial margins within the dairy industry around the world, the trend of 

today's dairy producers is an ever-increasing degree of automated milk production. Reasons for 

this is to reduce labor costs but at the same time to increase the welfare of animals and thus 

increase milk yield. 

DeLaval International is a company with long experience and expertise in supplying and 

producing products for the modern dairy industry. As a step in this development, DeLaval 

International has launched an automatic milking rotary platform called AMR. This product 

replaces the heavy, monotonous manual labor by the use of robots. As part of the further 

development of AMR, this thesis aims to create a new type of robotic tools with the goal to cut 

the robot’s cycle time and thus increase the overall production rate for the rotary platform. 

Two concepts of various robotic tools were developed in the form of virtual and physical 

models.  

 

Various engineering tools were used to aid the process such as Morphological matrix, Gantt 

chart and WBS. Both concepts show possible ways to both clean and attach milk cups onto teats 

of dairy animals. Concepts meet the requirements that were developed for a robotic tool on 

AMR. The work provides recommendations for further work to optimize both concepts before 

any field tests can be performed. Reflections on the process and the result are also presented.  

 

Keywords: Product development, Design, Robot, Milking equipment 
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NOMENCLATURE 

The Notations and Abbreviations used in this thesis is presented below. 

Notations 

Symbol Description 

E Young´s modulus (GPa) 

Fweight Force by gravity (N) 

Fpush Cylinder force, positive stroke (N) 

Fpull Cylinder force, negative stroke (N) 

Ffiction Force by friction (N) 

µsteel PA 6.6 Frictional constant between steel and PA 6.6 

α Angle (deg. °)  

β Angle (deg. °) 

T Torque (Nm) 

S Stroke (m) 

σn-1 Maximal von Mises Stress at second to last simulation 

σn Maximal von Mises Stress at last simulation 

Wb Bend resistance of cylindrical shaft 

Abbreviations 

AMR Automatic Milking Rotary 

TPM Teat Preparation Module 

CAM Cluster Attachment Module 

TOF Time of Flight 

WBS Work Breakdown Structure 

CAD Computer Aided Design 

SE Solid Edge ST7 

RP Rapid Prototyping 

POC Proof-of-Concept 

POP Proof-of-Product 

AMS Automatic Milking Systems 

FEM Finite Element Method  

CW Clockwise 

CCW Counter Clockwise 
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1 INTRODUCTION 

This chapter gives information about the background for this thesis as well as the purpose, 

delimitations and the methods used. Section 1.1 describe the AMR system and the functions of 

the current end effectors. 

1.1 Background  

 

DeLaval International is a company developing products for modern dairy farming, a part of this 

is the development of automatic milking systems. With increased herds of dairy cows and 

smaller margins of profit for the dairy farmer, the overall trend is a more automatic farming 

industry to cut cost on labour as well as increase welfare of cows to increase the yield of milk. 

DeLaval International has a system for automatic milking for large herds called AMR, 

Automatic Milking Rotary, with a capacity for herds up to 800 cows. DeLaval AMR™-1 (2014) 

To increase the capacity of this system each step of the milking process must be carefully 

evaluated to possibly cut lead times and enhance productivity. The milking process in the AMR 

system is consists of four robots, two robots for each type of tool. The first tool is called TPM, 

Teat Preparation Module, this tool is used to clean the teats of the cow and prepare it for milking. 

The second type of robot tool is a CAM, Cluster Attach Module, and this tool attaches the 

milking cups on the teats. In the AMR today, the first and second robots are TPM robots and the 

third and fourth are CAM robots see Figure 1 for the setup. 

 

 

 

 
 

 

 
Figure 1, AMR with TPM and CAM robots and their order marked. DeLaval AMR™-1 (2014) 
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Cow exit 
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This means that the first and third robots are responsible for cleaning and attaching cups on the 

rear teats of the cow’s udder while the second and fourth robot deal with the front teats of the 

udder, see Figure 2. To locate the teats the robots use a TOF, Time of Flight, a camera mounted 

close to the tool of the robot. Since each robot must locate two teats each cycle, a potential of 

improvement exists here. An idea was therefore suggested by DeLaval International to give each 

robot responsibility of only one teat instead of two. To make this change of robot tasks the robot 

tool must be able to carry out both the CAM and TPM functionality. DeLaval AMR™-1 (2014)  

 

 

 

       

      

 

 

 

 

 

 

 

 

 

 

 

The TPM module is used in the AMR system to clean and stimulate the teats before milking can 

begin. The teat is inserted into the TPM cup, shown in Figure 3, where water and pressurised air 

flow to clean it. As mentioned above, each TPM robot cleans two teats each. The TOF camera is 

used to precisely locate the positions of the teats, udders, and legs of the cow. DeLaval AMR™-

1 (2014).  

 

 

 
Figure 3, TPM module with A, TOF camera and B, washing cup. DeLaval AMR™-1 (2014). 

Belly 

Front 

teats 

Hind 

leg 

Rear 

teats 

Udder 

Figure 2, Schematic figure of udder of a cow with front and rear teats marked. 
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 In normal operation of the system, the CAM robot moves in under the cow with two milk cups 

and then the TOF camera locate teats and the milk cups are attached on the front or rear teats 

depending on the robot order. DeLaval AMR™-1 (2014). A magnetic gripper holds the milk 

cups and when the teat is inside the milk cup, the magnetic field is shut off and the cup is 

detached from the robot. The CAM module is shown in Figure 4.      

 

  

 

Figure 4, CAM module with A, TOF camera and B, magnetic gripper. DeLaval AMR™-1 (2014). 

 

The milk cups are connected to tubes, which are connected to vacuum pumps, and when the 

cavity in the milk cup is filled with the teat the vacuum is strong enough to hold onto the teat and 

the cup is realised from the electromagnetic gripper. The robot then moves away and the AMR 

platform can rotate and move the next cow into position. A picture of a CAM robot attach milk 

cup to a cow is shown in Figure 5. 

 

 

 
Figure 5, CAM robot attaching milk cups to teats. DeLaval AMR™-2 (2015). 
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1.2 Purpose 

The main goal of the thesis is to design a combined robot tool or end effector for the DeLaval 

International AMR robots with the TPM and CAM functionality.  

Expected benefits of a combined tool are cycle time savings and also economical since the 

number of unique components will decrease which, in theory, will reduce overall cost. (Ullman, 

2010) The goal is also to make this combined tool more robust in terms of serviceability. 

 

There are several issues with combining the CAM and TPM functionality e.g.  

 What geometrical constraints are to be fulfilled by a combined end effector? 

 How to avoid attaching the milk cup to an unwashed and contaminated teat?  

 How to keep the tools hygienic? 

 How to make the design endure kicks from cows without adding unnecessary weight and 

inertia? 

1.3 Delimitations 

Some delimitation is essential in order to reach the goal of the thesis within the given time frame.  

Those delimitations are listed below: 

 

 Materials of prototype are not necessarily to be the intended ones of the final design; the 

prototype can therefore, for instance, be made of cheaper materials 

 Cost assessment of design is not included 

 No field-tests of the prototype shall be conducted 

 Change in software to control the prototype is not included 

 
 

1.4 Deliverables 

The thesis shall deliver one finalized concept visualized in form of: a prototype, drawings and a 

CAD model. Further shall stress calculations be included to give an estimation of the stresses the 

design must sustain. Documentation of the positions of any cylinders or motors in the design to 

fulfil the functions and similar information for proof of the intended function shall also be 

presented. 
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1.5 Methods 

The methods used to address the task of the thesis is described below. 

 

1.5.1 Project planning tools WBS and Gantt chart 
A WBS or work-breakdown-structure is a tool to plan a process by mapping the individual tasks 

needed to be completed in order to achieve the final goal of the process. Like the process of 

building a house there are work packages needed to be done to finalize the house like building 

walls or rafters, (Ullman, 2010). 

To manage each work packages given by the WBS in time a Gantt chart was used. (Ullman, 

2010). When all tasks are ordered, the Gantt chart can be used as a schedule for the rest of the 

project.  

 

1.5.2 Requirement specification 
A requirement specification must be done prior to the design process beginning, to know what 

the design must fulfil regarding legal, dimensional or environmental demands etc. It is vital that 

every demand is measurable so that it is undisputable if the design fulfils the demands or not. 

(Ullman, 2010). 

 

1.5.3 Reversed engineering 
Reversed engineering will be used to understand the function of the current end effector and by 

understanding the function one will understand the demands better which will assist with the 

creation of the requirement specification. (Ullman, 2010). The product is therefore disassembled 

and components are analysed regarding their function.  

 

1.5.4 Pairwise comparison 
When the requirements are set, one must have their relative importance to know which demands 

are vital to fulfil and which can be negotiable. (Cross, 2000). The legal demands are for instance 

of more importance than a requirement about weight because if the design does not fulfil the 

legal demands it will not reach the market at all. The way to get the relative importance is to do a 

pairwise comparison of requirements, it is done by setting all demands into a pivot table and then 

each demand are judged against another with emphasis on importance. When comparing two 

demands e.g. demand A and demand B, one will give each demand a score between 0 to 1 

depending on the importance. If demand B is considered more important than A, B will get a 

score of 1 in the row of demand B and A will score 0 against demand B. When two demands are 

equally important then both demands get a score of 0.5. This simple example is visualized below 

in Table 1. When each row is summarized, the demand with the highest score is to be considered 

the most important.  

    
Table 1, an example of a pairwise comparison. 

 Demand A Demand B Demand C Total: 

Demand A  0 0,5 0,5 

Demand B 1  1 2 

Demand C 0,5 0  0,5 
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1.5.5 Brainstorm sessions 
Brainstorm is a creative method where one or several persons generate as many ideas as 

possible. A benefit of this method is that presented ideas trigger new ideas and even if the initial 

idea might not be of value, others might generate a good concept by the inspiration. (Magrab. 

2009) 

 

1.5.6 Morphological matrix 
The Morphological matrix is a creative tool used to generate concepts, although compared to 

brainstorm sessions the focus is to solve sub-functions and then by a combination of sub-

functions solutions solve the overall function. (Ullman, 2010) 

An example of a problem that might be solved by a Morphological matrix is the problem 

“protect human from weather” then the sub-functions is: protect the head, protect upper body, 

protect legs, protect hands and protect feet. Then one must find ways to solve each sub-function, 

e.g. ways to protect the head might be using a hat, a cap or a plastic bag, see Table 2. After all 

sub-functions have possible solutions, one can combine these to generate a large number of final 

concepts. As can be seen below these few concepts on each sub-function generated 36 possible 

ways to solve the overall problem. The power of the Morphological matrix is then that it might 

be nearly impossible, or at least time consuming, to achieve 36 individual concepts by 

conventional creative tools such as brainstorming.  Some concepts might be better than others 

but that is not determined by the morphological matrix and will therefore not be discussed in this 

section. By combining one principal solution from each sub-function, marked with red boxes in 

Table 2, one would get one concept to solve the overall problem. 

 

 
Table 2, an example of a Morphological matrix with one concept marked. 

 
 

1.5.7 Pugh matrix 
A Pugh matrix is a tool to rank several concept or designs. (Ullman, 2010). By first selecting 

criteria’s one later rank the concepts compared to one reference design as better, equal or worse. 

The criteria’s are also given a weight corresponding its importance. Using a Pugh matrix one 

will rule out any bias of the engineer or at least minimize it since the result is based on the 

performance of concepts rather than the beliefs or personal favourites of the engineering team.    
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1.5.8  CAD 
CAD will be used to create the design of the selected concept since it is a powerful and cost-

efficient way to design components and assemblies without having to create any physical parts at 

an early stage of the design process. (Ullman, 2010). The software of choice for this thesis work 

is named Solid Edge ST7 or SE and the main reason for that is that it is the official CAD tool of 

both DeLaval International as well as The Royal Institute of Technology.     

 

1.5.9 Prototypes 
Prototypes of two types will be created in the process of this thesis. The use of a CAD tool is 

powerful in the process of developing a design but some aspects that are better to evaluate in the 

form of a physical prototype. The use of prototypes and CAD software are therefore used to 

complement each other. There are several types of prototypes and it is important to know when it 

is beneficial to use one and which type to use. (Magrab E. 2009). The types that will be used in 

this thesis is one POC, Proof of Concept, a prototype which is an early stage prototype and one 

POP, Proof of Product, prototype which is more refined and have a higher level of detail. With 

RP, rapid prototyping, methods, the time and cost for prototype manufacturing have significantly 

decreased over the years and should be used if it is considered suitable. (Ullman, 2010).    
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2 FRAME OF REFERENCE 

In this chapter, all the competitors’ automatic milking systems to date are presented. A selection 

of interesting patents is also given which shows principles or techniques already protected by 

other companies than DeLaval International within the dairy industry.   

2.1  Competitor analysis  

This analysis is an overview of the functionality of attaching a washing cup and the milk cup to 

the teat of dairy animals. After an interview with the technical manager for the mechanics, 

research & innovation group at DeLaval International Helmut Obermüller, the main competitors 

were first identified and then an investigation were conducted mainly by searching the 

competitors web pages. Focus were not on retrieving dimensions or such but on listing the 

principal solutions other competitors have used. The state of the art analysis is however suffering 

slightly since only one competitor, GEA Group, have an automatic rotary milking system 

comparable to the DeLaval International AMR system. There are other automatic milking 

machines out on the market but the difference is that they can only milk one or two cows at the 

time, they are however included in the analysis since the function of attaching a milk cup or 

cleaning the teats is, in general, the same regardless of the milking capacity or configuration of 

milking parlour.    

 

2.1.1 BouMatic Robotics 
The MRS1 system from BouMatic Robotics is a single cow milking system, with a plastic claw 

that holds a wash cup on the teats and uses the same gripper to attach the milking cups. A linear 

actuator controls the claw but the setup of linkages is not visible. It is however assumed that the 

linkages are set up in some knee joint configuration since the claw opens with a rotational 

motion around points under the camera, see Figure 6. Boumatic Robotics (2016.)    

 
Figure 6, Screen shot of instruction video of MRS1 with assumed rotational point marked. Boumatic Robotics 

(2016.) 
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2.1.2 Fullwood milking 
M

2
erlin from Fullwood milking is a single cow milking system using two rotating brushes to 

clean the teats and then the milking cups are mounted on the robot arm, this forces the arm to be 

positioned under the cow during the entire milking cycle.  The milk cups can be moved by 

strings but the movement is vastly limited to only a small angle of tilting. The end effector 

appears heavy and clumsy. The arm is allowed to both rotate and move linearly along the side as 

well as move in height, see Figure 7. Fullwood milking (2014.) 

 

 
Figure 7, M

2
erlin milking system. Fullwood milking (2014.) 
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2.1.3 GEA Group 
MIone is a single cow milking system from GEA Group that washes the teats using the milking 

cup, the cups have thus a combined functionality and the cups are held in position by tensioning 

wires that press blocks together to form a stable bracket. The cups cannot be moved relative to 

each other and the robot arm is forced to stay under the cow during milking. GEA Group AG 1 

(2016). Due to the individual tensioning of the cup wires the end effector is quite large, see 

Figure 8. 

 
Figure 8, MIone milking system from GEA Group. GEA Group AG 1 (2016) 

 

The only automatic rotary system besides the DeLaval International ARM to date, is the Dairy 

Pro Q by GEA Group, see Figure 9. The system uses, as well as the MIone system, a combined 

wash and milk cup controlled by wires in combination with blocks, see Figure 10. The main 

difference between the Dairy Pro Q from the DeLaval International AMR is that each cow 

position on the rotary platform is equipped with an end effector while the DeLaval International 

AMR only have end effectors on the four robots next to the rotary platform. One end effector is 

therefore positioned under the each cow during both the washing and the entire milking process. 

GEA Group AG 2 (2016) 

 

 
Figure 9, GEA Groups rotary system Dairy Pro Q. GEA Group AG 2 (2016) 

 

 
Figure 10, Dairy pro Q end effector from GEA Group. GEA Group AG 2 (2016) 
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2.1.4 Lely Group 
Another single cow milking machine is the Astronaut A4 from Lely Group; it uses rotating 

brushes for washing and wires to control the position of the milking cups which is limited to 

tilting, see Figure 11. Lely Group (2016) The washing brushes are mounted on a bracket that 

rotates in place in front of the camera locating the teats before washing and then rotates away 

when teats are cleaned. The arm is stationary under the cow during the milking process. The 

milk cup is tilted upwards just before attachment which means that the milk cup is slightly 

protected during attachment of other cups.   

 

 

 
Figure 11, Screenshot of instructional video of Lely Astronaut A4. Lely Group (2016) 
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2.1.5 SAC milking 
From SAS milking comes the RDS Future line MAX which is a double cow milking system with 

a cleaning cup that is moved between teats during cleaning, the gripper is a claw that holds both 

cleaning cup as well as the milk cups during attachment. SAC milking (2015) The gripper using 

a rotational movement to release or hold the cups and it is assumed that a linear actuator within 

the arm provides this movement, see Figure 12. The principle is similar to the patent described 

below, see section 2.2.5. 

 

 
 

 
Figure 12, Screenshot of SAC RDS Future line MAX instruction video, SAC milking (2015).   
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2.2  Patent investigation  

To discover and to see the patented solutions already existing within the field of automatic 

milking systems a patent investigation was carried out. At first, a general search was conducted 

but later a more specific search focusing on the function on attachment of milk cups on dairy 

animals was done and the reason for this was to refine the search results on more, for the thesis, 

relevant patents. The patents presented below are therefore only the results of the search were the 

author has been responsible for the judgment if the patent is relevant or not. More than 300 

patents were studied and sentenced regarding relevance to this thesis task. No consideration if 

the patents presented have been approved or not was taken since it was assumed that even a 

patent request will either be approved before the completion of the thesis was reached or that a 

rejected patent application have already another similar approved patent. Some of the patents or 

at least principals similar to these patents, described below, are also found under the competitor 

analysis, this is considered to validate both the patent investigation as well as the competitor 

analysis since then important technical principles are mapped and found.    

 

2.2.1 A milking implement, patent application CA20072866455 
This patent is about an automatic gripper solution where the milk cup is tilted using a string and 

spring solution, see Figure 13. The overall patent is concerning small self-propelled milking 

equipment that will move around to milk cows and the gripper solution is a small part of the 

patent application. Espacenet-1 (2008). This application is a continuation on a previous 

application but it was considered to be of value for the thesis just for the gripper mechanism and 

control of milk cups. The reason for tilting the milk cup is to protect it from contamination or to 

protect the cup itself from blows or cow kicks.    

 

 

 
Figure 13, Milk cup gripper with tilt functionality. Espacenet-1 (2008) 
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2.2.2 Device for cleaning teats, patent application US20010973899 
This patent is a description of a cleaning device and method for cleaning, see Figure 14. This 

cleaning device is of informative importance since it shows a principal cleaning solution 

regarding two brushes rotating in opposite direction with the teat in between the rotating 

members. This is a solution used in automatic milking systems today, see section 2.1.1. An 

advantage of this cleaning method is the stimuli of the teats which makes the cow release milk 

and therefore decrease the overall milking time, Espacenet-2 (2002). The full name of the patent 

is Device for and a method of cleaning teats and the patent number is US20010973899. 

 

 

 

 
Figure 14, Rotating brushes to clean teats. Espacenet-2 (2002) 



 28 

 

2.2.3 A teat cup carrier, patent application AU20100201852 
This patent is also concerning small self-propelled milking equipment, similar to the one 

explained above; see section 2.2.1, with a detailed gripper control figuration of main interest. 

The gripper itself is not further explained but the author considers that the control of the arm on 

which the gripper it attached is an interesting solution where the milk cup can be moved in space 

using a linear actuator and a bevel gear configuration to provide rotation, see Figure 15. 

Espacenet-3 (2010).  

 

 

 
Figure 15, Gripper configuration with linear actuator and bevel gear. Espacenet-3 (2010) 
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2.2.4 Double gripper for teat cups, patent application 
EP20150166155 

This patent application is regarding a gripper solution using electromagnets and linear actuators 

to provide movement to the milk cups Espacenet-4 (2015). Since the pivoting point of the 

electromagnet is not stationary, the milk cup is allowed to move as well as rotate as the actuator 

extends or retract, see Figure 16. The point of interest is the usage of a non-fixed rotating point 

to achieve a combination of linear and rotational movement using only one linear actuator. The 

full name of the patent is Double gripper for the application of teat cups to an animal to be 

milked, rinse cup for this and milking machine provided therewith, and a method for milking. 

The patent number is EP20150166155. 

 

 

 

 
Figure 16, Gripper configuration with a linear actuator. Espacenet-4 (2015) 
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2.2.5 Method of attaching teat cups, patent application 

CA20122913440 
This patent shows a gripper solution using a combination of a linear actuator and a set of link 

arms to hold the milk cups. Espacenet-5 (2012). The arm on which the gripper is attached can 

also be controlled with an angular offset, see Figure 17. The principle is assumed to be used by 

competitors today, e.g. see section 2.1.5. The patent number is CA20122913440 and the full 

patent name is Method of retrieving and attaching teat cups to dairy livestock.  

 

 

 
Figure 17, Gripper with linkages. Espacenet-5 (2012) 
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3  THE PROCESS 

In this chapter, the working process is described and the engineering tools used.  

3.1 WBS 

 

The WBS for this thesis project is shown below in Figure 18. The project was divided into two 

parts to get a better overview, one information and one conceptual stage.  

The time consumption of each of the work packages is not stated since the WBS is not a tool to 

manage time. The time duration for each of the work packages is visible in the Gantt chart 

described in Appendix A. 

 

 
Figure 18, WBS of the thesis project. 
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3.2 Gantt chart 

The Gantt chart for the thesis is presented in appendix A due to visibility reasons. The overall 

time period extends over 20 weeks and is based around five stages: background, design, 

manufacturing, documentation and presentation. Each stage consists of a number of sub-

activities that can either be completed in parallel or serial order. 

3.3 Requirement specification 

The requirement specification was done by interviews of engineers regarding the environment in 

which the AMR is placed such as temperature and demands on lifetime. Other demands that 

were included in the requirement specification, see Appendix B, were the legal ones. Since the 

system is handling milk, there are hygienic demands on for instance materials and surfaces. SS-

ISO 14159:2002. Other standards that apply to this type of machine and must be followed is the 

safety standards SS-ISO 10218-1:2011 and SS-ISO 10218-2:2011. These were studied and 

requirements were stated to be able to meet these standards. 

   

3.3.1 Reverse engineering 
Reversed engineering was used as a method to identify the main function of the end effector. 

With the function known one get a better understanding of the demands put onto it. Reversed 

engineering is when the product is disassembled to understand the function of it. (Ullman, 2010). 

When an understanding of the function is reached, one can also get an understanding of the 

demands to fulfil these functions. The TPM and CAM were both to be disassembled and studied 

by the author regarding function.    

 

3.3.2  Pairwise comparison of requirements  
The pairwise comparison of the requirements for the end effector is presented in Appendix C. It 

can be seen that among the most important requirements are the legal ones and the ones of lesser 

importance are for instance the angle on which the TOF camera is mounted onto the end effector. 

The result was expected but the systematic approach given by the comparison gives all the 

requirements ranked while without the comparison one would only have a rough impression of 

which demand that is more important than others.     

 

3.4 Brainstorm sessions 

The brainstorm sessions were carried out both individually by the author as well as one group 

session with experienced engineers from DeLaval International AMR department. The ideas 

were sketched by hand on paper and on whiteboards since this is a fast way to visualize and 

show the ideas to others. The ideas created were around twenty and focused on both overall 

designs and some ideas focused on details. The Brainstorm sessions were separated in time since 

that gave the author a chance to think about a possible solution without time pressure or other 

distracting elements.  
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3.5 Morphological matrix 

The Morphological matrix was focused on seven sub-functions to fulfil the main function 

identified from the Reverse engineering activity. Meaning that the main function was divided 

into sub-functions. The selected sub-function was: 

 Protect milk cup  

 Provide power 

 Positioning of CAM & TPM cups 

 Holding/release milk cup 

 Provide movement 

 Holding/release TPM cup 

 Holding/release TPM hose 

The Morphological matrix is presented in Appendix D. With all the sub-function combinations 

there exists a huge number of unique concepts which truly shows the power of the 

Morphological matrix. It is, however, important to know that some concepts are not feasible 

since the combination of some sub-functions is not applicable in a practical or feasible sense.  

3.6 Concept evaluation and selection 

The reason for only including nine concepts, which might seem odd when the Morphological 

matrix gave thousands of concepts, was that these nine concepts each represented a wide 

category of similar concepts. It was also of practical reasons since the task of comparing 

thousands of concepts would be an overwhelming task regarding the given time frame. The 

concepts were also not fully defined and time was instead given to alter and improve the chosen 

concept after the evaluation and selection. 

The evaluation and selection of a single concept was done by using a Pugh matrix, see Table 3. 

Due to the large number of concepts given by the Morphological matrix, all concepts were not 

evaluated due to the given time frame.  

Nine concepts each showing a principal solution were evaluated since the concepts in the 

Morphological matrix were not fully defined and could be changed when the design went into 

more detail. The concepts evaluated is described below in further detail.  
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The concept called “Spin Lid”, see Figure 19, was based on a rotational lid positioned between a 

static TPM and milk cup. The lid would then rotate to cover the cup not in use. This would keep 

the milk cup clean and hygienic during washing of teat while the time during reposition of cup 

cover would be kept at a minimum. The cover would decrease the field of view but is assumed to 

keep at an acceptable level. 

 

 
 

 

 

The following concept is called “Linkage lid” and is a concept using a lid to cover one cup, 

preferably the milk cup. The lid, see Figure 20, would have its rotational point positioned near 

the TOF camera, rotation would then move the lid in two directions relative to the milk cup 

using two parallel linkages. This would keep the field of view free and still provide a sufficient 

cover.  

 

 
 

Figure 20, Linkage lid concept. 

Figure 19, Spin lid concept. 
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The next developed concept presented is the “Rotate milk cup XY“-concept and the principal 

here is that both the TPM and the milk cup can rotate. The cup in use is in vertical, active 

position and when the change of cups is needed, both cups rotate so that the other cup comes into 

active, vertical position. A benefit of this it that the field of view only limited by one cup instead 

of two as for instance the “Linkage lid”-concept. A principal design of the concept is shown in 

Figure 21. 

 

 
 

Figure 21, Rotate milk cup XY concept. 

 

The fourth concept evaluated and presented was called “Move away TPM” and is shown in 

Figure 22. The TPM cup is in this concept mounted on a linkage, which allows the TPM cup to 

be moved away when the washing cycle is completed. The concept is similar to the washing 

function on the Lely Astronaut A4 system described in section 2.1.4, however, that system uses 

brushes instead of a washing cup. A cover to protect the milk cup could also be combined with 

the TPM linkages arm.   

 

 
Figure 22, Move away TPM concept. 
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Next concept described is the “Rotate milk cup XZ”, a concept which is similar to the “Rotate 

milk cup XY”-concept, the only difference is the positioning of the rotational axis, shown in 

Figure 23. In the “Rotate milk cup XZ”-concept the cups rotate along an axis going away from 

the TOF view. The movement reminds of the movement of a steering wheel in front of a driver 

where the hands of the driver can be represented as the cup positions. The cup not in use is then 

positioned away from the field of view and only one cup is in active, vertical position at the time. 

 

 

 

 

Concept number six is called “Diamond concept” and is based on that both cups are controlled 

and mounted on linkages to provide motion. Idea that only one actuator could control both 

linkages existed but were at this stage not fully investigated. For a descriptive figure, see Figure 

24. The cup not in use would not interfere with the field of view thanks to the repositioning of 

cups. Reposisoning would also help to keep the hygiene at a high level. The pointy and narrow 

shape at the working area of the end effector would also provide a better reach in tight areas 

close to e.g. cow legs.  

 

 
Figure 24, Diamond concept. 

Figure 23, Rotate milk cup XZ 
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Next concept up for description is the “TPM lift”-concept where the cups are aligned and the 

TPM cup, which is closest to the TOF camera, can be lifted and lowered when needed. To avoid 

concealment of the milk cup the TPM cup must be able to be lowered under the milk cup height. 

The concept would have a narrow and overall pointy shape but the length might exceed the 

maximum, set by the Requirement specification, the length of the end effector. The principal 

solution of the TPM lift-concept is shown in Figure 25. The height difference between cups 

would exclude the need of a lid on the milk cup. 

 

 
Figure 25, TPM lift-concept.  

 

The “Rotational disc” -concept is a concept where the TPM and milk cup is mounted on a round 

or semi-round disc which can be rotated and therefore put the needed cup in the active position, 

see Figure 26. Since the cups are both on the disc, only one activator is needed and the rotational 

movement is assumed possible to make robust and reliable. Another benefit of this concept is 

that the active position of both the TPM and milk cup is possible to set in the same point in space 

which would reduce robot movement during attachment of cups.   

 

 
Figure 26, Rotational disc concept. 
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The last concept that was evaluated was the concept called “Balloon cover” -concept and is 

shown in Figure 27. The idea is that an inflatable cover is mounted in the milk cup and by 

pressurised air the cavity in the milk cup is covered and protected against unwashed teats or 

splashing water. The positioning of the milk cup is then not critical since the milk cup can better 

endure the unhygienic environment next to the active TPM cup. When it is time is to attach the 

milk cup to the cleaned teat the air pressure is dropped and the cavity is then not blocked 

anymore. Problems with this concept could be that the balloon might contaminate the inside of 

the milk cup when not inflated.  

 

 
Figure 27, Balloon cover concept.  

 

The concept with the highest score after the Pugh matrix evaluation, see Table 3, was the 

“Diamond concept” The basic idea was that the CAM- and TPM cups change positions using 

linkages, this would provide a bigger field of view for the TOF camera for teat localisation while 

still protecting the milk cup from contaminated teats when not in use. The pointed shape would 

also make the fetching of cups from the cup station possible.  

It is notable that the Pugh matrix evaluation stated that the Rotational disc had an almost equally 

high performance value as the Diamond concept. The criteria on which the concepts were 

evaluated by were chosen from the requirement specification, see Appendix B, and weights of 

the selected criteria were based on the pairwise comparison of requirements, see Appendix C. A 

demand of higher importance was given a higher weighting value than a demand of low 

importance. Not all demands are criteria of evaluation since some demands can be fulfilled by all 

concepts and only a few criteria are expected to be critical for the overall function.  

The demands of highest importance are therefore the chosen ones as criteria for the concept 

evaluation. Some criteria were also a combination of demands, especially the criteria “Hygienic” 

which is a combination of several demands such as no absorbent material and drainable surfaces 

etc. The datum concept on which the other concepts were compared with was a concept called 

“Spin lid” described below in Figure 19.  

 

The Pugh matrix is an estimation of the performance of each concept compared to the Spin lid 

concept and it is important to keep in mind that since each concept are not fully defined the 

result cannot be seen as an absolute truth but more of a recommendation. The scoring of each 

concept are due to judgement of the author, which gives some uncertainty regarding bias or 

consistency. 
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Table 3, Pugh matrix for concept evaluation. 
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Two concepts are according to the Pugh matrix stronger than the others, Diamond concept and 

the Rotational disc concept. The advantage for the Diamond concept is however that it is deemed 

as more service-friendly than the Rotational disc concept.   

3.7 Implementation of POC, prototype, Diamond concept 

The work to generate a Proof of Concept, POC, prototype was done after a principal concept was 

selected with the Pugh matrix evaluation. First overall and general sketches were created, where 

main focus at this point was on generate a design that would fit the overall demands on 

dimensions, see Appendix B. When the placing of general components such as the TOF-camera 

and the milk cup as well as the TPM cup was decided the work could move on into more detailed 

design. The placing was set by the demands of the TOF camera and which angles and distances 

it required to keep the focus at an, for teat localisation, optimal level. Since the principal solution 

was based on  movement of both the TPM and milk cup the field of view of the TOF camera 

could not under any circumstances be blocked by a cup not in operation. The whole field of view 

is needed to locate teats swift and precise.  

The field of view of the TOF camera was given after an interview with software engineer 

Andreas Eriksson at the DeLaval International AMS team.   

The design was focused of following the design cue of the current end effector of the AMR 

while keeping the requirements in mind while the design grew more into detail.  

The idea of using a cam solution to control the motion was considered safe for the cow and 

consistent in terms of performance. The risk of pinching teats was minimized if the cam track 

was kept at a safe distance from teats and by having a combined base plate with the cam tracks 

the plate would be much stiffer than if the parts were separated. Space was also assumed to be 

minimized when combining plate and cam tracks.  

The “Diamond concept” was therefore changed from linkages arm based to function with a cam- 

follower solution. Different designs of cam profiles were developed and tested on how the TPM 

and CAM cup would move using the CAD software SE. One of the fist cam paths is shown 

below, see Figure 28. The complicated control of motion needed to fulfil and follow a curved 

cam path made the author discard that idea, such a complex control would not provide an 

apparent advantage. The result was then that a linear cam path was selected, the simple control 
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of motion was considered more important than the extra space it would consume. For the POC 

prototype, a TPM, milk cup and TOF dummy were created with matching general dimensions, 

this was done to save cost and manufacturing time in this stage.   

 

 
Figure 28, The principle of a curved cam path made in SE with TPM and milk cup dummy. 

 

Other areas that were in scope to the prototype design were to keep components from the current 

design unchanged since this would save time in the manufacturing phase as well as cost, this was 

done to the maximum extent and the prototype only needed a handful of unique parts. Some 

parts were however done by RP methods to save time. Components made by RP methods were 

consisting of several parts that were to be mounted together if manufactured individually.  

Drawings of the components were completed and sent to the DeLaval International prototype 

workshop for manufacturing. The assembly of the POC prototype in the CAD environment of SE 

is shown below see Figure 29.  

 

 
Figure 29, SE assembly of POC prototype. 
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The physical POC prototype is shown below in Figure 30. 

 

 
Figure 30, Physical POC prototype with: 1, TPM dummy with gripper and 2, milk cup dummy.  

 

The assembly is simplified regarding several areas: 

 No pneumatic or water tubes for cylinder control or TOF cleaning is done 

 No wires harness for the TOF camera is included 

 TPM-, milk cup and magnetic gripper is simplified, only general dimensions’ match real 

design 

 Screw, washers and thread lock are only used in selected locations 

 Protection covers are not included 

 

 

3.7.1 Prototype evaluation, Diamond concept 
The evaluation of the prototype was done by checking the design against a test plan and on 

several topic’s either fail or approve the prototype. The test plan with the result of the evaluation 

of the Diamond concept prototype is shown in Appendix E. Some of the included topics of the 

test plan were taken from the requirement specification, see Appendix B, and some were 

focusing on the field of view of the TOF camera.   

The reason for not checking the prototype against the entire requirement specification is that 

some properties cannot be fulfilled due to the simplification made in the creation of the 

prototype. The prototype will, for instance, not fulfil all hygienic demands since the RP material 

is water absorbent, which is not allowed according to hygienic demands. SS-ISO 14159:2002.  

If the prototype would fail on one or several topics, an action plan on how to fix those faults in 

the next prototype would need to be generated.  

A TOF camera was mounted on the prototype to study the field of view; the result is shown 

below in Figure 31. As can be seen, none of the cups interfere with the field of view in it’s 

retracted or idle state which is good, however the TPM cup are positioned too close and too far 

to the left for an optimal result relative to the TOF camera. The margin a teat could change 

position without the risk of moving outside the field of view towards the left edge is considered 

too small. The distance is around 25 mm from TPM centre point to the left view limit. The centre 

point of the TPM cup must then be moved at least another 25 mm to have a sufficient safety 

margin. 
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A benefit found was that with both cups retracted the centre of mass for the end effector moved 

closer to the axis on which the rotation occurs, this makes the end effector easier to rotate. The 

required torque to rotate the POC prototype is less than 40% of the current design. For this to be 

valid, both cups need to be in retracted state, which would require individual control of cup 

movement. 

 

 
Figure 31, TOF field of view POC prototype, left TPM cup active position, middle: both cups retracted, right: milk 

cup active position.  

 

In order to evaluate the movement of the cups the cylinders were connected to a compressor, see 

Figure 32. The pressure was set to six bar but the airflow was manually adjusted to have the cups 

move slowly to get time to inspect the sequence. Jamming of the motion between the wheels and 

the cam track occurred and actions were then taken to reduce or even remove this jamming.     

 
Figure 32, Test setup for movement of cups.  

3.8 Implementation of POP prototype, Diamond concept 

The design work to create the Proof of Product, POP, prototype started with the lessons learned 

from the POC prototype made in the form of the action plan described below.  
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3.8.1 Action plan from POC prototype testing, Diamond concept 
The bullets of focus for the POP prototype design is a combination of parts that were excluded, 

parts that failed or were discovered to have a potential of improvement during testing and 

evaluating of the POC prototype: 

 TPM cup too far to the left edge of view. Need to move another 25 mm closer to the 

center of view 

 Wheels do not rotate but slide, need new design 

 Cover to under and side needed 

 Too coarse tolerances and clearance due to RP materials 

 Weight reduction might be needed; weight of POP prototype is around 7 kg without 

covers 

 Movement of cups is insufficient, jamming occurs when TPM cylinder is retracted and 

CAM cylinder is extended. This is assumed be solved with individual control of cylinders 

or tightening of tolerances, which will make the movements equal  

With these bullets, the design work had clear goals for the next prototype stage. 

 

To resolve the problems with the TPM position and sliding of wheels the work started with 

creating a new wheel design. The wheels will influence the TPM cup center offset and the 

wheels were as well in need of a redesign. The wheels in the POC prototype were not rotating 

due to high friction between the surface of RP material and the wheel.  

 

Calculations were made to verify the design in theory regarding friction on wheel track contact 

and stresses in wheel shafts, see Appendix F. These calculations were estimates and safety factor 

were calculated to aid the author to judge if the design was valid and if the solution were 

feasible. If for instance the stresses would exceed the elastic limit the shafts would need to be 

redesigned.   

Brackets to hold the gripper were redesigned since the suspension altered due to the new wheel 

design. For the POP prototype, one bracket is suggested to be done with a RP material to save 

cost and time.  

The base plate was modified but the overall dimensions were the same and the changes made 

were only details such as changing the bracket holding one of the cylinders to be included in the 

base plate. To reduce the number of components is a simple way to reduce overall cost. (Ullman 

2010) The old bracket also gave the system one extra degree of freedom, which was not needed 

to fulfill the function. With this reduction of degrees of freedom the design enhanced in 

robustness and simplicity.     

The pneumatic cylinders were placed so that the wheel and cam track contact would function as 

the end positions for the overall movement. The reason for this setup is to prevent the cylinders 

from reaching its internal end positions and damaged the cylinders. It is assumed that this would 

enhance the service life of the cylinder with this arrangement. The assembly and serviceability 

would also benefit from this since the positioning of the rod eye on the piston can then vary by 

several millimeters in axial direction without affecting the function.       

 

To provide enough space for the TPM cup the tilt cylinder was repositioned. This required the 

bracket holding the tilt cylinder to be longer and due to this design decision, an FEM, Finite 

Element Method, analysis was done to investigate the stress distribution. The pin connected to 

the tilt piston was also redesigned and an FEM analysis was performed in this case as well. For 

the results of these analyses, see section 4.1.3.  

   

A design workshop with experienced engineers from DeLaval International was also done to get 

input on design details. Their experience and expertise were used to avoid problems that might 

occur for instance in a late production stage or aid in weight reduction.   
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3.9 Implementation of POC prototype, Rotational disc 
concept 

After request from DeLaval International the plan was altered to include another Proof of 

Concept, POC, prototype of a different concept, the POC of the “Diamond concept” was 

considered be quite good representation the final idea and it was then considered more valuable 

to be able to evaluate the second best concept which was the “Rotational disc” concept. The 

drawbacks of the Diamond concept found in the testing of the physical prototype was also a 

factor supporting this decision.  

The Pugh evaluation also showed that both concepts would have an almost equal performance 

with a small advantage for the Diamond concept, see Error! Reference source not found..  

 

The process to crate the Rotational disc POC prototype started with basic sketching in SE to 

retrieve dimensions that would match the requirements such as the geometrical as well as the 

field of view of the TOF camera.  

The goal was a design that would be minimized regarding size while only the active cup would 

interfere with the field of view of the TOF camera. When the sketch was completed next design 

phase started which was to combine the old base design with the new sketch dimensions. This 

was to make a design that would use as many standard components as possible, meaning that 

interfaces not directly affected by the rotational movement were to be the same as the current 

CAM end effector, an example of this is that the positioning of the TOF camera was not altered. 

To protect the cups from striking the platform floor if the end effector were hit by a cow kick a 

cover were included in the design, the cover would then absorb the impact and fragile plastic 

parts would then survive longer. 

The cover would then be needed to be both durable and easy to replace if damages would be too 

severe. 

 

To provide the rotational motion needed for reposition of cups a pneumatic cylinder was chosen 

due to the easy control. Pneumatic power is desired in this area since the compliance enhance the 

safety of both cows and operators. The drawback of this compliance is the uncertainty of cup 

positions. 

The cylinder setup was designed to allow certain misalignment that may occur while still keep 

the cylinder force aligned in the desired direction. Since the cylinder itself rotates slightly during 

motion the risk of jamming would be unacceptable if a stiff mounting configuration was used. 

Jamming would lead to leakage and wear which would strongly reduce the service life of the 

cylinder. 

Calculations for the cylinder force and the torque to rotate the cups were done by a kinematic 

approach were the torque was calculated as a factor of the angel of cup rotation. Using the results 

of these calculations both position and cylinder stroke were adjusted until an optimal solution 

was found that combined a high torque with an as small cylinder as possible. The results of final 

calculation are shown in section 4.2.2. 

 

 

Some simplification was made and excluded from the Rotational disc POC prototype, the 

simplifications were: 

 Covers were not designed 

 Tubes and cables were excluded 

 Hose clamp to mount the TPM cup were not included in SE model 

 Cast resin to protect gripper cables not designed  

 TOF camera cleaning excluded 

 No cover of milk cup in passive position was designed  
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3.9.1 Prototype evaluation of Rotational disc concept 
The test plan for the Rotational disc concept evaluation was the same as for the Diamond 

concept, the reason for this was to be able to impartially compare the two concepts. Both the 

CAD and physical model of the prototype were used for the evaluation.  

The test plan document is shown in Appendix G. Some hygienic demands were excluded from 

the evaluation due to the fact that material used in the POC stage does not fulfill the required 

standards. This means that the prototype would automatically fail the evaluation but since this is 

a known flaw due to simplifications, the points were excluded in order to get an evaluation 

concerning other topics.    

In order to evaluate the movement of the cups the cylinder were connected to a compressor, see 

Figure 33. The pressure was set to six bar, which is the maximal pressure the ARM system can 

provide.  The rotation were smooth and controlled which gave the author a good feedback of 

how a final design would function.  

 

 
Figure 33, Rotational disc prototype in test setup. 
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The field of view of the TOF camera using the Rotational disc concept is shown below in Figure 

34 and Figure 35. A TOF camera mounted on the physical prototype took the field of view 

pictures with both cups in active respectively passive position. The idle cup does not limit the 

field of view which is preferred. The active cup is positioned in the centre of view, which is also 

ideal from a cup attachment point of view.    

 

 
Figure 34, The field of view of TOF camera with milk cup in active position. 

 

 
Figure 35, The field of view of TOF camera with TPM cup in active position. 
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4 RESULTS  

In this chapter, the two concepts made in the form of prototypes are presented. 

4.1 Diamond concept 

The results of the Diamond concept are presented below with figures, tables and text showing 

both virtual and physical prototypes. 

The Diamond concept prototype fulfil all the demands except for the hygienic ones due to the 

simplifications made in the material selection. With the use of DeLaval International approved 

materials in the prototype, the author sees no reason that the Diamond concept would not fulfil 

all requirements.   

 

4.1.1 CAD model  
The CAD model of the Diamond concept is shown below in Figure 36. 

 

 
Figure 36, Diamond concept shown in SE. 

 

4.1.2 Design documents  
The design documents with calculations to verify the function of the Diamond concept are 

shown in Appendix F. Calculations were conservatively done, e.g. all load were applied to one 

wheel shaft, still were all safety factors above 1.2 and the design is then in theory verified.  

 

4.1.3 FEM analysis 
FEM analyses were preformed to investigate the stresses in the materials of critical components. 

The FEM analysis and the Design document calculations were to complement one another. Due 

to complex form or contact load cases hand calculations could not be preformed with good 

accuracy. FEM analysis was then done in those cases. The forces inserted into the simulation 

were the theoretical force created by the respective pneumatic cylinder. The cylinder to control 

the TPM cup, for instance created a force of 68 N and that force was then used in the analysis 

shown in Figure 37, Figure 38 and Figure 39. The cylinder to tilt the end effector had a 

theoretical force of 188 N, which was then the used force for the analyses shown in Figure 40-

39. Model constraints were selected to match the physical constraints such as welds or contacts 

with other components. 

Both cylinders were from Festo Group. Festo Group (2016). The pneumatic cylinders chosen to 

provide the power needed for the movement were one CRDSNU-12-160-P-A to move the milk 
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cup with a gripper and one CRDSNU-12-80-P-A to move the TPM cup, see Table 4 for data 

specifications of the two cylinders.  

 
Table 4, Data of chosen pneumatic cylinders for the Diamond concept. Festo Group (2016) 

Name Diameter (mm) Stroke (mm) Extend/return stroke force (N) 

CRDSNU-12-160-P-A 12 160 68/51 

CRDSNU-12-80-P-A 12 80 68/51 

 

Both cylinders were stainless steel pneumatic cylinders with flexible cushioning pads.  

Overall, five simulations were done and the result is presented in 

.  

 
Table 5, Results of FEM analysis of various parts. 

Simulation number Simulated Von Mises Stress MPa Rp0,2 –limit 

1 Base plate 1 46,4 210 

2 Base plate 2 41,9 210 

3 Cylinder bracket 1 57,9 210 

4 Cylinder pin 86,5 210 

5 Cylinder bracket 2 127 210 

 

 

Figure 40 shows the result of the stress simulation of the pin, which is connected to the tilt 

cylinder and Figure 41, shows the tilt cylinder bracket simulation. The elastic limit for the 

chosen stainless steel material SS-EN 2333-02 used is 210 MPa. (Karl Björk) All simulations 

were done using a converges study with a limit set to 10 % to validate the stresses given.   

 

The conclusions of the analysis are that all components endure the stresses simulated. The 

maximal stresses are in each analysis both local and small with big regions of significantly lower 

stresses. 

All constrains in the analyses are representing the physical case of the end effector. A common 

mistake made when doing FEM analysis is that the constraints do not represent the physical case 

but careful attention was put into deciding the constraints. The only constrains that do not fully 

represent the physical case is the simulation done on the “cylinder bracket 2”, see Figure 41, 

where the cylindrical surface in that case is over constrained and that is assumed to generate the 

higher stresses than the real, physical result. The plastic bearing around that cylindrical surface 

will compress due to lower stiffness and therefore decrease the stress in the surface. The stress is 

however below the elastic limit and no other precautions were made in order to decrease the 

simulated stresses.    
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Figure 37, FEM analysis of base plate 1 with load case visualized by the red arrow. 

 

 

 
Figure 38, FEM analysis of base plate 2, with load case visualized by the red arrow. 

 

 

 
Figure 39, FEM analysis of cylinder bracket 1, with load case visualized by the red arrow. 
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Figure 40, FEM analysis of cylinder pin, with load case visualized by the red arrow. 

 

 

 
Figure 41, FEM analysis of cylinder bracket 2, with load case visualized by the red arrow. 
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4.1.4 Prototype of Diamond concept 
The prototype of the Diamond concept is shown below in Figure 42. 

 

 
Figure 42, Prototype of Diamond concept with 1, gripper and milk cup dummy and 2, TPM cup dummy. 
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4.2 Rotational disc concept 

The results of the Rotational disc concept is presented below with figures, tables and text 

showing both virtual and physical prototypes as well as the results from the FEM analyses.  

The Rotational disc prototype fulfils all the demands except for the hygienic ones due to the 

simplifications made in the material selection. With materials approved by DeLaval International 

used in the prototype, the author sees no reason that the Rotational disc concept would not fulfil 

all requirements. 

 

4.2.1 CAD model 
The CAD model of the Rotational disc concept is shown below in both a CW, clock wise, and 

CCW , counter-clock wise, configuration, see Figure 43. The milk cup is included to get a 

clearer impression of the setup.  

 

  

 
Figure 43, Both CW, left, and CCW, right, the, configuration of Rotational disc POC prototype in SE. 
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4.2.2 Design documents 
Given by the calculations mentioned above in section 3.9 the torque achieved for rotating the 

cups is shown below in Figure 44, where the x-axis “angle” is the cups angel relative to the TOF 

camera and the two lines are depending on the direction of the cylinder movement due to a 

change in active piston area. The needed stroke of the cylinder was found to be just below 40 

mm. The pneumatic cylinder chosen to provide the force was a stainless steel pneumatic cylinder 

CRDSNU-16-40-P-A from FESTO Group with a cylinder diameter of 16 mm and a stroke of 40 

mm. The extend/return force of the chosen cylinder is 121/104 N. Festo Group (2016) 

The torque shows a minimum value of 1.1 Nm and a maximal value of 3.05 Nm.  

 
Figure 44, Achieved torque on cup rotation by CRDSNU-16-40-P-A. 

 

4.2.3  FEM analysis 
The force from the pneumatic cylinder on the rotational bracket was simulated and a 

convergence study was preformed to validate the result. Simulations of the weight of different 

components acting on the rotational bracket were also done. The tool tilt pin was analyzed if it 

would hold for a cow standing on the end effector. All constraints in the analyses are selected to 

mimic the physical constraints of the end effector such as welds or contacts with other 

components. 

The analysis results are presented in Table 6 and shown in Figure 45-44. The simulation of a 

cow standing on the end effector is a special case that might occur but is rare. The stresses σn-1 

and σn are the results of different simulations where the level of refinement on the mesh size 

differs. The results are considered to be converging, if the stresses between simulations differ 

with less than 10 % when the mesh size is decreased.    

 
Table 6, Converges study of FEM analysis with highest local stress presented. 

Simulation case: σn-1(MPa) σn (MPa) Diff. % Rp0,2–limit  
Cylinder force acting on a static bracket 6,29 6,85 9 210 
Gripper and milk cup weight 2,44 2,54 4 210 
TPM cup weight 3,92 4,24 8 210 
Cow vertical weight  444 443 >1 210 
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The load case analyzed and shown in Figure 45 investigate the stresses in the rotational bracket 

when the bracket is fixed while the pneumatic cylinder tries to rotate it. Local stresses occur in 

expected locations but the magnitude of said stresses are below the elastic limit of the chosen 

stainless steel.   

 

 
Figure 45, Stress distribution due to cylinder force acting on a static rotational bracket with load case visualized by 

the red arrow. 
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The load case analyzed and shown in Figure 46 investigate the stresses in the rotational bracket 

due to the weight of the magnetic gripper and milk cup. Local stresses occur in expected 

locations but the magnitude of said stresses are below the elastic limit of the chosen stainless 

steel.   

 

 
Figure 46, Stress distribution due to the weight of magnetic gripper and milk cup acting on the rotational bracket 

with load case visualized by the red arrow. 
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The load case analyzed and shown in Figure 47 investigate the stresses in the rotational bracket 

due to the weight of the TPM cup. Local stresses occur in expected locations but the magnitude 

of said stresses are below the elastic limit of the chosen stainless steel.   

 

 

 
Figure 47, Stress distribution due to weight of TPM cup acting on rotational bracket with load case visualized by 

red arrow. 
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The load case analyzed and shown in Figure 48 investigate the stresses in the protective pin if a 

cow would stand directly on top of it. Local stresses occur in expected locations and the 

magnitude of said stresses are above the elastic limit of the chosen stainless steel.   

 

 
Figure 48, Stress distribution due to weight of cow acting on protective pin with load case visualized by red arrow. 
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4.2.4 Prototype of Rotational disc concept 
The prototype of the Rotational disc concept is shown below in Figure 49. The milk cup was 

included to better understand the setup. 

 

 

 
Figure 49, Prototype of rotational disc concept. 
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5 DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions that the author has drawn during the Master of 

Science thesis are presented in this chapter. The conclusions are based on the analysis with the 

intention of providing the deliverables that is presented in Chapter 1.  

5.1 Discussion 

The deliverables set in section 1.4 are met and presented with an exemption for the drawings that 

are not presented due to confidentiality reasons.  

 

The author chose to present both concepts to DeLaval International while the deliverables stated 

that only one concept was to be delivered. This was since both concepts fulfil the requirements 

and the wish from DeLaval International to include both concepts in the thesis work. 

The author states however that the Rotational disc concept is to be favoured if the development 

work will be continued. There are a number of reasons why the Rotational disc concept is 

beneficial, the CW and CCW capability is one since the rotational bracket holding both cups can 

easily be made to fit both configurations. The use of only one pneumatic cylinder is also another 

advantage which will not only save cost and weight on the end effector but as a system as a 

whole, the need for peripheral equipment is reduced when only one cylinder is used.  
 

The Rotational disc-base plate of the end effector itself is a less complex design with no need of 

bending and therefore also a better CW and CCW capability during manufacturing. The only 

difference between a CW and CCW base plate is the placement of two countersinks. 

The last and probably the main reason to prefer the Rotational disc- over the Diamond concept is 

that the tool point, the centre point of the milk cup and the TPM cup in active position, is located 

in the same point in space.  

This means that after washing a teat the robot does not need to change position to match the teat 

with the milk cup position. This is something assumed to save cycle time. The actual potential of 

time saving is however hard to estimate and may need a large number of test runs or advanced 

simulations to retrieve.  
 

There must as well then be discussed if the cycle time savings is to be measured as the 

theoretical one or the actual, practical, one. Small variations will exist in every test run e.g. due 

to cow movement, size of udder or teat pattern. Even the cows experience to such a combined 

end effector will vastly affect the measured cycle time. 

To estimate or calculate the time savings may be challenging enough to be a thesis of its own 

due to the vast number of parameters influencing such as breed, time in lactation cycle or simply 

cow age or temper. 
 

One thing is however clear and that is that with an end effector with combined capabilities all 

four robots will more evenly distribute the workload. This is assumed to save overall time since 

the CAM robots in the current system are usually waiting for the TPM robots to finish their task. 

Future development work can then more easily focus on detected problem areas. Problems that 

are not investigated but might affect cow welfare is how the udder will be influenced with 

milking one quarter before the next one. Investigation to find research about the effects of 

individual quarter milking has not been carried out. 

Whit these stated reasons, the author has given his personal opinion on which concept to select 

and possibly proceed with further development on. 
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The competitor analysis gave valuable insight and understanding on the industry of automatic 

milking systems but since only GEA Pro Q is the only comparable milking parlour to date there 

are some complications to mention. All the other parlours described were included since the 

cleaning of teats and attachment of milk cup are comparable, in other areas the systems differ too 

much to fairly compare to the DeLaval International AMR.  

With only one competitor to compare with one might not get a full grip of what the costumer 

really wants and need. With only one other product on the market one does not know if that 

competitor has a “good” or “bad” product either. The author believes that a strict benchmarking 

process would then be of small value and was therefore not included in the thesis project.   
 

The patent search was challenging due to the huge amount of data. Even with specific search 

codes used e.g. for attachment of milk cups on teats on dairy animals, the number of patents 

given were in the numbers of thousands. Due to the given time frame set at the start of the 

process, the author might have underestimated the workload of finding relevant patents. The 

patent search did however present several patents that were currently used in the industry and 

this indicates that interesting patents and techniques were found.   

The result of the presented patents is still relevant for the thesis and gives a background of what 

has previous been done in this field of industry. Aid in the search process was given by the 

Patent Attorney Ulrika Öhman working in DeLaval International Legal Affairs department. 

Specific search codes and a crash course on the search function of the website of the European 

patent office gave priceless support in this process. The actual search work was still done by the 

author himself and no external aid was then used. 
 

The relative importance of requirements seems reasonable. The tool is useful and a great support 

in the development process when decisions on what demand to be fulfilled first have to be made. 

Without the relative importance list, one often tends to assume all demands equal and that 

assumption might complicate the design process. Sometimes there must be a trade-off in design 

to fulfil demands and then the relative importance of demands is useful. The relative importance 

of requirements list aided also in the work with the weighting of criteria for the Pugh 

evaluations. 
 

From a design process point of view, it is far from optimal to change the plan during the process 

to include two different concepts but in this case, it worked since the decision to do so was made 

in good time before the manufacturing deadline. The decision came in the middle of the long 

development phase and all parties involved in the thesis work were both informed and agreed 

that this decision was beneficial for the thesis. This change of plans could possibly have been 

avoided if the concept evaluation were to evaluate concepts that were further developed than 

general sketches and principals.  

A drawback of further development of all concepts before the evaluation is the time spent on 

conceptual ideas that later is wasted when the evaluation rejects them.  

The author assumes that this problematic trade-off between spending time and resources on 

concepts that later gets rejected or making decisions with incomplete data is something all 

company’s in design battel with. The balance in this process between developing all of the 

conceptual ideas and making decisions with incomplete data has given the authors valuable 

experience in a design process.  
 

Risks of delays in a project are always present especially when manufacturing of physical 

prototypes is included. Delays in shipping of ordered parts or unexpected temporary peaks in the 

workload of the workshop are factors beyond the control of the author. Means to cope is 

therefore to give room for unexpected events in the Gantt chart which also have been done.  
 

Experience in use of FEM analysis software is important to get a good and realistic result. There 

are many pitfalls and common mistakes one must be aware of that influence the analysis. 

Actions made by the author to get realistic and useful analysis results are for instance: a 
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converges study and carefully set constraints that represent the physical one’s in order to not 

over constraint any component.  

To over-constrain a component will have a great influence on the stresses and the result will not 

replicate the physical case. The converges study was both a way to save simulation time and also 

to verify the constraints since attention to stress distribution was taken and compared between 

simulations. The simulation software used was the FEM toolbox implemented in SE and was not 

used by the author before but with experience from another FEM software the author are 

confident regarding the integrity of the presented results. 
 

Due to confidentiality reasons, some of the values in the requirement specifications are 

concealed. The secret values are especially concerning the TOF camera specifications and some 

dimensional demands as well.  

5.2 Conclusions 

The conclusions drawn of the thesis process and the overall results are presented below: 

 Both concepts fulfil the requirements to the extent possible of comparison 

 The Rotational disc concept is both smaller and lighter than current design  

 The Diamond concept is smaller in the active working area and lighter than the current 

design but the overall size does not meet the requirement  

 Neither concept is optimized –therefore potential of improvement and refinement exist  

 Pin would fail if a cow stands on end effector, all other FEM simulated components hold 

for the given loads  

 The Diamond concept were showing jamming during movement tested in physical 

performance test, this was solved with individual control of cylinders and redesign of 

wheels 

 The Rotational disc concept shows positive performance during testing but adjusted 

airflow is needed to limit the loud booms when cups reach end positions 
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6 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and future work in this field are 

presented.  

6.1 Recommendations for further work 

The recommendations for further work suggested by the author are listed below: 

 Cost analysis of design to investigate if concept is economically bearable  

 Test prototype in field to verify physical performance and behaviour 

 Optimize design to ease manufacturing, enhance serviceability and increase robustness 

 Adjust software of AMR system to the new end effector capabilities and install peripheral 

equipment 

 Investigate if the needed peripheral equipment is capable of implementing within AMR 

system 

 Investigate and extend the material selection of components to enhance performance or to 

reduce cost and weight 

 Milk cup protection may need to be designed to protect milk cup in idle position 

 Create wire and tube harness in CAD environment of both concepts 

 Simulate or test the cycle time savings using a combined CAM and TPM end effector 

compared to the current AMR setup  
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APPENDIX A: Gantt chart 
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APPENDIX C: Pair wise comparison of requirements 
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APPENDIX D: Morphological matrix  
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