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Abstract 
 

This final thesis was performed at Ecole Nationale Supériure D’Arts et Métiers 

(ENSAM) in Lille, France. The aim of the thesis has been to use two different 

simulation tools to analyse an existing production cell with focus on industrial 

engineering. The possible use and the usability of the simulation tools are also 

studied. The models built for simulation have been used to gather data about the cell. 

After analyse and discussion about the data we came to the following conclusions. 

 

 The bottleneck in the cell is the Stäubli. 

 

 A cheap and simple way to improve the cell is by adding new decision points 

(sensors) to it. The most efficient location of the new decision points is before 

and after the Stäubli. 

 

 The production rate reaches its maximum rate for both settings with eight 

pallets. 

 

 If the improvements are implemented then there is no reason to change the 

speed of the conveyor. With basic settings the speed can be increased for 

better productivity. 

 

 The most efficient production type for short setup times is single, for both 

settings.  

 

 Delmia is useful for visual representation. It’s also useful for measurements of 

time and distance since the accuracy is very high. Delmia is useful as common 

platform when to discuss and explain thoughts and ideas about a project. 

 

 Flow simulation in Quest provides a great understanding of the production and 

the behaviour of the cell. It is very easy to get data in and out of the program 

and to compare results and impacts of changes.  
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Sammanfattning 
 

Detta examensarbete är utfört vid Ecole Nationale Supériure D’Arts et Métiers 

(ENSAM) i Lille, Frankrike. Syftet har varit att ur en produktionsteknisk synvinkel 

använda två olika simuleringsverktyg för att analysera en befintlig produktionscell. 

Simuleringsverktygens användningsområden och användarvänlighet har också 

behandlats. Efter uppbyggnad av modellerna har simuleringarna använts för att hämta 

data om produktionscellen. Dessa data har sedan analyserats och diskuterats för att 

leda fram till följande slutsatser.  

 

 Flaskhalsen i produktionscellen är Stäubli roboten. 

 

 Ett billigt och enkelt sätt att förbättra cellen är genom att lägga till ”decision 

points” (sensorer). Det effektivaste sättet att placera dessa är framför och efter 

Stäubli roboten. 

 

 Det krävs endast åtta palletter för att nå maximal produktion. Oavsett om man 

använder dagens inställningar eller alla våra förbättringar. 

 

 Hastigheten på transportbandet bör inte ändras om våra förbättringar införs. 

 

 Med korta omställningstider är det bäst att köra ”single production”. 

 

 Delmia är användbart för visuell presentation. Det kan användas för mätningar 

av tider och mått tack vare sin höga noggrannhet. Delmia kan användas som 

en gemensam plattform när idéer och förändringar skall diskuteras och 

förklaras. 

 

 Flödessimulering I Quest bidrar till god förståelse för produktionen och 

produktionscellens beteende. Det går lätt att få data in och ut från programmet. 

Det är också lätt att analysera och jämföra resultat från olika körningar. 
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Abbreviations 

 
BCL  Batch Control Language 

CAD  Computer Aided Design 

Dec Pt  Decision Point 

DELMIA Digital Enterprise Lean Manufacturing Interactive 

Application  

ENSAM   Ecole Nationale Supérieure d'Arts et Métiers 

Exp()  Exponential distribution function available in Quest 

Norm()  Normal distribution function available in Quest 

OLP  Offline programming 

PLC   Programmable Logic Controller 

RF  Radio Frequency 

RFID  Radio-frequency identification  

SCL  Simulation Control Language 
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1 Introduction 
 

This final thesis work was performed at Ecole Nationale Supériure D’Arts et Métiers 

(ENSAM) in Lille, northern France. ENSAM is a cooperation between 8 universities 

and 3 research facilities spread all over France. The university in Lille has about 300 

students and the major subjects are electronics, materials, fluid mechanics and casting. 

They have a large mechanical laboratory including almost everything from simple 

drills to two spindles CNC-mill. In this laboratory there is also a production cell 

including 4 robots and a smart conveyor system. This production cell is the subject for 

this final thesis.  

 

1.1 Aim 

 

The aim of this final thesis is to simulate a production cell with two different 

simulation tools. To get an understanding of the cell and its behaviour regarding 

production and to use the simulation softwares to change, analyse and improve the 

cell. 

 

1.2 Time plan 

 

The first eight weeks will be in spent at the university of ENSAM in Lille and the 

remaining two back at the university in Linkoping. This is the time plan for the thesis. 

 

Week Task 

0 → 2 Get an understand of the production cell 

and model it using Delmia. 

2 → 8 Learn the new software Quest and model 

the production cell using it. 

8 → 10 Finish writing the thesis and prepare for 

the oral examination back in Linkoping. 
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1.3 Criticism of method 

 

The Quest software is very complicated and broad. To learn the whole program and 

all its functions during the time of this thesis would be impossible. There are always 

many approaches and solutions to a problem. Our way of solving may not always be 

the most simple and efficient.  

 

The model for the simulation is built up step by step during the time of the thesis. 

Since the knowledge of the program increases, more and more advanced solutions 

appeared in the end. To build the model from scratch today would probably give a 

model that would be easier to overview and understand. It would also be simpler and 

more correct.  

 

The way to determine the operation times and distributions of parts was based on brief 

studies and measurements. Since there was very little information of the cell available 

these approximations were used. Therefore information from the simulations should 

be treated as guidelines rather than absolute values. 

 

1.4 Criticism of the sources 

 

We have used printed literature in the theory because it's generally more reliable then 

electronic sources. 
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2 Theory 
 

This section contains a general description of the cell and the basic production theory 

used in this thesis. There is also a description of the simulation tools and their main 

functions.  

 

The production cell studied in this thesis is only used for research and not for 

continuous production or any commercial purposes.    

2.1 General description of the production cell 

Figure 1. shows the real production cell that has been analysed in this thesis project. 

Two different production softwares, Delmia and Quest, have been used to fulfil the 

aim of this project. 

 
Figure 1. Overview of the production cell 
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Figure 2. Overview from Delmia.  

 

Figure 2. will serve as a help in explaining how the production cell works and what 

everything is.  

 

1. The blue rectangle is known as the ”inner circle” of the conveyor.  

2. The red lines are the ”outer circle” of the conveyor. The ”inner circle” and the 

”outer circle” share the conveyor on several locations, as can be seen in the picture. 

The pallet can switch between the “circles” in all shared locations.    

3. At this location all the pallets start. Ten pallets are used in the cell today. 

4. The robot here is a 6-axis robot from the manufacturer Fanuc. Here the ”Fanuc 

robot” places the part onto the conveyor. It picks one part from a bulk (Not seen on 

the picture). 

5. This is the ”Stäubli robot”. It’s a 6-axis robot made for machining. Here it picks one 

part and places it on a fixture away from the conveyor. It then machines the part and 

then picks it onto the conveyor again. 

6. This is the repair station and here a operator repairs a part if it is broken. 

7. Here is a control station, it determines if a part is acceptable or not. 

8. If a part is accepted from the control station the ”ABB robot” picks the part from 

the conveyor and places it on the other conveyer. The “Abb robot” is a 6-axis 

industrial robot. 
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9. This is the cross area in the conveyor system. Here parts can leave the “inner 

circle” and enter the “outer circle” or the other way around. Pallets moving towards 

the repair station at (6) must leave the “inner circle” here. All parts finished 

processing in the “Stäubli robot” leaves the “outer circle” here and enters the “inner 

circle”.   

10. This is the ”Sepro robot”, it’s a pick and place robot with three axis. It picks a part 

from the conveyor and places it in a box with other finished parts. The box is then 

transported out of the cell by a operator when the box is full.  

11. This is the location of a decision point, at this point a decision is made based on 

the information carried by the pallet. The basic layout of the conveyor consists of 12 

decision points. At each decision points there are sensors to determine if there are 

pallets located at this point. Four of these 12 decision points are equipped with RFID-

units.   

The “Stäubli robot”, “Fanuc Robot”, “Abb robot” and the “Sepro robot” will further 

be referred to as Stäubli, Fanuc, Abb and Sepro. 

Figure 14 shows the conveyor with all the original decision points and the possible 

routes for the pallets to travel. 
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2.1.1 Following a part through the cell.  

In our simulation there are three different parts. Part 1 and 2 that are machined by the 

Stäubli. Part 3 is only checked at the control station and not machined at all. 

 

Parts 1 or 2: 

The part is carried in to the cell in a box and put in front of the Fanuc. The Fanuc uses 

a vision system to determine the parts position. The part is then picked and placed on 

a pallet on the conveyor at (4). The pallet then circulates in the inner circle until the 

Stäubli is free. The part is then processed by the Stäubli. After that it goes to the 

control station and if it is acceptable it is sent to the Abb robot. The Abb picks the part 

from the pallet and places it on another pallet on the Sepro conveyor. This pallet takes 

the part to the Sepro robot where it is picked and placed in a box.  

 

Part 3: 

This part is picked by the Fanuc and placed on a pallet on the conveyor. It then travels 

straight to the control station since it's not machined by the Stäubli.  If it is accepted at 

the control station, it takes the same path as Part 1 and Part 2 through the Abb, the 

Sepro conveyor and the Sepro. 

 

Failed parts: 

The parts that fail at the control station are passed through the Abb station and back to 

the inner circle. When the repair station is free the pallet goes there and the part is 

repaired. After the repair the part goes right to the control station where it is 

controlled and passed through. 
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2.2 The conveyor 

 

The conveyor is built up by standard elements and is supplied by the manufacturer 

Elcom. The conveyor is running continuously and the pallets movements are 

controlled by pneumatic cylinders (see 1, 2 and 5 in figure 3 & 4) that can stop the 

pallets and change its route. Every stop has an inductive sensor to detect when there is 

a pallet at the station. In the conveyor there are four stop stations with RFID read and 

write units. The production cell is controlled by a PLC-computer (Siemens Simatic 

S7-300). The PLC controls the conveyor and tells the robots when to do their tasks 

and is therefore the controller of the whole production cell. A robot task can be 

everything from picking one part and place it on the conveyor to just open the gripper 

of the robot. 

 

Figure 3. Conveyor path selection.   

1 and 2) Pneumatic cylinder           

3 and 4) Different paths.   
 

Each standard conveying unit has its own electric motor for driving it. From Elcom’s 

data sheet for the conveyor system (TLM 2000), the speed is found to be adjustable 

between three paces. The different speeds are; 150, 250 and 316.67 mm/s. This 

depends on how much electric current the motors are feed. The PLC today is feeding 

the motors with 1.24 A in the cell. This corresponds to a speed of 250 mm/s according 

to the data sheet. Measures of the conveyor in the cell confirmed that the speed 

mention in the data sheet was correct. The maximum speed the electric motors can 

drive the conveyor in is 500 m/min but it is not recommended in the data sheet. 

(Elcom’s data sheet, 2010) 

Figure 4. Stop station (Decision point) 

5) Pneumatic cylinder 

6) RFID read/write unit 
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2.3 The Decision Point 

 

Every stop on the conveyor is called a decision point. The pallet is detected by an 

inductive sensor when arriving at a decision point. This sensor gives the PLC a signal 

that the pallet has arrived. The PLC then makes a decision, based on available 

information about the pallet and its part, of what route to choose. 

 

Before the pallet leave a decision point the PLC has to make sure there is no other 

pallet in its way. This is done by a so called claim-function which ensures that the 

pallets are not crashing in to each other. The PLC checks if the path to the next 

decision point is clear and claims it for the specific pallet. After that the pallet can 

leave.  

 

The conveyor is divided into different areas to claim by the PLC. The PLC only 

knows where a pallet is when it is in front of a sensor. This makes the PLC claim the 

whole travel-area(route) until the pallet reaches the next decision point (sensor). In 

Figure 3. this would mean that if a pallet were to travel the route from (1) and (2) to 

(3) it would also have to claim the route to (4) since they both share a part of the 

conveyor at (1) and (2).  

 

 

2.4 The pallets 

 

Each pallet is equipped with a RFID chip for storing data received throughout the cell. 

The lower side of the pallet contains four retractable pins which keeps the pallet on 

the conveyor. They also allows the pallet to turn a corner, then two pins will be 

retracted by two small pneumatic pistons (see (1) and (2) in figure 3). The other two 

pins will then follow the path of the turn (see (3) in figure 3). The pallet contains a cut 

for the piston in the locking mechanism to stop the pallet at the right place and also 

lifting it up into the fixture. 

 

  

 

 

Figure 6. Bottom view of the pallet Figure 5. The pallet 
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2.5 RFID 

 

RFID is an acronym for Radio Frequency IDentification. By using wireless 

technology the RFID system is able to identify tagged objects.  

 

The RFID-system is divided into three pieces. 

 

The tag (sometimes called a transponder) 

Which is composed of a semi-conductor chip, an antenna and sometimes a battery. 

The Interrogator (sometimes called the reader or a read/write device), 

which is composed of an antenna, an RF electronics module and a control electronics 

module. (see (6) in figure 4) 

The controller (sometimes called a host), 

which most often takes the form of a PC or a workstation running database and 

control (often called middleware) software. 

 (Hunt, Pugila and Pugila, 2007, p.5) 

 

The tag can be either active or passive. An active tag is a tag which is supplied with 

electricity. The active tags typically have a larger memory and can receive and send 

signals from longer distance. Therefore the active tag is larger and more expensive 

then the passive tag. 

 

The passive tag is often very simple. The tag is powered by the interrogator and can 

therefore only receive and send signals when close to it. The passive tag is often used 

as a form of wireless bar-code where the data of the product is stored in a database. 

This is called a read-only tag. 

 

The more complex form of the passive tag is the read/write tag.  This tag uses an 

integrated circuit to read and write to a memory. It can therefore store data about the 

product, pallet or container it is attached to. Most of them are capsulated and very 

resistant to soil and dust which gives them an advantage compared to bar-codes.  

(Hunt et al, 2007) 

 

In our conveyor the RFID-system is a passive, read and write. The data used in the 

cell is stored in the RFID-tag on the pallet. The RFID-system is used to determine the 

route for the pallet but can also be used to store all kinds of data to the pallet e.g. 

distance of travel, number of parts carried, times for service, time in conveyor and so 

on. 
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2.6 Batch production 

 

In the production cell today parts are being delivered in a box, these boxes can contain 

up to six parts. See figure 7. The boxes are transported into the production cell by a 

trolley. This trolley can carry up to three boxes.  

 

Figure 7. Box used today to deliver parts in the production cell. It can carry up to six parts. In 

this picture there is one “Part 1” and two “Part 3”. 

 

In our thesis we have made difference of three types of production:  

 

 Single: Here the cell is feed with parts in random order.  

 

 Box: Here the cell is feed with six parts (1 box) of one kind. 

 

 Batches: 18 parts (1 trolley) of one kind are feed to the cell at the same time. 

 

 

"Batch production occurs when the materials are processed in finite amounts or 

quantities."  

(Groover, 2007, p28) 

 

The number of parts in a batch can range from one to many thousands. Interrupts 

between batches can be caused by setup changes between different products or the 

fact that only a finite number of products can be carried in to the system at the same 

time. (Groover 2007) 

 

The optimal size of the batch can be determined considering many variables such as 

setup times, setup costs, forecasts of demand, costs for inventory, process time and so 

on. (Günther and Meyr, 2009) 

 

To produce batches of one part is called single production. Single production is 

always the goal to strive for. Producing one part at the time has many benefits. It 

reduces overproduction since you only have to produce the number of products 

demanded by the customer. It also reduces inventory since only demanded products 

are produced. (Liker, 2004) 
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2.6.1 Setup times 

The setup process is changes that need to be done when the production is changed 

from processing one type of parts to another type of parts. The setup process includes 

change of fixtures, tools and robot programs. 

 

Setup times can be divided into internal and external setup times. External setup is 

what can be done before the machine stops. Preparations for tool-, fixture- and 

program-changes. Internal is the setup done while the machine is standing still. By 

moving operations from the internal to the external the setup time will be reduced. A 

shorter setup time gives better conditions for single production. (Liker, 2004) 
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2.7 Production flow 

There are two basic principles for how to pass parts through a production system, 

linear and parallel. These two can be combined in an infinite number of different 

ways. Which one to choose should be decided individually for each system 

concerning production volumes, number of components, size of the product and the 

structure of the product.  

 

 

Picture 8. Structural description of linear and parallel systems. Triangles are operations, circles 

are in and outputs of the system.  
 

In the parallel system all the operations can be made in several stations. The reliability 

is high since the production can go on even though one operation stops. This type of 

production needs several stations for each operation. Every one of these stations 

should be equipped with machines, tools and parts. This gives a higher initial 

investment cost and also a more complicated transportation system. (Course literature, 

TMPS22 -2010, Assembly Technology) 

 

The linear system is easy to overlook. The material passes the stations in a special 

order on a path. They pass all stations in the same sequence. The reliability of the 

system is dependent on every single machine. If one breaks the whole system will 

stop. The cycle time is determined as the longest single operation plus transportation 

time.  

 

The differences in operation time and transportation time between stations can be 

levelled out using buffers. A buffer does not only even out the differences but can also 

keep the linear system running enough time to repair a machine or change the tool. 

The downsides are more parts in process and a more complicated transportation 

system. (Ståhl, 2006) 

 

Linear system Parallel system 
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Figure 9. Structural description of our system. 

 

Our system is a linear system with a parallel passing. Every part must go through a 

number of operations in a particular order. Part 1 and Part 2 goes through the whole 

system while Part 3 which is not processed by the Stäubli and takes the red shorter 

path. The buffers in our case are placed in front of the Fanuc and in front of the Sepro. 

The inner circle can also be considered as a buffer in front of the Stäubli. Since the 

conveyor is flexible it is possible to add both linear and parallel connected stations to 

the system. 

 

 

 

Our system 
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2.8 Simulation theory 
 

Simulation can be defined in many ways, one definition is: 

 

“Simulation is a method for studying how a system which contains randomized 

properties works, without the need to handle the real system. Using simulation 

includes building, running, manipulating the model and analyse the results that 

follows.” (Savén, 1988, p.11).  

 

Simulation can be used in many areas such as automatic control, logistics, mechanics 

and production. In this thesis, simulation refers to production simulations. Production 

is a wide area and many different software systems exist to assist in the production.  

 

Production simulation is an irreplaceable resource for getting a better understanding 

and analysing a production system. The simulation makes it possible to study and gain 

knowledge without the risks that exists in the real system. One can test different 

solutions and ideas without interfering with the production. It can also be cheaper, 

simpler and less time consuming to try different ideas, concepts and solutions in the 

simulation first. Production simulation requires a good understanding of how the real 

production system works and knowledge of how to use simulation tools. (Savén, 

1988).   

Figure 10. The construction paradox. (Course literature, TPPE30, Production simulation). 

 

Figure 10 shows the ability to change a product and the cost to implement those 

changes relative to the time that has elapsed in the project. The ability to make 

changes is greatest in the early development of a project. As the project makes 

progress and decisions are made, the ability to change the product gets smaller but 

also the cost of incorporate those changes increase. That's why it's so important to get 
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an understanding and try different ideas and solutions in the beginning of the project. 

By using simulation it's possible to validate ideas and solutions early on. This will 

prevent mistake later on in the project that would have been much more difficult to 

correct but also more costly. (Course literature, TPPE30, Production simulation).   

 

Using simulation in the early stages of the development process can be considered an 

increase in workload and expenses. This is because more detailed information is 

needed in the beginning for the completion of the simulation. This reduces workload 

later on in the project. Using simulation gives a better possibility to early on in the 

project determine the total investment cost but also to answer questions such as cost 

for running and productivity of the system. Different solutions can be compared and 

the best alternative can be decided. Simulation can reduce the time for development 

and installation. Simulation also provides fewer disturbances in the start up of the 

production. (Savén, 1988).  

 

It is very important to understand how random chance in a simulation works and how 

to analyse the result correctly.  

 

“Simulation without knowing the impact of statistical fluctuations is not only useless 

but also dangerous” (Savén, 1988, p.123). 

 

All real production system contains variables that display some variation over time. 

Each of these variables must be represented in the simulation to make it as accurate as 

possible. The variables can be; distribution in orders, time for alignment, 

transportation time, reparations, frequency of absence and much more.  

 

The simulation uses a random number to determine the value for one of the variables. 

These random numbers is gathered from a distribution that best emulates the reality. 

The distribution can be normal, exponentiation, uniform or some other. Variation in 

these variables leads to different results from the exact same simulation model. The 

length of simulation is also important since there is a transient period in the start. 

Then the simulation reaches a steady state, variance evens out and a more significant 

result can be obtained. This is why it's so important to get an understanding of the 

variance before drawing any conclusions from the simulation. (Savén, 1988). 

 

 

2.9 Software 

 

During this final thesis we have worked with two different softwares for simulation of 

the production cell. Delmia V5 R18 (further referred to as Delmia) and Delmia Quest 

R18 (further referred to as Quest). These are both programs delivered by Dassault 

Systéms. These softwares are very different despite their names. They have their 

focuses in different areas of simulation. 
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2.9.1 Delmia 

Figure 11. Screenshot from Delmia of our cell. 

Delmia (Digital Enterprise Lean Manufacturing Interactive Application) is a merger 

of several different softwares with their focuses on production industries. Delmia is a 

software with a wide set of tools in different areas of production. Every major 

production area has its own workbench like robotics, welding and offline 

programming. All the workbenches have its own set of tools associated with it, called 

the workbench toolbar. All the workbenches together can handle most of the things 

needed in the field of production. The collaboration between the workbenches is very 

good, it’s easy to toggle between them and most of the workbenches can be used in 

the same project.  

 

Delmia also has its own CAD software called Catia, integrated as a part of Delmia. 

This helps for creating new parts or products and it’s very helpful if some part or 

product needs to be modified. Then it’s just to switch to Catia and fix it.  

 

Figure 11 shows our model of the production cell in Delmia but also the user interface 

of Delmia. The graphical representation in Delmia is very good, it uses real CAD 

models so all the measurements can be exact depending on the accuracy of the 

models.   

 

Delmia has a help section in the program which explains many of the tools available 

in the workbenches. There is also a tool in each workbench called “What’s this?” that 

briefly explains what each tool does. 
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2.9.2 Quest 

Figure 12. Screenshot from Quest of our cell. 

 

In figure 12 the interface in Quest can be seen. This is the workbench for building up 

the simulation in Quest. There are other workbenches for manipulating and running 

the model. 

 

In Quest there is a workbench for creating and modifying CAD parts but it’s very 

simple with few functions. Quest is able to read many different CAD file formats so 

importing already created files is not a problem. Importing CAD-files with very 

complex geometry can however make the software run very slow and is therefore not 

recommended.  

 

In Quest a programming language called SCL exist, it's very similar to any high level 

programming language like ADA or C. In SCL anything that doesn’t already exist in 

Quest can be created,  this makes Quest very flexible and versatile.  

 

For learning Quest there is a good section available in the program, both tutorials and 

user manuals. In the help section there is also a detailed description of all the 

functions and reserved words for the SCL code. 
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 3 Results and discussion 

 

In this section data will be presented that have been recorded from all the different 

simulations in Quest during this thesis. The results from the data and the use of the 

softwares will be discussed and analysed.  

 

The variables used in the simulations are approximations based on studies and 

measurements. All variables are presented in the appendix A. Two different settings 

are used in this section. All simulations are being run for 24 hours. 

  

Basic settings: 

 10 pallets 

 Part 1, part 2 and part 3 

 Conveyor speed of 250mm/s 

 The original number of decision points and the default logics of the conveyor.  

 

Improved settings: 

 10 pallets 

 Part 1, part 2 and part 3 

 Conveyor speed of 250mm/s 

 The improvements Stäubli que2, Fanuc que, Cross and After cross. 

 

3.1 Bottlenecks 

3.1.1 Determine the bottleneck 

 

To see how the machine times affect the cell the bottleneck needed to be determined. 

As this is a linear system where every part has to go through a number of operations 

in a specific order the bottleneck is simply the place where the parts get piled up. The 

pile appears indirectly in front of the Stäubli. Indirectly in the sense that a number of 

pallets are looping the inner circle in order to get machined by the Stäubli. So it was 

very easy to determine that Stäubli was the bottleneck in the cell. 

3.1.2 The second bottleneck 

 

As we found the Stäubli to be the bottleneck, the Stäubli machine time is the one with 

biggest impact on the cell. By shortening the machine time of the Stäubli in the 

simulation it was possible to detect the next bottleneck, the conveyor. At a daily 

production of about 7000 parts the conveyor started to have effects on the cell and 

was determined to be the next bottleneck. This scenario occurred with around 10 

second machine time on the Stäubli. It’s unlikely that the time for the Stäubli to 

machine one part is shorter then the one used in our simulation (see Appendix A). 

Since moving the part back and forth to the fixture alone would take more then 10 

seconds a shorter machine time is not realistic. Therefore no further studies were 

made. 
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Figure 14. Overview of the conveyor with the original 12 

decision points and their locations. 
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3.2 Improvements 
 

During the time the production cell was simulated and the understanding of the cell 

increased changes were made to try to improve the cell. The improvements can be 

divided in to four different types. 

 

 
 

 

 

 

In figure 13 the interface for our improvements is shown. These improvements are  

programmed by us and will be explained in this section. 

3.2.1 Changes in PLC 

 

These improvements would be represented by a change in the PLC-program that 

controls the conveyor. Smart Pt1 and Smart Pt4 are improvements that, when tested, 

turned out already to be implemented. Therefore these improvements were used in all 

simulations. The priority improvement changes the way the PLC prioritizes the routes 

of the pallets when the Stäubli is in idle state. It decides which one of the pallets at 

Dec Pt2 and 3 to leave for Dec Pt4 first. 

 

3.2.2 Moving decision points 

 

To move a decision point is a simple operation. It is just to move the cylinder and the 

sensor to another location on the conveyor. Just these small changes can actually 

improve the efficiency of the cell. Even dec is a function that changes the positions of 

Dec Pt 5 and 6. The original spacing between Dec Pt 4-5, 5-6 and 6-7 are 1700mm, 

1900mm and 1200mm. With Even dec all three are using 1600mm. This makes the 

pallets leave at the same time and gives a better flow in the inner circle. By determine 

where the queue on the conveyor occurs points can be moved for better flow. This can 

easily be done even without simulation tools.  

 

Figure 13. Our custom built user 

interface from Quest 
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3.2.3 Adding decision points 

 

By adding decision points the basic behaviour of the conveyor can be changed. The 

decision points can be placed anywhere on the conveyor and the logic in the PLC can 

be changed to match the desired behaviour. Fanuc que adds a decision point in front 

of the Fanuc to make sure there are empty pallets to load. This is also reducing the 

number of empty pallets in the inner circle. Stäubli que is the same as the Fanuc que 

except it’s placed in front of the Stäubli. Que2 is two decision points in front of the 

Stäubli. Cross adds a decision point after the Stäubli to make sure the pallets can leave 

when finished without waiting to claim the cross-area. After cross puts a decision 

point right after the cross to shorten the cross-area (see (9) in figure 14) and therefore 

gives a better flow in the inner circle.  

 

3.2.4 External changes 

 

Smart labour is a function that helps the operator to load the cell properly without 

causing disturbances. The operator will not make any reparations unless there are 

more than eight parts on the Fanuc buffer. It will not go to empty the Sepro unless 

there are more than five parts on the Fanuc buffer. This makes sure the operator is 

ready to load the Fanuc when the buffer gets empty. This could be represented by a 

lamp or alarm that tells the operator when to load the Fanuc buffer in reality. 
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3.2.5 Validation 

 

A validation was made to see which ones of the improvements was the most efficient. 

In diagram 1 the improvements are tested in different combinations. The changes in 

Plc and the changes when moving the decision points only made very small 

improvements, therefore they are left out.  

 

Diagram 1. Rating of improvements. 

 

 

The red bar is production with basic settings. The yellow ones are improvements with 

one sensor (Dec pt) added to the conveyor. Blue are two sensors added, green are 

three and pink are four.  

 

As you can see the best place to place one sensor is in front of the Stäubli (5). The 

best way to place two sensors are in front of and after the Stäubli (8). Three sensors 

should be placed in front of the Fanuc, in front of and after the Stäubli. And the best 

way to place four sensors are in front of the Fanuc, two in front of and one after the 

Stäubli.  

 

The way different combinations of added decision points affects the production shows 

that this is not a simple linear system. In such type of system simulation tools are very 

useful since many combination easily can be tested. 

 

Nr Improvements 

1 none 

2 After cross 

3 Cross 

4 Fanuc que 

5 Stäubli que 

6 Stäubli que2  

7 
Fanuc que + 
Stäubli que 

8 
Stäubli que + 
Cross 

9 
Stäubli que 2 + 
Cross 

10 

Fanuc que + 
Stäubli que + 
Cross 

11 

Fanuc que + 
Stäubli que + 
Cross + After 
Cross 

12 

Fanuc que + 
Stäubli que2 + 
Cross 
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Average Production
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3.3 Number of pallets 

 

 

 

 

 

 

 

 

Figure 15. Ten pallets are used today in the production cell. This is the pallets initial state. 

 

To determine what number of pallets to use in the production some simulations were 

made. Five runs with each setting were performed and an average was calculated. 

Diagram 2. Average production using different number of pallets. 
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The basic settings curve in diagram 2 shows the best productivity of the cell at 8 and 

12 pallets. With more than 12 pallets the production is stable since there is a queue 

building up at the start position of the pallets (Dec Pt1).  So the number of pallets in 

work stays the same and the production is reaching its steady state. With less than 8 

pallets the interval between the pallets starts to grow and the conveyor can no longer 

feed the Stäubli with parts properly, causing the decrease in production rate.  

 

The dip in production at 10 and 11 pallets for basic settings was studied. To determine 

its origin some variables were made up to analyse the flow of pallets and parts at Dec 

Pt4 (before the Stäubli). After some measurements the dip was determined do be 

depending on the order in which the pallets passed Dec Pt4. With improvements this 

behaviour disappears since the order once again changes. 

 

From the curve in diagram 2 for the improved settings it is interesting to see that the 

production rate reaches its maximum already with 8 pallets. The all improvement 

curve also reaches the steady state at 8 pallets and doesn’t exhibit any instability like 

the basic curve does.  
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3.4 Speed of conveyor 
 

To analyse the impact of the different conveyor speeds five different simulation runs 

for each speed was tested. Two different settings on the production cell were 

compared, the basic and the one with all improvements activated. In the simulation 

four different speed of the conveyor was tested, 150 mm/s, 250 mm/s, 316.67 mm/s 

and 500 mm/s. 
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Diagram 3. Results from the simulations with different conveyor speed. In this diagram the 

average parts produced for each speed is plotted but also the idle time for the Stäubli at each 

speed. 

 

From diagram 3 it's apparent that the production rate is dependent on the idle time of 

the Stäubli even as the speed increases. This means that the Stäubli still is the 

bottleneck in the cell with increasing conveyor speed. This was to be expected since 

no changes in the process time for the Stäubli was made. It's also interesting to note 

that the production rate of the basic setting is increasing much with higher speeds. 

The increase in production for the improvement curve is almost none existent, except 

for a small increase from 150 mm/s to 250 mm/s.  

 

The almost linear behaviour of the all improvements curve in diagram 3 once a speed 

of 250 mm/s or higher is reached, is because the cell can deliver parts fast enough to 

the Stäubli. Once the speed of the conveyor is 250 mm/s or more there is always a 

pallet with a part present in the Stäubli queue. This reduces the Stäubli idle time to a 

minimum. The reason why it doesn’t reach zero is because there is always a little idle 

time in the start before the first pallet is reaching the Stäubli. Another reason is that 

when a part is finished and the next one to enter there is a small distance to travel. 

These types of delays will always be present in a production system but should be 

kept at a minimum if possible. 

 

The basic curve in diagram 3 is increasing rapidly with higher conveyor speed. This 

behaviour is to be expected since by increasing the speed of the conveyor you also get 

a faster flow of pallets in the conveyor system. Since there is no queue to the Stäubli 
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the cell is very dependent on the conveyor speed to supply the next pallet into the 

Stäubli. By increasing the conveyor speed you get a part to the Stäubli faster and 

decrease the Stäubli idle time. Faster conveyor speed will not only have good impacts 

on the cell, by increasing the speed you will also get more pallets blocking each other. 

This only applies to the conveyor system with basic settings. There is still an overall 

increase in the production but not as rapid as the 150-317 mm/s speeds. This can be 

seen in the curve for the basic setting. 

 

To determine the most useful conveyor speed many different aspects need to be 

considered, for example; parts produced, minimize wear, economy, electrical 

expenses and much more. Since the production cell is used for research at the 

university and not in a factory/company, no clear strategy for this is available. Further 

it depends on what settings the conveyor is using, if it's the basic or the improved. 

Still there are some important guidelines that can be mentioned.  

 

Increased 
from 

Speed 
increase 
[mm/s] 

Parts 
increase  
[Basic, %] 

Parts 
increase  
[Improved, 
%] 

Parts 
increase  
[Basic, 
quantity] 

Parts increase  
[Improved, 
quantity] 

Parts 
increase per 
mm/s  
[Basic, 
value] 

Parts 
increase per 
mm/s  
[Improved, 
value] 

150 --> 250 100 34,7% 8,0% 765,6 337,2 7,66 3,37 

250 -->317 67 16,4% 1,1% 488,4 49,2 7,29 0,73 

317 --> 500 183 12,6% 0,6% 436,8 28,8 2,39 0,16 

Table 1. This table shows the average increase of parts for each speed and also the value of parts 

increase divided by the speed increase.  

 

Basic settings of the conveyor 

The maximum speed of 500 mm/s is not recommended by Elcom's data sheet and it 

increases the parts by a modest 12.6% which is less than the other speeds. This 

conveyor speed should not be implemented unless changes in the machine time are 

made or parts produced is by far the most important aspect. From table 1 its worth to 

note that the value for parts / speed is high for both conveyor speeds of 250 mm/s and 

317 mm/s.  To change conveyor speed from today’s 250 mm/s to 317 mm/s is 

therefore a good solution if higher production rate is an important aspect. 

 

Improved settings of the conveyor 

With the current machine times there is no reason to increase the conveyor speed 

above 250 mm/s. The increase in parts produced is just not significant enough to 

justify an increase in conveyor speed. See the parts increase column from table 1. To 

change conveyor speed from 250 mm/s to 317 mm/s is only an 1,1% increase and 

from 317 mm/s to 500 mm/s only 0,6%. If the improvements suggested in this project 

are implemented then the current speed of the conveyor is very good. Further studies 

could be made on increasing the number of pallets with the conveyor speed of 150 

mm/s for finding an optimal production rate for that speed.  
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3.5 Batch/Box/Single production 

 

For analyzing the most efficient production type for the production cell several 

simulation runs was performed. Three different production types was used in our 

simulations; single, box and batch. 

 

To determine the most efficient production type three different simulations for each 

production type was tested and with two different settings, the basic and the all 

improvement. 

 

In all our previous simulations we don't have any setup times for the Stäubli. This 

implies that the Stäubli can use the same tools and fixtures for all parts. Even if that 

would be possible in the real production cell some setup times will always exist, like 

tool change.  

 

In diagram 4 and 5, it’s interesting to see that with low setup times the single 

production is the most efficient way to produce parts, for the two settings. This is 

always good news for a company since there are many benefits of single production.  

 

There is one reason why batch and box type produce less parts then the single type 

does. It is because when a batch of 18 ”part 3” is loaded in to the cell the Stäubli idle 

increase since part 3 isn’t processed. So the Stäubli isn’t working during this entire 

batch, this is something to avoid especially since the Stäubli is the bottleneck in the 

cell. The same reason applies for box production, but instead of 18 there are now 6 

”part 3” so it’s a little better.  

Diagram 4. Setup time affecting parts produces for basic settings 
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Both diagrams 4 and 5 show the same trend. With increasing setup times both box and 

batch production types are showing a higher production compared to single type 

production. With setup times around 10-15 seconds the single production type isn't 

the most efficient any more. With higher setup time it becomes more apparent that the  

production type like box and batch is more efficient. 

 

For the moment no data for setup time exist since the production cell isn't fully 

operating, so any further analysis isn't possible at this stage. It’s still interesting to 

note that the tipping point is somewhere between 10-15 seconds for when single 

production is no longer the clear choice. 

 

Diagram 5. Setup time affecting parts produces for  improved settings 
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3.6 Review of the softwares  

In this section we discuss our thoughts about the softwares, how we used them and 

how they could be used. 

3.6.1 Delmia 

 

The use of Delmia was quite limited in this thesis. It was mostly used for visual 

representation and measurements of time and distance. The simulation in Delmia gave 

a good understanding of how the production cell works. It also gave a good overview 

of how long time the operations and  movements takes. Delmia provides a very good 

visual presentation of the cell.  

 

In the simulation there was only simple operations made by robots, pallets and 

manikins (virtual model of a human). The operation-schedule (called PERT in 

Delmia) still got complicated very fast. The logic in the PERT-chart is helpful to get 

each operation (movement of pallets/robots/manikins) running in the right sequence.  

 

Making changes in one part of the simulation often impacts other parts of the 

simulation. For example to increase the process time of a machine will make the 

pallet arrive later at the next station and so on. To plan the whole chain of operations 

before starting to build a simulation, often saves a lot of time and effort.  

 

There is much more to Delmia then just the visual presentation and measurements 

done in this thesis. The robot programs used in our simulation can be used to generate 

code for the real robot out in the system. In Delmia a workbench for OLP exists and 

this is something often used in the automotive industries. The advantages of using 

OLP are many; decrease in production stop, validation of robot code/program and so 

on.  Delmia can also be used to simulate ergonomics, machining, reachability and 

much more.  

3.6.2 Quest 

 

Quest can be used to simulate and get data for everything related to production 

systems, such as buffers, status, queues, production times and so on. A correct built-

up simulation can provide answers to many questions such as, where to set ordering 

points, number of operators needed, number of pallets needed, what happens when a 

machine breaks or if one operator is sick and so on. 

 

The strength of Quest is its simplicity; it’s easy to build a model and to get data in and 

out from the simulations. There is a big library of functions for all available entities in 

Quest. With entity in Quest we refer to machines, sources, buffers, conveyors or 

operators and so on. These functions allow the user to choose how the entity should 

behave in different situations. If no function is corresponding to a specific need for a 

machine, the user can define the function itself. This makes Quest versatile and all 

different behaviours of an entity can be accurately simulated.  

 

The quality of the visual presentation is much better in Delmia compared to Quest. 

Improvements for visualisation could be done but would only effect the visual 
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representation and in no way change the data or information collected from the 

simulation.  

 

In Quest we had to write code for many “user functions” to get all the logics for the 

conveyors behaviour correct. This gave a good understanding of how the PLC was 

programmed and how the system would respond to changes.  

 

By using simulation in Quest not only one variable at the time could be tested but also 

how combined changes affected the production. The ability to test and measure the 

results that followed often lead to the discovery of other things to improve. After a 

while the ability to forecast the effects of the changes increased. At the end of the 

project it was surprisingly easy to predict how the system and the number of parts 

produced would respond to different changes. 

 

Quest gives the ability to use graphs and charts to visualize almost any data 

imaginable from the cell. With the right model it will only take a few seconds to get 

the same information that would take days or even years to measure out of the actual 

production cell.  

 

Many of the improvements we have done could quite easily be done using basic 

production theory. One example is how to determine the bottleneck and increase its 

utilization. But it’s when many variables are involved that simulation is really useful 

since this would be almost impossible to sort with regular mathematics.  
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4 Conclusions 
 

The aim of this final thesis was to get an understanding of the cell and to change, 

analyse and improve it. 

 

This final thesis was made in a production cell used for research purposes and we 

have only been working with a fictive scenario.   

 

Conclusions from our studies:  

 

 The bottleneck in the cell is the Stäubli. 

 

 A cheap and simple way to improve the cell is by adding new decision points 

(sensors) to it. The most efficient location of the new decision points is before 

and after the Stäubli. 

 

 The production rate reaches its maximum rate for both settings with eight 

pallets. 

 

 If the improvements are implemented then there is no reason to change the 

speed of the conveyor. With basic settings the speed can be increased for 

better productivity. 

 

 The most efficient production type for short setup times is single, for both 

settings.  

 

 

From our experience Delmia is useful for visual representation. It’s also useful for 

measurements of time and distance since the accuracy is very high. Delmia is also 

useful as common platform when to discuss and explain thoughts and ideas about the 

project. A downside is that it’s complicated to work more then one at a time with a 

project in Delmia. 

 

By using Quest to simulate the production flow we got a good understanding of how 

the cell behaves and how it responds to changes. We found it easy to learn and it was 

easy to get data in and out of the program. It was very easy to compare one result to 

another thanks to the charts and graphs available in the program. To get proper results 

out of a simulation requires a very good understanding of the cell and knowledge of 

the theory regarding flow simulation.  

 

This final thesis has given us a good understanding of the cell. We have been able to 

use flow simulation to change, analyse and improve the cell. Therefore we believe 

that we have fulfilled the aims.  
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Appendix A 
Table with all the machine times and data we have used in our simulations unless 

otherwise stated. 

Description Operation 

time 

Part 1 

(sec) 

Part 2 

(sec) 

Part 3 

(sec) 

Comments 

Fanuc to pick all part (Norm 

(5.2, 1) sec 

   Measured from robot 

Fanuc to change one 

box 

Constant 

7.2 sec 

   Measured from robot 

Labourer to change 

one trolley 

Constant  

10 sec 

   Estimated value 

Stäubli to process 

one part 

 Norm 

(25, 1) 

Norm 

(30,1) 

None Estimated value 

Stäubli percent of 

failed parts 

 Exp 

(3%) 

Exp 

(3%) 

Exp 

(3%) 

Estimated value 

Control station. Time 

to control all part 

Norm  

(5, 0.2) sec 

   Estimated value 

ABB to pick and 

place all part 

Constant  

9.6 sec 

   Values from Delmia 

simulation 

Repair station to 

repair all part 

Exp (30) 

sec 

   Estimated value 

RFID time to read 

all part 

Constant  

1 sec 

   Measured from 

conveyor 

Sepro to pick and 

place all part 

Norm 

(4, 0.2) sec 

   Estimated value 

Conveyor speed 250 mm/s    Measured value 

from conveyor and 

data from 

manufacturer 
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Appendix B 
Data from the simulations about conveyor speed.  Data from the runs with basic 

settings: 

Parts  
prod. Stäubli idle 

Speed of 
conveyor 
[mm/s] Part1 Part2 Part3 

Part1 
failed 

Part2 
failed 

Part3 
failed 

         

2238 0,5316534 150 740 711 786 24 24 16 

2214 0,5347573 150 747 695 766 17 25 28 

2202 0,5367988 150 764 680 764 20 21 26 

2196 0,536704 150 742 695 755 20 20 20 

2184 0,5303039 150 707 744 721 22 20 18 

         

2928 0,3682978 250 988 968 957 34 23 30 

3006 0,3750149 250 961 966 1054 29 32 27 

2976 0,3834223 250 956 961 1059 24 23 26 

2970 0,3780847 250 1018 918 1016 27 26 32 

2982 0,3716533 250 1005 944 1017 30 28 31 

         

3486 0,2774152 316,67 1124 1102 1227 33 41 35 

3420 0,2795465 316,67 1188 1049 1159 28 32 45 

3498 0,2781467 316,67 1124 1099 1237 35 33 47 

3444 0,273709 316,67 1143 1110 1176 26 37 33 

3456 0,272946 316,67 1144 1103 1183 37 25 27 

         

3906 0,1784689 500 1300 1219 1328 45 50 38 

3876 0,1755658 500 1266 1285 1303 35 35 30 

3888 0,1772092 500 1258 1279 1318 33 36 39 

3918 0,1806017 500 1287 1254 1356 31 32 33 

3900 0,1777536 500 1280 1262 1327 34 38 28 
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Data from the runs with all improvement settings: 

Parts  
prod. Stäubli idle 

Speed of 
conveyor 
[mm/s] Part1 Part2 Part3 

Part1 
failed 

Part2 
failed 

Part3 
failed 

         

4200 0,09550523 150 1389 1409 1375 44 31 42 

4194 0,09350194 150 1370 1392 1367 54 47 39 

4236 0,1040419 150 1345 1386 1443 45 47 39 

4230 0,09717142 150 1428 1360 1402 50 26 43 

4224 0,09914593 150 1391 1381 1413 39 42 39 

         

4584 0,03024365 250 1484 1502 1556 44 40 35 

4464 0,02995951 250 1457 1515 1437 45 45 40 

4554 0,02977031 250 1505 1476 1516 45 48 35 

4590 0,03122056 250 1487 1499 1562 43 35 45 

4578 0,03183888 250 1525 1474 1546 42 39 46 

         

4602 0,023897 316,67 1500 1509 1548 37 49 35 

4620 0,02356458 316,67 1499 1514 1572 39 38 57 

4602 0,02364745 316,67 1538 1453 1543 52 56 41 

4620 0,02357771 316,67 1488 1517 1565 43 48 51 

4572 0,02476518 316,67 1483 1518 1517 49 41 31 

         

4638 0,0153764 500 1526 1516 1562 35 41 38 

4596 0,01521728 500 1500 1518 1524 48 54 47 

4668 0,01538946 500 1533 1503 1591 43 45 44 

4674 0,01530008 500 1595 1450 1581 42 46 57 

4584 0,01526001 500 1519 1515 1502 49 41 48 
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Appendix C 
Data from the simulation to determine the best number of pallets, basic settings: 

Parts prod. Pallets 

Cars  
Visited Dec 
Pt4 Stäubli Idle (%) 

Percentage  
of parts on pallet at 
Dec Pt4 

2808 6 5975 0,404 0,967 

2832 6 5948 0,393 0,980 

2802 6 5975 0,406 0,985 

2820 6 5955 0,397 0,980 

2952 7 6951 0,368 0,970 

2958 7 6949 0,371 0,968 

2958 7 6949 0,371 0,960 

2970 7 6966 0,375 0,974 

3048 8 7883 0,35 0,96 

3126 8 7896 0,35 0,959 

3090 8 7895 0,35 0,95 

3042 8 7876 0,354 0,952 

3030 9 8664 0,352 0,938 

3054 9 8633 0,355 0,94 

3054 9 8627 0,358 0,932 

3054 9 8602 0,358 0,93 

2934 10 8746 0,385 0,87 

2922 10 8787 0,374 0,883 

2958 10 8785 0,369 0,885 

2994 10 8829 0,361 0,894 

2910 11 8818 0,372 0,880 

2964 11 8830 0,37 0,879 

2946 11 8847 0,37 0,885 

2988 11 8844 0,366 0,886 

3084 12 8862 0,350 0,890 

3096 12 8828 0,354 0,872 

3084 12 8857 0,35 0,884 

3072 12 8870 0,345 0,89 

3012 13 8802 0,359 0,892 

3036 13 8777 0,358 0,89 

3030 13 8797 0,366 0,891 

3018 13 8773 0,362 0,88 

2988 14 8782 0,365 0,884 

2988 14 8803 0,362 0,882 

2946 14 8764 0,368 0,883 

2988 14 8818 0,36 0,892 

2934 15 8788 0,373 0,887 

3024 15 8827 0,36 0,887 

2940 15 8788 0,376 0,877 

2994 15 8799 0,371 0,884 

2988 16 8843 0,358 0,888 

3024 16 8826 0,357 0,885 

3054 16 8835 0,356 0,881 

3006 16 8872 0,352 0,886 

3048 17 8800 0,359 0,887 

3042 17 8818 0,355 0,891 

3000 17 8812 0,359 0,894 

2994 17 8827 0,349 0,896 
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Data from the simulation to determine the best number of pallets, all improvements: 

 

Parts prod. pallets 

Cars 
visited Dec 
Pt4 Stäubli Idle (%) 

Percentage of parts on 
pallets at Dec Pt4 

4536 15 9182 0,030 0,977 

4482 15 9142 0,030 0,977 

4578 15 9099 0,030 0,972 

4548 15 9113 0,030 0,975 

4548 14 9158 0,030 0,977 

4548 14 9126 0,030 0,975 

4524 14 9119 0,030 0,975 

4584 14 9117 0,030 0,972 

4548 13 9112 0,030 0,976 

4464 13 9133 0,030 0,982 

4536 13 9109 0,030 0,979 

4560 13 9102 0,030 0,975 

4518 12 9122 0,030 0,988 

4578 12 9143 0,030 0,991 

4554 12 9117 0,030 0,989 

4573 12 9196 0,030 0,992 

4572 11 8791 0,030 0,999 

4500 11 8779 0,030 0,999 

4596 11 8722 0,030 0,999 

4554 11 8806 0,030 0,999 

4524 10 7844 0,033 0,999 

4560 10 7882 0,030 0,999 

4518 10 7901 0,031 0,999 

4500 10 7945 0,031 0,999 

4560 9 6924 0,034 0,999 

4536 9 6944 0,034 0,999 

4548 9 6928 0,032 0,999 

4566 9 6970 0,032 0,999 

4536 8 6067 0,039 0,999 

4518 8 6006 0,043 0,999 

4446 8 6018 0,042 0,999 

4554 8 6027 0,045 0,999 

4404 7 5221 0,063 0,999 

4422 7 5234 0,071 0,999 

4470 7 5232 0,065 0,999 

4434 7 5225 0,066 0,999 

4182 6 4520 0,122 0,999 

4104 6 4471 0,123 0,999 

4188 6 4513 0,113 0,999 

4128 6 4500 0,114 0,999 
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Appendix D 
Data from the simulations testing improvements. 
Improvements Num prod. Stäubli idle (%) 

after cross 3024 0.3511271 

after cross 3066 0.3536313 

after cross 3024 0.3544727 

Cross 3150 0.3391732 

Cross 3150 0.3322891 

Cross 3102 0.3493983 

Fanuc que 3222 0.3033257 

Fanuc que 3210 0.303758 

Fanuc que 3294 0.3164099 

Stäubli que 3936 0.1613275 

Stäubli que 3906 0.1574267 

Stäubli que 3954 0.1694709 

Stäubli que2  4038 0.133971 

Stäubli que2  4074 0.1377927 

Stäubli que2  4068 0.1379644 

fanuc que + Stäubli qu 3984 0.1446458 

fanuc que + Stäubli qu 4014 0.142698 

fanuc que + Stäubli qu 3972 0.1448602 

Stäubli que + cross 4242 0.09695514 

Stäubli que + cross 4272 0.09481421 

Stäubli que + cross 4230 0.09055289 

Stäubli que 2 + cros 4392 0.06417798 

Stäubli que 2 + cros 4440 0.06491664 

Stäubli que 2 + cros 4416 0.07060616 

fanuc que + Stäubli que + cross 4464 0.04155534 

fanuc que + Stäubli que + cross 4410 0.03799616 

fanuc que + Stäubli que + cross 4500 0.04168442 

fanuc que + Stäubli que + cross + aftercros 4500 0.03534194 

fanuc que + Stäubli que + cross + aftercros 4518 0.03547568 

fanuc que + Stäubli que + cross + aftercros 4560 0.03521 

fanuc que + Stäubli que2 + cross 4530 0.0323226 

fanuc que + Stäubli que2 + cross 4590 0.0305918 

fanuc que + Stäubli que2 + cross 4584 0.03237908 
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Appendix E 
Setup times for Stäubli 
Basic settings 
Setup time 
Single Production 

Basic settings 
Average 
Production 

Improvements 
Setup times 
Single Production 

Improvements 
Average Production 

0 4534 0 2994 

5 4188 5 2810 

10 3840 10 2768 

15 3606 15 2732 

20 3376 20 2586 

25 3154 25 2466 

30 2946 30 2394 

40 2596 40 2074 

Box Production  Box Production  

0 4326 0 2896 

5 4090 5 2828 

10 4032 10 2780 

15 3760 15 2712 

20 3684 20 2728 

25 3538 25 2656 

30 3384 30 2450 

40 3044 40 2268 

Batch Production  Batch Production  

0 4096 0 2944 

5 3952 5 2844 

10 3868 10 2686 

15 3778 15 2742 

20 3724 20 2810 

25 3588 25 2804 

30 3528 30 2720 

40 3404 40 2648 

 


