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Abstract 

In the modern manufacturing industry the need for faster and more robust product development 

processes is seen as one of the main strategic areas to focus on in order to support sustainable growth 

and even long term survival of companies due to continuously increasing global competition. For the 

metal-cutting tool manufacturer Sandvik Coromant product development is seen as a key strategic area 

and due to that improvements in the overall product development chain are being worked on. In order 

to have more reliable production of prototypes and at the same time have them delivered within short 

and predictable lead time a new small-series flexible manufacturing line needs to be set up.  

This project takes on analysis of three levels of analysis for this new manufacturing line, that is 

production planning, flow analysis and scenario analysis. Through the analysis information has been 

collected to set up the boundaries for which the system needs to work within, such as demand forecast, 

processing requirements and planning as well as estimation of cycle times for different steps in the flow. 

The project provider had already made a framework of manufacturing techniques and concepts which 

are known but the idea for this project was to put those pieces together in a system model which could 

be analysed with regards to flow characteristics and system performance. The results would then be a 

basis for a decision on capacity and layout design for the new system.           

It is shown that the decision on capacity is mostly related to resource planning at the system bottleneck, 

which is a precision material removal station applying either high-speed milling or laser technology for 

material removal. Scenarios for variables such as order batch sizes are analysed and it is shown how the 

target for service level can be reached by for example increasing lead time definition for large order 

batches. For a higher capacity option at the bottleneck operation the robustness of the system is tested 

by adjusting demand and cycle time needs for the bottleneck step, and this gives results within service 

level target for those scenarios. The idea is that all machining operations and key measurements for the 

products should be possible to do within the flow line. This results in relatively low utilization for some of 

the equipment, but this is a trade-off which makes the system flexible and independent. 

The effect of having a transportation robot for the flow line is checked as an alternative to having 

operator at the line 16 hours per day. In the base case with the operators, automatic pallet exchange 

functionality is set up at the two most utilized machines with local pallet magazine for parts to be 

manufactured. It is shown that a solution with a transportation robot would only result in about 1% 

higher serve level compared to the base case solution. 

It was a conclusion to recommend a solution with only one machine for the bottleneck operation and 

either add restriction on order batch sizes or define longer lead time for larger order batches. It was 

recommended to implement pallet exchanger with a local pallet magazine for pallets which hold the 

parts at two work stations which have the highest utilization. This solution would according to the given 

background information and input variables give a desired service level by operating with one operator 

16 hours per day, 7 days a week, and unmanned night shifts for which the high utilization machines 

could be unloaded and loaded by an automated pallet exchanger and thus could operate automatically 

during night time.   



    

Preface 

This report is the outcome of the master’s thesis project carried out at the Sandvik Coromant plant in 

Gimo, Sweden in the time period of January-June 2014. The project was the final part of the 

international master’s program in production engineering and management at the department of 

production engineering at KTH Royal Institute of Technology in Stockholm, Sweden.  

I would like to thank my industrial supervisor Per Melin at Sandvik Coromant for giving me the 

opportunity to perform this project at the Gimo plant. He gave me support during the whole project and 

made the arrangements needed for getting access to information and people within the Sandvik 

Coromant organization which was necessary for the analysis. I also want to thank Per for all the 

mentoring which was performed through continuous cooperation and discussions during the project 

time.  

In addition I would like to express my gratitude to all the Sandvik Coromant employees and experts from 

equipment vendors, especially System 3R, which I cooperated and had discussions with during the 

project.  

I would like to thank my academic supervisor Daniel Semere at the department of production 

engineering at KTH for his guidance during the project time. I had regular meetings with Daniel during 

the project period and received regular feedback which supported the research process. This support 

was particularly important during the project definition phase, as well as the simulation model building 

where Daniel could provide input and training on flow simulation when needed.  

Last but not least I would like to express my thanks to my fiancée and our daughter which provided 

support through the period of my studies at KTH and especially during the final project period when I 

needed to be away from our home in Stockholm due to project work in Gimo.    

Stockholm, June 2014 

Sigurdur Einarsson 

  



    

List of abbreviations 

CMM: Coordinate measurement machine 

CNC: Computer numerically controlled 

CT: Cycle time 

EDM: Electro discharge machining 

HSM: High-speed milling 

JIT: Just-in-time 

MTBF: Mean-time-between-failure 

MTTR: Mean-time-to-repair 

NC: Numerically controlled 

PMR: Precision material removal  

WIP: Work-in-process 

  



    

Content 
1. Introduction ........................................................................................................................................... 1 

1.1. The project context ....................................................................................................................... 1 

1.2. Purpose and goals ......................................................................................................................... 1 

1.3. Problem definition ......................................................................................................................... 2 

1.4. Limitations ..................................................................................................................................... 3 

1.5. Objectives ...................................................................................................................................... 3 

2. Background ............................................................................................................................................ 4 

2.1. Sandvik Coromant ......................................................................................................................... 4 

2.2. Cemented-carbide cutting insert .................................................................................................. 4 

2.3. Flexible manufacturing flow line for prototypes ........................................................................... 6 

2.4. Manufacturing technique .............................................................................................................. 6 

3. Theory .................................................................................................................................................... 8 

3.1. A system perspective ..................................................................................................................... 8 

3.2. Definition of manufacturing concepts ........................................................................................... 8 

3.3. Product development and Just-In-Time ........................................................................................ 9 

3.4. Flow line, cellular and flexible manufacturing ............................................................................ 11 

3.5. Production flow analysis ............................................................................................................. 15 

3.6. The nature of a bottleneck in a flow line .................................................................................... 16 

3.7. Design of capacity ........................................................................................................................ 16 

3.8. System modeling and simulation ................................................................................................ 17 

3.9. What-if scenario analysis ............................................................................................................. 18 

4. Methodology ....................................................................................................................................... 20 

4.1. An overview of the research ....................................................................................................... 20 

4.2. Literature review ......................................................................................................................... 20 

4.3. Data collection ............................................................................................................................. 20 

4.4. System model development and simulation tests ...................................................................... 21 

4.5. Scenario analysis ......................................................................................................................... 21 

5. Analysis ................................................................................................................................................ 22 

5.1. Demand forecast ......................................................................................................................... 22 

5.2. Model assumptions ..................................................................................................................... 23 



    

5.3. Process planning and manufacturing concept ............................................................................ 24 

5.4. A static capacity feasibility solution ............................................................................................ 29 

5.5. Work station arrangement .......................................................................................................... 30 

5.6. A dynamic discrete-event simulation .......................................................................................... 30 

5.7. What-if scenario analysis ............................................................................................................. 32 

6. Results and findings ............................................................................................................................. 34 

6.1. Basic routings and mean cycle time estimation .......................................................................... 34 

6.2. System performance measures ................................................................................................... 34 

6.3. Bottleneck analysis ...................................................................................................................... 35 

6.4. Test results from the what-if scenario analysis ........................................................................... 37 

7. Discussion ............................................................................................................................................ 41 

7.1. Practical application and recommendation ................................................................................ 41 

7.2. Weaknesses and limitation ......................................................................................................... 42 

7.3. Further research .......................................................................................................................... 42 

8. Conclusion ........................................................................................................................................... 43 

Bibliography ................................................................................................................................................. 44 

Appendix A - Lead Time Breakdown ........................................................................................................... 46 

Appendix B - Routing and Cycle Time Analysis ............................................................................................ 47 

 

 



Introduction  The project context  

1 

1. Introduction 
In this chapter an introduction to the project will be given, purpose and goals will be defined, the problem 

definition is introduced and the chapter is closed by presenting limitations of the study as well as the 

objectives for the outcome. 

1.1. The project context 

This project work is performed as the final part of the 2 years international Master’s program in 

Production Engineering and Management at Royal Institute of Technology (KTH) in Stockholm, Sweden. 

The aim is to utilize knowledge and training gained in the program courses to perform an engineering 

project. This project is performed in cooperation with the metal-working tool and tool solution 

manufacturer Sandvik Coromant in Gimo, Sweden. Most of the project work is performed at the 

company’s facilities and in close cooperation with Sandvik Coromant’s employees. 

1.2. Purpose and goals 

This study is a sub-project in a larger development project within Sandvik Coromant which takes on the 

objective to design and build a new flexible and reliable manufacturing test line for small-series 

production of prototype inserts from cemented-carbides. There are two main types of production 

methods which are characterized by the initial state of the raw material at the raw material stock point:  

1) Rapid geometry manufacturing where 1-10 inserts are made directly from standardized solid 
carbide rods, referred to as inserts or rapid geometry manufactured inserts.  

2) Rapid blank manufacturing where 11-150 inserts are produced by first making press tools and 
then pressing carbide powder to form a blank which then needs to be sintered in order to be 
transformed to solid metal parts. For this method this study only covers the manufacturing of 
the press tool parts which is the first step in the process, and is therefore referred to as press 
tool or rapid press tool manufacturing 
 

The aim is to perform analysis which enables better understanding of behavior and performance of 
different production line options. With this information the limiting factors of the line performance will 
be better understood as well as impact of changes in key variables and/or assumptions. These results will 
later be used as input in an investment project appraisal to guide decision makers and to enable an 
objective evaluation of the characteristics of different system solutions which then can be compared.   

In order to approach this task, the following goals are specified for this research project: 

 Identify the production flow in terms of main routings for the products. 

 Specify annual demand forecast.  

 Estimate cycle times of different operational steps in the routings.  

 Establish a basic capacity-feasible solution. 

 Construct a dynamic model as basis for simulation experiments. 

 Evaluate how the system performance will be affected by changes in key variables and/or 
assumptions in order to check operational robustness of the system. 
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1.3. Problem definition  

The research hypothesis is stated in the following way: 

A flexible, small-series manufacturing line can be built by Sandvik Coromant to fulfill the 

requirement to produce inserts and press tools in small-series from cemented-carbide within 

pre-specified lead time and complying with pre-specified service level. 

This proposition is defined further by the following pre-specifications: 

 Lead time of 7 and 14 days for rapid geometry manufactured inserts and rapid press tool 
manufacturing respectively (including other steps such as coating and sintering, see later). 

 Service level of 90%. 

 The required manufacturing method described by work station concepts defined by Sandvik 
Coromant as discussed further in the background chapter.  

 Yearly demand and its variation based on forecast and historical data from Sandvik Coromant. 

The research questions which define the scope of the study are formed to cover three main levels of 

production engineering research fields which are logically linked together.  

The first question focuses on the planning level of the production flow. Information from preparation 

work which has been performed in Sandvik Coromant and is currently in progress is collected and 

organized to form a model of the basic production flow streams in the system: 

(1) How is the production flow planned for the products both in rapid geometry insert and press 
tool manufacturing?  

With the model foundation defined in question one, a connection over to the production flow analysis 

level can be constructed and study of model variables which are of interest can be undertaken. In this 

step the system performance values can be compared with the defined pre-specifications. This is the 

focus of the second research question: 

(2) Which are the main constraints and bottleneck in the flow and how is the performance 
measured by indicators such as service level, WIP, utilization and line cycle time when base 
design conditions are applied?  

The outcome from the analysis related to question two will give important knowledge about the 

characteristics of the key variables which form the basis for investment appraisals and cost calculations 

of the products. It should add to understanding of the general system performance when operating 

according to the base design conditions with regards to demand and operational parameters. This part of 

the study includes to some a general evaluation on different options with regards to automation 

deployment and employee needs. 

With the flow simulation model at hand the focus in the final part of the research is on the system 

robustness when base assumptions and key variables are modified: 

(3) How is the operational performance affected when changes occur in input variables and/or 
when the background conditions are different from the main assumptions?  
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The answer to this question will include information about general system behavior when conditions are 

different from the base demand and from key assumptions and estimations for operational parameters. 

This will be important knowledge for further design improvements and for an investment decision 

process.   

1.4. Limitations 

The scope of the project will be limited to the production of the two product types defined in 1.2 and the 

demand forecasted for each product type. Manufacturing technology and process planning defined by 

Sandvik Coromant will be used to form the system models. There will be no analysis to check if the 

selected manufacturing methods fulfill requirements in terms of quality and general process capability 

for geometrical feature manufacturing. Detailed layout development is not included in the scope of this 

project but preliminary layout figure is prepared for visualization of the production line and as a starting 

point for more detailed layout. At this state no decision has been made on selection of equipment and 

due to that a system cost analysis is not included in the scope. Finishing operations, other processes 

related to the production and process steps external to the flow line will not be studied, but assumptions 

and guidelines from Sandvik Coromant will be followed when interaction with those processes is needed. 

Operational risk assessment is limited to a what-if scenario analysis. 

1.5. Objectives 

At the end point of the project the company, Sandvik Coromant, will receive the following output items: 

 Defined basic routings for the production flow in the new system. 

 Estimation for the cycle times of each operation for the basic routings which is used as input into 
flow simulation. 

 A static evaluation of the utilization of the workstations for a capacity feasible solution. 

 A dynamic simulation flow model for the system where key variables can be modified and the 
effect on the performance can be analysed and tested. 

 Simulated results with estimations for the system’s performance and recommendation for how 
to design the flow line from a flow perspective.  

 A robustness study in a form of what-if scenario analysis which shows effect of changes in 
conditions from the base case.  
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2. Background 
This chapter gives background description about the company where the project was conducted as well 

as the product and its manufacturing process. An introduction is given about the reasons which lead to 

the need for an alternative rapid and flexible manufacturing line for prototype parts and the 

manufacturing technique that has been proposed for this line. 

2.1. Sandvik Coromant 

Sandvik Coromant is a part of the business unit Sandvik Machining Solutions (SMS) within the global 

industrial group Sandvik (Sandvik Coromant home page, 2014). Sandvik Coromant has a leading position 

on the global market as a supplier of tools, tooling solutions and know-how within the metalworking 

industry. The customer base includes the major global companies in the automotive, aerospace and 

energy sectors. The company invests considerable amount of money, about 3% of annual sales value, in 

research and development as a part of its strategic goal for continued profitable growth. As a part of this 

strategy a close cooperation with the customers is performed to enable creation of unique innovations 

and in setting new productivity standards (Sandvik Coromant home page, 2014). Currently Sandvik 

Coromant has 8.000 employees and has presence in 130 countries.   

Production of cemented carbide tools began in the plant in Gimo in Sweden in the 1950’s. The Gimo 

plant is currently Sandvik’s second largest production facility worldwide with about 1.7000 employees 

and is the largest of its kind in the world (Fagerfjäll, 2012). 

2.2. Cemented-carbide cutting insert 

Cemented-carbide is a sintered metallurgical product that consists of metal powders and a binder. The 

metal powder is made up from a mix of tungsten carbide and cobalt. The cobalt functions as a binder. 

The cemented-carbide powder can be pressed into the shape desired. Then applied to temperatures 

high enough to melt the cobalt and absorb the carbide particles, called sintering. The final outcome will 

be hard metal compound with the toughness of the cobalt and the hardness of the tungsten carbide, 

which has substantially higher hardness and toughness than high-speed steel (Fagerfjäll, 2012). There are 

number of different grades that are derived from this basic structure which are advanced compounds of 

different proportion of the tungsten carbide and different materials as the binder and additional alloying 

materials (Sandvik Coromant knowledge, 2014 and Waters, 2001). The attractive characteristic of 

cemented-carbide is that it is physically stable under the heat generated by most machining conditions. 

This superior property above steel cutting tools and the moderate price level has supported progression 

of cemented-carbide to become the most commonly used material in the modern metal cutting industry. 

Products from cemented-carbide are mainly used in turning tool bits or inserts and is also widely used in 

milling cutters, drills and saw blades (Sandvik Coromant knowledge, 2014). 

A cutting tool with a cutting insert which is a removable cutting tip is designed in a way that the cutting 

edge, i.e. the insert, consists of a separate material than the rest of the tool. The insert is most 

commonly clamped on a tool holder (Sandvik Coromant knowledge, 2014). Examples of these products 

from Sandvik Coromant are displayed in Figure 1 and Figure 2. 
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Figure 1. CoroDrill 870 exchangeable-tip drill 

(Sandvik Coromant product news, 2014)

 

 

Figure 2. Grade GC4325 inserts for steel turning 

(Sandvik Coromant product news, 2014)  

The advantage of using inserts is that only a small piece of the cutting material is needed to give the 

cutting capability. The tool holder can be made out of less-expensive material and the insert tip can be 

replaced a number of time on the same holder.  

The manufacturing process for the cemented-carbide cutting inserts is presented in Figure 3. It is based 

on powder metallurgy where metallic powder is compressed in a die to the desired form of the product, 

so called green bodies, and then sintered in a high temperature furnace in order to form a stable physical 

form which is called blank (Waters, 2001). The sintering process is followed by grinding which is 

performed on the inserts to manufacture the desired surface forms and micro geometry of cutting 

edges. The parts are coated through chemical vapor deposition (CVD) or physical vapor deposition (PVD) 

to increase wear resistance of the product. Pre- and post-treatment operations are performed in relation 

to the coating and the process is completed with finishing operations of marking, packing and delivery 

(Sandvik Coromant knowledge, 2014). The operation is organized according to traditional functional 

layout where each type of manufacturing equipment is located together in a department and the parts 

move between departments in the production flow.  

Powder 
pressing 

Sintering Grinding
Pre-

treatment
Coating

Marking, 
packaging 

and delivery

Post-
treatment

Powder 
preparation

 

Figure 3. Manufacturing process for cemented-carbide cutting inserts. 
 

The press tools needed for pressing the metallurgical powder into blanks are constructed from a die and 

punches which are mounted into a press. An example of these tool parts mounted into a press machine 

is shown in Figure 4. 
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Figure 4. Example of a press tool for metallurgical powder pressing (Beiss, 2013).  

2.3. Flexible manufacturing flow line for prototypes 
Sandvik Coromant launches every year several thousand new cutting insert articles from cemented-

carbide which are divided into several concept development projects. In order to achieve the company’s 

long-term business goals, increasingly complex concept development is required and time frame for 

development is continually decreasing (Sandvik Coromant internal document library, 2014).  

Currently the production of prototype insert is spread among a number of locations within Sandvik 

Coromant and is performed in machines where the industrial scale products of the company are 

produced. Thus the current prototype production interrupts production flow of the normal operation 

and is subject to long waiting times in queues between process steps. Due to this the delivery times for 

prototype inserts needed for testing is very unpredictable and are considered to take too long time.      

The continuously increasing demand from the product development process require a way to produce 

insert prototypes within a short and predictable lead time, so that machining performance and quality of 

the new products can be tested and verified fast and by that enable rapid feedback to the product 

designers.  

A development project has been initiated as a part of the company strategy to prepare building of a 

small-series flexible flow line within the Sandvik Coromant’s plant in Gimo. This new production line 

should have the objective to better meet the need to produce prototype inserts from cemented-carbide 

with different types of macro and micro geometries.  

In this context macro geometry is the shape of the insert and the chip breakers. Micro geometry is a 

term used for edges and primary landing zones of the chip.  

2.4. Manufacturing technique 
The concepts for manufacturing the different steps in the process have been identified by Sandvik 

Coromant. Those manufacturing concepts and techniques are all well known to Sandvik Coromant, and 

the idea is that known and robust solutions will be required to build up the system.  
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The following manufacturing techniques will form the flow line. A brief description on the techniques is 

given in Table 1. 

Table 1. A list of the manufacturing tools and techniques which have been proposed as the building elements for 

the new flexible manufacturing cell (Sandvik Coromant internal document library, 2014). 

 

Machine Purpose Short description 

Sink EDM
Manufacturing of macro geometry features in 

press die and even in inserts.

Specially prepared electrode applied to voltage pulses and 

material removed from workpiece through controlled electrical 

discharge. Capable of manufacturing complex 3D geometries.

Wire EDM

For cutting away bits of material from the 

standard sintered-carbide rods. Capable of 

producing central holes in press dies and punches.

A thin metal wire is applied on the workpiece with a suitable 

feed rate and cuts away sections of material, similar to cutting 

operation.

Small hole drilling 

EDM

To manufacture for example small start holes in 

press dies and punches which are needed as 

preperation for the wire EDM.

Similar to wire EDM, but bores holes with a long tube electrode.

Electrode milling

A milling machine needed to manufacture copper 

alloy electrodes needed in the sink EDM 

machining.

A conventional milling operation run without cooling fluid in 

current operation in Sandvik Coromant, but could also be 

performed with cooling fluid.

Laser
Manufacturing of macro and micro geometry 

features.

Laser ablation technique applied for local melting and 

evaporation of material. For precision machining, laser pulses in 

the nano second frequency are applied in contemporary 

manchining of hard metals such as carbides.

High-speed 

milling

Manufacturing of macro and micro geometry 

features.

Milling of hard and brittle materials with higher spindle speeds 

than in  conventional milling of metals. Could also be called 

micro milling as the cutting tools, depths of cut and chip sizes 

are small compared to conventional milling. No cooling fluent 

needed as the heat is transfered by the chip.

Grinding

For periphery grinding of punch sides in the press 

tool manufacturing. It will also be used for 

grinding periphery or sides of some of the insert 

types instead of wire EDM.

A grinding wheel used to remove materials from surfaces to 

high precision through a mechanism of abrasive grains on the 

wheel surface.

CMM
For measurements of dimensions, 2D-contour, 3D-

form and macro geometry.

Conventional coordinate measurement machine with a 

measurement table and a tactile probe.

Optical measuring 

device

For measurements of edge radius, surface 

roughness, micro geometry and 3D 

Optical technique using the wave property of light to measure 

surfaces with a scanning probe.

Washing
Washing of workpieces following processes which 

leave oil or other residues on the surface.

Use of ultrasonic bath is the standard washing technique in 

current processes in Sandvik Coromant.

Tool and work 

piece magazines 

with automated 

pallet exchangers

To enable automated loading and unloading 

machines during times when operators are not 

available.

Storing of tools. Storing workpieces on reference pallets while 

waiting to be processed. Automated exchange of pallets for the 

machine to which an pallet exhange robot is attached to.

Palletized fixed 

reference system

To enable transfer between machines with setup 

times of practically zero. Standard sized sintered 

carbide rods fixed on standard pallets which then 

are loaded in to a fixed chuck in the machines. 

Fixed reference pallets, chucks and other parts needed to 

enable fixed reference to be used and by that eliminating setup 

time needs.

Automation 

equiment and cell 

control software

Control software for the flow in the line to keep 

track of information regarding status of all 

queues, machining status of all parts etc. It can 

control a transportation and pallet exhanging 

robot if that is required instead of local pallet 

exchangers for some of the machines.

Loading and unloading of parts and transfer within the line if 

using a pallet transportation robot. Software for keeping track of 

the routings and loading of the NC programs for the different 

machines.

Electro Discharge Machining (EDM)

Precision Material Removal (PMR) Machining

Measurement techniques

Additional equipment and systems
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3. Theory 
This chapter gives an overview on the main theoretical concepts from the production engineering field on 

which this study is based. 

3.1. A system perspective 

The main aspects of system analysis in production engineering perspective, as is the topic of this 

research, are shown by Spearman and Hopp (2008) to consist of the 5 following steps: 

1) A System view. The problem is viewed in a holistic way and in context of a system and interacting 
subsystems. 

2) Means-end analysis. It starts with definition of an objective and alternative solutions are then 
collected and evaluated with regards to fulfillment of the objective. 

3) Creative alternative generation. Starting from the objective exploration of as wide range of 
alternative options as possible is carried out.  

4) Modeling and optimization. To enable comparison of the alternatives towards the objective a 
way of quantification is needed. This is often done through calculations or mathematical 
modeling and the effort depends on the complexity and impact the selection decision will have. 

5) Iteration. It is often so in complex system analysis work that revision is repeatedly performed on 
the model, the alternatives and even the main objective. This is an effect of more learning and 
insight into the system functionality which is built up during the process. 

The work described in this paper is focused on the last two aspects of this framework, i.e. modeling, 

optimization and iteration. The outcome can then be applied for decision making. The first 3 aspects 

have been performed by the project provider and are used as platform for this project work.  

3.2. Definition of manufacturing concepts 

In this report the framework of Factory Physics (Spearman and Hopp, 2008) will be used as basis for 

definition for the terms and concepts used in this research: 

A routing (sometime interchangeable with line) is a sequence description which each part passes through 

from the raw material stock point to intermediate or finished-goods stock point. 

A workstation or simply station is a unit of one or more machines or manual stations which have similar 

or identical functionality. 

Throughput (TH) of a system is the average output of parts from a production process such as a flow line. 

Capacity is the upper limit of the throughput.  

A part is a physical piece of raw material, a component, a subassembly, or an assembly that is being 

processed in a workstation or is in a queue between workstations in a plant. 

Work in process (WIP) is the collection of all parts between the start and the end point of the product 

routings. It does not involve raw material and finished good inventory. 

Line cycle time (Line CT), also sometimes called for example average cycle time, flow time or throughput 

time, for a routing is calculated as the average time it takes to pass through from the starting point to 
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the end point of the routing, i.e. the time the part spends as WIP. A term station cycle time (station CT) is 

used to define the time needed to finish one operational routing step at a particular station. 

Lead time of a routing or flow line is the time allowed or allocated for the production of the part. It is a 

management decision to specify the lead time as a constant for the part. 

Utilization of a workstation is the proportion of time which the station is not idle due to lack of parts to 

work on. It contains the time that work is performed on a part or the time when parts are waiting but 

the workstation is unable to perform work due to failures, setups or other disturbing states.  

Bottleneck rate (rb) for a routing is the rate, in parts per time unit, for the workstation which has the 

highest utilization, i.e. the bottleneck, in long-term time horizon for which effects of breakdowns, quality 

problems etc. average out.  

Raw process time (T0) of a routing is calculated by adding up long-term-average process times of all the 

workstations in the routing or line. It can be thought of as the average time it would take for a single part 

to pass through the routing of an empty line where no time would need to be spent in queue. 

Critical WIP (W0) for a routing is the level of WIP that for given values for rb and T0 (with the assumption 

of no variability) gives maximum throughput or rb while achieving minimum cycle time. It is defined by 

the formula: 

        

Little’s Law: 

          

According to Little’s law a given TH can be achieved both with high WIP level but with the effect of high 

CT, or with low WIP level and low CT accordingly. The latter case is a characteristic of the Just-In-Time 

production principle. 

Service level is an important performance measure for flow lines and can be defined as: 

               {                         } 

It represents the proportion of products delivered within lead time target. Ways to affect service level is 

either to reduce the line cycle time as is the aim in most industries, but another way is to increase the 

defined lead time. 

3.3. Product development and Just-In-Time 

Product development can be carried out in a number of ways but the most common method for 

development of physical products is through process such as Quality Function Deployment (QFD) or 

some variant of that process which is a method consisting of the following 4 main phases: product 

planning, product design, process design and production design (Bergman & Klefsjö, 2010). Furthermore 

techniques such as Failure Mode and Effect Analysis and Design of Experiments are applied in some of 
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the phases of the product development process in order to ensure the quality of the product (Bergman 

& Klefsjö, 2010). These methods require prototypes of the product to be manufactured in order to carry 

out physical tests. According to Slack et al. (2010) prototyping of a product can be defined as making a 

physical artifact based on the initial design with the aim to perform testing and analysis for further 

development of the design option. This is an iteration process where feedback loops give information 

back to the designers about the performance of the product which is to be developed. In the product 

development process there are internal customers or requesters, often design engineers, which order 

prototypes and organize performance tests to be carried out on the parts. An internal manufacturing 

system which delivers products to another process inside the same company is thus based on an internal 

customer-supplier relationship (Dale et al., 2007). According to Dale et al. (2007) the supplying process is 

often expected to meet well defined requirements just as it would be for an end customer. Normally 

those requirements have to do with lead time, quality and service level and thus manufacturing 

principles such as Just-In-Time are as important for those internal customer-supplier relationships as for 

delivery to an external customer.   

The Just-In-Time (JIT) manufacturing technique and philosophy has its origins in the Japanese 

manufacturing industry and is based on the simple idea that the right number of the right article is ready 

just when needed, neither too early nor too late (Ohno, 1988 and Olhager, 2000). Olhager (2000) clarifies 

that some of the necessary requirements for a JIT system to work are short setup times, small batch 

sizes, short lead times within the process, flow oriented production system, flexible employees and de-

centralized quality improvement work. Furthermore the improvement work is fundamental in this 

philosophy as setup times, part sizes, lead times and part transportation and movements should be 

reduced and as an effect the production becomes more simple and effective as waste is continuously 

reduced.  

Setup reduction or even elimination is of particular interest for the system study which is undertaken in 

this project. Hopp and Spearman (2008) explain that the key to approaching setup reduction is to make a 

clear distinction between internal setup and external setup. On the one hand internal setup is all the 

activities that are performed while the machine is stopped, but on the other hand external setup are all 

activities related to setup which can be performed while the machine is in operation. The setup 

reduction improvement process starts by identifying which tasks must absolutely be performed as 

internal setup activities and work towards performing all other tasks as external setup activities. 

Furthermore the goal should be to work further on switching as much as possible of the internal setup to 

the external setup (Hopp and Spearman, 2008). Another important step in this development is to 

eliminate adjustment processes, which according to Hopp and Spearman (2008) often accounts for 50 to 

70 percent of the time needed for internal setup. Tools such as jigs, fixtures or sensors can shorten or 

even eliminate adjustments needed during setup. The last stage and one of the goals of the JIT 

framework is to eliminate completely the setup itself. One way of doing this is to use uniform and 

standardized product design, which then requires the same fixture and tooling for all products and then 

setup time is eliminated (Hopp and Spearman, 2008). 
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3.4. Flow line, cellular and flexible manufacturing 

Flow lines 

The majority of modern manufacturing systems are built up as disconnected flow lines. In this 

manufacturing environment, batches of products follow a limited number of identifiable flow paths 

through the plant, i.e. routings. The work stations which form the line are not linked by a paced material 

handling system and due to this inventory of partly processed parts can pile up between the stations 

(Spearman and Hopp, 2008). According to Olhager (2000) flow lines are often built around an expensive 

station, which can for example be an advanced NC-machine. In this case this expensive manufacturing 

resource becomes the controlling machine in the flow line, while other stations are of less complex type 

and require less investment cost. For this type of a flow line the highest focus becomes on high 

utilization of this expensive machine, which is the bottleneck in the flow, while there is tolerance 

towards low utilization of the other machines (Olhager, 2000).  

 

Cellular manufacturing 

Cellular manufacturing systems are one type of disconnected flow lines which have grown in popularity 

in the recent decades due to demand for higher flexibility, shorter and more predictable lead times, and 

need for higher quality and lower cost for products (Irani, 1999 and Nahmias, 2009). In a cellular layout 

dissimilar machines are placed together in a cell with the aim to manufacture parts with similar shapes 

and processing requirements, i.e. for specified product or part families (Jacobs et al., 2009). The general 

objective of a cellular layout is to achieve the benefits of a product layout, where a distinct flow line is 

built for each product type, in a job-shop kind of production, where flexibility of routings and possible 

manufacturing processes is high (Jacobs et al., 2009).  Traditionally cellular manufacturing systems are 

manned with operators as some of the tasks require manual operations or interventions (Mohamed, 

1996).  

 

Irani (1999) describes a number of configurations of manufacturing cells with different levels of 

automation. The low level of automation cell forms consist of a single machining center, a cell with single 

operator attending multiple machines or multiple operators attending multiple machines. More 

automated solutions include single-robot automated cells and multiple-robot automated cells. Cells with 

multiple machines are most commonly arranged in a U-shape layout, see example in Figure 5, but L-, S- 

and W- shape layouts can also be useful (Irani, 1999). Hopp and Spearman (2008) discuss that Japanese 

manufacturers tended towards U-shape cells to facilitate material flow and reduce walking distances. 

The main advantages of the U-shaped layout are (Hopp and Spearman, 2008): 

1) One operator has overview and can attend all the machines in the cell within a short walking 

distance. 

2) There is flexibility in the number of operators that are needed in the cell and adjustments can be 

made as a response to changes in the operational environment. 

3) One operator can observe the work which enters and leaves the cell which facilitates control of 

WIP and supports Just-In-Time flow. 

4) Operators can cooperate in handling unbalanced operations and deal with problems as soon as 

they appear. 
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As can be seen in the example of U-shaped cell in Figure 5, a unit of 7 machines of different types is 

operated with 2 employees who split the work stations at each side of the cell between them. The 

walking distances are short and communication is not hindered due to physical distance. One of the 

operators tends both the first and the last station in the flow and is thus able to have good overview 

over the WIP in the cell. 
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Figure 5. Schematic figure of a U-shape cell (Liker,2004 and Jacobs et al., 2009) 

Traditional cellular manufacturing cells can be described by a set of typical characteristics (Mohamed, 

1996): 

1) Machines are chosen based on part families requirements and thus have limited flexibility. 

2) Similarities in geometries and manufacturing processing needs are used as criteria for selection 

of part families. 

3) Composition of the part family is fixed and the flow through the cell is unidirectional. 

4) Station layout in the cell has basis in the routing of the parts which are to be processed. 

5) It is challenging to add new products into the cell operation if there are not similarities with the 

existing product family. 

6) Uniform demand is assumed over time when cells are designed and implemented. 

The characteristics of cellular manufacturing can be explored further with showing advantages and 

disadvantages of this type of manufacturing organization.   
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Advantages of cellular manufacturing over functional layout: 

1) Material handling is greatly reduced as work stations are in close proximity to each other. This 

enables movement of relatively small batches between stations, even down to batch sizes of 

one, i.e. improved flow (Spearman and Hopp, 2008). It has turned out that this minimization of 

batch sizes and material handling enables dramatic decrease in WIP and as a result the total 

cycle time becomes considerably shorter compared to traditional job shops (Spearman and 

Hopp, 2008), as predicted by Little’s law. This in turn makes the line cycle times much more 

predictable which supports Just-In-Time deliveries and achievement of improved service level 

(Irani, 1999). 

2) Quality control is simplified, especially if all quality measurements are conducted within the cell 

as is encouraged in the literature (Irani, 1999). Operators can easily exchange information 

regarding defects or deviations between adjacent operations. The whole routing is more easily 

monitored as it all takes place within the cell and this enables reduction of process variation. 

Root causes for quality deviations are easier to identify and only one team is responsible for the 

quality of the product. The system manufacturing capabilities are easily defined as well as the 

range of parts which the cell can produce (Irani, 1999). 

3) The need for multifunctional cross-trained operators is of high importance. As the work domain 

of the employee now consists of divert production equipment, compared to the uniform 

processes in the job shop or functional layout organization, the employee needs to build up skills 

in all of the manufacturing processes in the cell, for example milling, grinding, measuring and 

finishing. The effect of this is that the worker can tend more than one machine at a time and can 

move within the cell to the location where needed to maintain the flow (Liker, 2004). It is 

recommended that the cell team should have a high level of autonomy for the management of 

the cell (Irani, 1999). This supports successful teamwork and promotes the competitiveness of 

the organization. According to Irani (1999) job satisfaction tends to increase as the work tasks 

are more diverse, more skills are required and responsibility is increased. 

Disadvantage of cellular manufacturing compared to functional layout (Irani, 1999): 

1) Most of the time it increases investment as number of certain types of equipment increases 

when independent cells are formed. This investment increase is a trade-off which needs to be 

weighed against benefits gained by shorter line cycle times, lower WIP and improved quality.   

2) Cells are in most cases not flexible in handling changes in factors such as demand, product mix, 

frequency of orders, part design and improvements in manufacturing technology. This can 

though be handled by regularly exploring needs for cell equipment update and by reconfiguring 

the layout (Mohamed, 1996). Flexibility in composition of the product family is limited as the 

flow through the cell is normally organized in a unidirectional way and tolerance for flow 

according to other routings is not high. 

3) Utilization of machines and employees tends to be lower. Sometimes this is partly due to load 

imbalance when some machines within the cell have higher utilization than others. 
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4) When machine breakdowns occur, throughput of the cell is reduced to some extent due to lack 

of machines of the same type. The same applies for absenteeism of the multi-skilled operators 

which are not as easily replaceable. 

Flexible manufacturing cell 

The importance of flexibility is so vital in many industries, in particularly the high-tech industries, that 

trade-offs with regards to cost and utilization is accepted (Nahmias, 2009). The development and 

increasing capability of automated CNC machines, smart solutions for reference and fixturing systems, 

transport systems and advanced software for process planning and system control have enabled 

possibility in design of flexible manufacturing systems or cells. This development has enabled the 

formation of flexible manufacturing cells which can effectively manufacture parts which do not 

necessarily need to be as strictly conforming to a product family limitations, i.e. the family can be more 

divert than before and tolerance for uniform cycle times of separate steps is higher as well as for the 

route. This development has dramatically increased the flexibility of the cell production organization to 

reach out to lower batch sizes of each unique part and still be operated in a cost effective way (Nahmias, 

2009). This type of a cell is in principle similar to the functional job shop but organized in a small area and 

with only very limited number of each machine type. The more general concept flexible manufacturing 

system (FMS) can be defined as a collection of numerically controlled machines which are connected to a 

computer-controlled material transportation system (Nahmias, 2009).  Those systems are most effective 

when the variety in part types is high, but due to high investment costs the scaled-down version, called 

flexible manufacturing cell (FMC), is often preferred by industrial companies with the purpose of 

producing particular part families which then have stricter limitation for dimensional forms and 

processing requirements in similar way as in cellular manufacturing (Nahimas, 2009).  A FMC has been 

defined by Mohamed (1996) as a system of two machines or more which are supervised by a central 

computer either with or without automation in material handling within or connected into the system. 

An industrial trend has been reported in flexible manufacturing to apply a number of FMC’s instead of 

one large FMS as this increases overall performance (Mohamed, 1996). 

 

Flexible manufacturing cells have the following characteristics which are different from the traditional 

cellular manufacturing systems (Mohamed, 1996): 

1) Versatile and flexible machines. 

2) Not a need to form part families with as strict limitations on part geometry or processing 

requirements. 

3) Composition of the part family can be changed as demand for the part mix varies with time. 

4) High level of freedom in operation routs for the parts and not a need for unidirectional flow 

within the cell. 

5) Station combination forming the cell is open for change as a response to change in the 

operational environment. 

6) If the operation consists of more than one FMC, then a possibility exists to shift production of a 

part to another cell if needed. 

7) Addition of new parts into the cell production is relatively easy as the machines are flexible.  
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An example of a flexible manufacturing cell is shown in Figure 6. 

 

Figure 6. Example of a flexible manufacturing cell with a linear robot driving on a rail. Machines  

can be loaded at both sides of the rail (System 3R home page, 2014). 

A vast number of studies have been performed to understand operation of flexible manufacturing cells 

and when it is appropriate to apply this type of a solution. Kaighobadi and Venkatesh (1994) have set up 

a general framework for when to use FMC instead of conventional manual manufacturing cell or even 

just a functional shop with stand-alone NC machines. Their conclusion is that FMC can be an effective 

setup if number of parts in product family is 4-50 and average lot size is 50-2000 pieces. For smaller 

average lot sizes conventional manufacturing cells or stand-alone NC machines are recommended 

(Kaighobadi and Venkatesh, 1994). Another criterion for selection is production volume, and FMC is not 

recommended if production volume is less than two parts per hour (Kaighobadi and Venkatesh, 1994). 

3.5. Production flow analysis  

When the general concept of the layout type and the individual activities which need to be performed in 

a production process are known a detailed process design can take place through process mapping of 

the flow (Slack et al., 2010). With process mapping relation between activities is described and the 

outcome shows the flow of materials and/or people and/or information through the process. Jacobs et 

al. (2009) explain how process mapping is performed by drawing individual tasks, flows and storage 

areas. The conventional way is to draw tasks as rectangles, flows with arrows and storage of goods with 

inverted rectangles. Decision points are normally displayed as diamond shapes (Jacobs et al., 2009).  

Hopp and Spearman (2008) discuss the challenge of handling multiple variants of routings through flow 

lines during process and production planning. It is recommended for aggregate planning purposes to 

keep the number of routings to a minimum and specify what is called basic routings and connect it to the 

product families that are to be produced. This approach is in most cases a reasonable simplification as 

most of the time the additional routings for the product families only involve some minor variations, 

such as extra test steps or extra surface treatment (Hopp and Spearman, 2008). 
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3.6. The nature of a bottleneck in a flow line  

In order to keep throughput high it has been demonstrated by Hopp and Spearman (2008) that control 

of buffers before and after the bottleneck is of high importance. The aim should be to avoid starvation 

from the upstream buffer as well as blocking caused by downstream buffer. Furthermore the aim to 

balance accurately the load on the workstations mainly applies for assembly lines, but not for flow lines. 

The workstations in a flow line can be considered as independent from each other due to the 

intermediate buffers between them and the lack of pace functionality of the line as is the dependency 

function in assembly lines. Due to this fact one should consider the positive effect of unbalancing the 

load on the workstations, especially if some workstation resource addition have relatively low cost 

compared to other workstations and if that unbalancing can result in less variability of the line cycle time 

and therefore a more stable and predictable process which then gives higher throughput as a result of 

the unbalancing activity.  

3.7. Design of capacity  

Mahmoodi et al. (1999) suggest a framework for cellular manufacturing evaluation which can be applied 

during design state of a cellular manufacturing system. This framework consists of steps which differ in 

terms of level of detail and information needed and can be carried out depending on the need in each 

case. In the beginning it is assumed that a number of possible candidate cell ideas have been constructed 

and then those steps follow (Mahmoodi et al., 1999): 

1. Static evaluation with computational schemes. 
2. Dynamic evaluation through computer simulation. 

 

By performing these steps poor candidates are eliminated and the promising candidates can be 

evaluated in further details.  

In manufacturing there is possibility to work with three types of buffers: inventory, time and capacity. In 

the case of this study there is no possibility to use finished goods inventory as a buffer due to the fact 

that all the products are tailor made and thus no way to keep them in stock of finished goods. This leads 

to a trade-off decision between time and capacity (Hopp and Spearman, 2008). If a certain service level is 

needed, which in this case is 90%, and targets for overall lead times are defined as 7 and 14 days, then 

fluctuation in demand can only be met to some small extent by the time buffer, not more than 10% of 

the orders. In that case excess capacity will be needed, i.e. system buffered with capacity. As a result, 

utilization should be expected to be lower than if lower service level would be accepted. On the other 

hand if the choice is not to use a capacity buffer in order to reduce unit cost and improve utilization, 

then that will result in poorer service level, as the strategy would then be to use the time buffer. 

According to Hopp and Spearman (2008) the Factory Physical law for utilization claims that “if a station 

increases utilization without making any other changes, average WIP and line cycle time will increase in a 

highly nonlinear fashion”. Examples from two cases with different variability factors, V, of process and 

interarrival times between stations are shown in Figure 7. The “blow up” behavior of the line cycle time, 

and thus WIP, appears in the 0,8 and 0,9 utilization region for the cases respectively. The case of a work 

station with V=1 could be considered to be a case of a typical variability for part manufacturing processes 



Theory  System modeling and simulation  

17 

and thus utilization of less than 0,8 should be targeted in order to enable stable operation with regards 

to cycle times and WIP levels. Slack et al. (2010) touch on this same subject and explain how waiting 

times in front of a machine increase rapidly when utilization moves closer to 100%. They put it forward in 

another way by saying that the only way to guarantee very low waiting times for an operational unit is by 

operating with low process utilization.  

 

Figure 7. Example of effect on cycle time average when utilization  

approaches 100% (Hopp and Spearman, 2008) 
1
. 

3.8. System modeling and simulation 
A model can be defined as a static conceptualized representation of the real world system and a 

simulation adds a time phase to the model as it illustrates how the system changes with time (Banks and 

Sokolowski, 2009). Furthermore a simulation can be used as a process to perform experiments on a 

system model to gain insight into how the real system would behave when applied to the same 

conditions (Banks and Sokolowski, 2009). Banks and Sokolowski (2009) also discuss that simulations have 

the advantage that one can perform a number of experiments on a model by changing conditions or 

variables and this can be done without having to perform any physical changes on the system which add 

to cost. It can also be of good use for new systems which need to be scrutinized and optimized during 

design state, as a part of steps 4) and 5) in the system analysis framework introduced in 3.1. 

There are a number of ways to approach modeling and simulation and the relevant definitions for this 

research work are defined as follows (Banks and Sokolowski , 2009 and Randell, 2002): 

                                                           
1
  In this demonstration example the variability factor V = (ca

2
+ce

2
)/2 where ca is the coefficient of variation (CV) of 

interarrival times between stations and ce is the CV for the process time at the station. CV is defined as variance 
divided by the mean (Hopp and Spearman, 2008). Furthermore CV between 0,75 and 1,33 is considered to be 
moderate variability in industrial manufacturing processes. 
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A discrete event simulation is a process where the state of the system is defined by so called state 

variables which completely describe the system at any time moment and only change at a discrete set of 

times. The state of the system changes instantaneously when specific events occur in the system. 

A deterministic model is one which does not include any probabilistic component. This means that the 

results are always the same for the same input. 

A stochastic model simulation is a process where stochastic variables determine the behavior of the 

system, which is the case for most real world systems.  

A static model represents the system at one particular point in time, but does not show any effect of 

interaction between system variables with time. 

A dynamic model simulation gives a representation of a system with time. This means that the system 

state, attributes, active entities, activities and delays are all functions of time. 

When setting up experiments using the model to create estimations for different dependent variables 

and performance indicators one has to determine number of runs needed in order to express the results 

in connection to a desired degree of precision. Johnson (2011) shows that for small number of samples 

(n<30), where the mean in the population can be assumed to be normal distributed, and the variance is 

unknown, one should determine sample sizes of experiments based on t-distribution. Predefined 

probability, (1-α)*100%, that the error in the results will not exceed a prescribed quantity, E, will be 

reached at sample size, n, which is calculated by the formula: 

  (
      

 
)
 

 

where tα/2 is a coefficient determined from the t-distribution and has probability α/2 of being exceeded 

for a random variables with n-1 degrees of freedom. The term s is an estimator for the sample standard 

deviation (Johnson, 2011).   

According to Magee (1985), the most common distribution for incoming customer orders is exponential 

distribution, especially if the most common order size is extremely small compared to the mean order 

size which is fairly sizeable. This results in relatively large standard deviation for the distribution as well 

as large difference between the mean and the median value. On the other hand lognormal distributions 

do often fit better to cases where the incoming customer orders contain a high number of small orders, 

but where a few larger orders make up a considerable amount of the accumulated number of pieces 

which are ordered (Magee, 1985).  

3.9. What-if scenario analysis 
What-if analysis is carried out in order to give information about impact of changes in the system model 

variables. It is normally performed by simulation runs which enable inspection of the behavior of a 

complex system given a set of scenarios (Rizzi, 2009). Selection of the scenarios is in most cases most 

relevant when focused on areas in the model which have the highest uncertainty. According to Golfarelli 

et al. (2006) a what-if analysis evaluates how changes in a set of independent variables affect a set of 
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dependent variables within the framework of a given simulation model. A what-if analysis requires a 

simulation model for the complex interactions which are of concern and which cannot be analysed 

through manipulation of historical data. 
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4. Methodology 
Chapter 4 explains the research method applied in this study and how a model of the manufacturing line 

is constructed from information collected within the company. This model is then used as a tool for 

analysis and experimentation to give information about system behavior and performance. 

4.1. An overview of the research 

This research project work is based on three scientific methods: qualitative, quantitative and simulation 

experiment methods.  

Qualitative research method is used in collection of literature and in data collection through meetings, e-

mail exchange and other interaction with Sandvik Coromant’s employees and external parties. 

Quantitative research method is used in collection of process data and other numerical information 

needed for the development of the system model. As well quantitative analysis is performed through 

calculation of performance data from the outcomes of the simulation experiments. 

Simulation experiment method is applied in order to obtain output data which can be used to construct 

answers to the two latter research questions. As the system which forms the topic of this project is not 

yet built there is not a possibility to perform any physical experiments to validate the outcome from the 

simulation experiments. 

4.2. Literature review 

A search for literature in form of articles, reports and books in the scientific field of this research was 

mainly performed through the KTHB Primo system at the KTH campus. In addition literature from 

Master’s courses taken by the author at the Department of Production Engineering at KTH and from the 

academic supervisor was used to build up a solid academic foundation for the research process, analysis, 

result generation and statements. 

4.3. Data collection 

Data collection from the production processes was performed through meetings, phone calls, 

discussions and e-mail exchange with development and production engineers and technicians, process 

planners and other process experts as well as operators from Sandvik Coromant. In some cases meetings 

with external parties were used for collection of additional data. In addition field studies were performed 

and manufacturing tests currently performed within in concurrent projects in Sandvik Coromant were 

followed for some of the processes steps. Through these activities information from databases were 

verified, field flow mapping was performed, and general understanding of the manufacturing techniques 

was improved. 

A search for quantitative data needed for model construction was performed by studying production 

documents and collecting data from the company’s technical database. This was mainly the information 

regarding current cycle times, production flow planning and control (current basic routing), part 

dimensions and geometries and raw materials. 
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Internal documents at Sandvik Coromant were analysed to collect pieces of information that have to do 

with forecasts for product orders, identification of manufacturing technology equipment capable of 

fulfilling the needs of the new system, selection of previously developed geometry concepts which form 

a basis for the case inserts, and preliminary process plans for manufacturing of the different case inserts. 

4.4. System model development and simulation tests 

A static capacity analysis model and a dynamic discrete simulation model were constructed in order to 

have a platform for system analysis, following the design framework from 3.7. The static model was 

made to screen the proposed solutions with regards to loads on the different workstations and to ensure 

that the solutions chosen for dynamic modeling would fulfill the minimum capacity needs in the static 

domain where factors such as interactions due to inter-arrival rate between workstations and 

distribution of the demand were ignored. The outcome of this step was a capacity feasible solution in 

static domain. 

A dynamic discrete event simulation model was constructed to enable investigation of dynamic behavior 

and how that would affect performance measures such as system cycle time and service level. With this 

tool an understanding of the effect on the system performance could be gained when input variables 

and assumption are different from what has been estimated.  

Training in discrete event simulation model building had been undertaken by the author though projects 

in a number of Master’s courses at KTH where the simulation software ExtendSim8® was used. The 

choice of using ExtendSim8® as the software tool for dynamic modeling in this project was based on this 

previous training and availability of the tool at the laboratories in KTH. Guidance in the model building 

and further training in use of the ExtendSim8® software was performed by the academic supervisor. 

4.5. Scenario analysis 

In order to answer the last research question, regarding analysis of system robustness and effect when 

basic conditions change, a what-if scenario analysis method is applied. Changes in internal system 

variables such as processing time needs, especially at the high utilization work stations, will be studied to 

find out how it will affect the system’s key performance indicators.  
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5. Analysis 
This chapter presents information and data about background variables and assumptions that were 

constructed in order to facilitate practical model construction. It also gives overview on the what-if 

scenario tests that were set up to gain desired understanding about the system behavior under different 

conditions. 

5.1. Demand forecast 

Demand forecast for rapid geometry manufacturing of inserts and rapid manufacturing of press tools is 

based on an annual demand forecast constructed by Sandvik Coromant for the project work and is 

shown in Table 2.  

Table 2. Annual demand forecast for small-series prototype production. 

 

Variability in order rate during the year and within each month is based on analysis of historical data for 

other prototype processes. The expected number of rapid geometry manufacturing inserts and press 

tools are shown in Figure 8 and Figure 9. In these figures the standard deviation, σ, within each month, 

which was found to be 25% of the monthly average, is displayed as ± 1σ. In the forecasts it has been 

assumed that the operation will be down in July due to summer vacation. 

 

Figure 8. Forecasted annual distribution for monthly 

mean with estimated standard deviation for rapid 
geometry inserts demand. No operation planned in July. 

 

Figure 9. Forecasted annual distribution for monthly 

mean with estimated standard deviation for rapid press 
tool set demand. No operation planned in July. 

 

Type of insert Turning Milling Drilling Total

Rapid geometry 

manufacturing 

[Inserts]

122 342 137 600

Rapid blank 

manufacturing 

[Press tool sets]

41 11 28 80
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5.2. Model assumptions 

The following base assumptions and input variables were collected and decided in cooperation with the 
project provider: 

 Yield of 95% (includes errors and defects which require repetition of the manufacturing process 
from the first step). 

 Machine breakdown Mean-Time-Between-Failure (MTBF) of 1 year and Mean-Time-To-Repair 
(MTTR) of 2 days. 

 Loading of a part on a fixture pallet takes 3 minutes per part. 

 Transport of pallets between machines (or machine magazines) takes 3 minutes per pallet and is 
performed by 1 operator covering 16 hours a day, 7 days per week. 

 Pallet magazines assumed to have capacity of 10 pallets. 

 Service level calculations based on delivery of whole order batches, i.e. all parts of the ordered 
batch need to be ready for the order to be delivered. 

 For press tools, the line only models production of the die and the two punches, i.e. 3 parts per 
press tool set. 

 Orders only arrive during 5 days per week and only for 8 hours during each day. 

 Batch sizes for insert orders 1-10 parts. Distributed according to the following table, where 40% 
of the orders are of the most common value of 5 and 30% of the orders are at each side of this 
most common value, see Table 3. 

Table 3. Estimated distribution of batch sizes. 

 
 

The standard deviation of the monthly order quantity is relatively small in comparison with the monthly 

mean, see discussion in section 5.1. The batch sizes are distributed from 1 to 10 with most common 

order size of 5 pieces. From this it was found that a lognormal distribution for the incoming orders fits 

relatively well to the order distribution and was chosen as the order generation model in the dynamic 

simulation of the system, based on the discussion about incoming order distributions in section 3.8. 

 Lognormal distribution of the incoming orders.  
 

Definition of lead time for the overall process of rapid geometry inserts manufacturing and rapid blank 

manufacturing was defined as 7 days and 14 days respectively in section 1.3. In this research only part of 

the production process will take place in the small-series flow line and thus the total lead time has to be 

Batch size Proportion of 

1 4%

2 4%

3 8%

4 14%

5 40%

6 10%

7 8%

8 5%

9 4%

10 4%
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broken further down to have a firm definition for the part of the process which takes place in the flow 

line. For the second process, the rapid blank manufacturing, only the manufacturing of press tools is part 

of the scope for the flow line. In Appendix A a breakdown of the overall lead time is shown and from this 

analysis the following definitions are given for the lead time of rapid geometry insert manufacturing and 

rapid press tool manufacturing: 

 Lead time 4 days for rapid geometry manufacturing of inserts. 

 Lead time 4 days for rapid press tool part manufacturing. 

 System operation simulated for 45 operations week per year distributed between 11 months as 
shown in Table 4.  
 

 Table 4. Estimated number of operation days per year. 

 

 

5.3. Process planning and manufacturing concept 
The product families for the rapid geometry manufacturing inserts have been identified to form 6 groups 

based on their processing needs and routings. The families will be denoted I – VI and the difference 

between their routings can be seen in tables in Appendix B. Formation of those families is a practical 

simplification made to keep the complexity of the model within reasonable level of detail.     

The manufacturing concept is based on the idea that the process begins with a standard size rod of solid 

sintered carbide which is fixed in a standard collet on a standardized fixed reference pallet for work 

holding. In each processing machine a chuck is fixed on the machine table on which the fixed reference 

pallet can be loaded onto and fixed to. This results in practically no setup time when changing between 

product types as the work holding pallets and the chucks are standardized for the products and the same 

for all the machines. This also leads to the possibility to move parts between machines even in a one-

piece-flow which does not require that the whole batch is finished at one station before parts are moved 

to next station, which reduces waiting time in queues between machines. 

Month

Operation days 

in month

Operation 

weeks in month

Jan 30 4,3

Feb 28 4,0

Mar 31 4,4

Apr 27 3,9

May 29 4,1

Jun 29 4,1

Aug 27 3,9

Sep 30 4,3

Oct 31 4,4

Nov 30 4,3

Dec 23 3,3

Total 315 45
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Figure 10 shows a demonstration of the general idea behind the manufacturing concept. The figure 

shows the steps from a standard stock in (a), which first goes through wire EDM rough material removal 

in (b) and (c). Then in (d) the precision material removal, i.e. high-speed milling or laser ablation, is 

performed to make the macro and micro geometrical features on the top and bottom surface and the 

edges and sides  (not shown in detail in these simplified sketches). For some of the inserts a central hole 

is manufactured by wire EDM and sink EDM. Other insert product families do not have a central hole. 

After completion of all machining steps the insert is coated and the remaining “foot” which connects the 

insert part to the original rod body is then cut off by wire EDM following the coating operation (e). 

 

Figure 10. Demonstration of the production method from a solid carbide rod (a) to a coated cutting insert (e).  

Figure 11 shows a flow diagram for the routing of the rapid geometry insert manufacturing. 

For majority of the inserts which have central hole, a sink EDM precision removal process is needed to 

machine curved shape (complex 3D geometry) of the hole wall following the path of decision point 4. In 

those cases special electrodes made of copper alloy need to be milled in a parallel process within the 

flow line which then is fed into the main flow in the sink EDM work station.    

The process routing for the rapid geometry manufacturing inserts ends with washing if that is needed 

and final inspection in optical measurement equipment. 

(a) (b) (c) (d) (e) 
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Figure 11. Process flow chart for rapid geometry insert manufacturing. 

 

The precision material removal cycle time for the macro and micro geometric features depends mainly 

on the depth and the surface area covered by these features. It then relates to the magnitude of the 

material removal needed following the rough machining which removes large chunks of material with 

the wire EDM. Gathering of information from within Sandvik Coromant through meetings and from 

manufacturing tests, and from manufacturers of machine tools and cutting tools give rough ideas about 

material removal rate values which can be expected and thus cycle times for the precision geometry 

manufacturing. In order to create a practical model simplifications are needed and based on the 

information at hand, and the ideas for the design of the future products of this small-series production 

line, judgment was made by the author and the industrial supervisor that three groups would be formed 

to cover different mean cycle time needs for the precision geometry manufacturing. The following three 

groups were formed, see Table 5. The distribution of the product parts between the groups is given as 

well as the assumed mean cycle time needed in this key production step.  

Table 5. Distribution of cycle time needs for the precision material removal process step. 

Precision material removal 
processing time demand 

Proportion Mean cycle time 
[min] 

Low 20% 120 

Medium 30% 240 

High 50% 480 
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As can be seen in Table 5 half of the produced inserts are considered to have high time demand on the 

precision material removal manufacturing of the macro and micro geometrical features in process step 2 

in Figure 11. 

Another important consideration regarding the processing need is the manufacturing of curved shaped 

walls of the central hole which is considered to be the case for majority of the inserts which are designed 

with a central hole. This manufacturing step follows decision point 4 in Figure 11. Milling of 2-4 

electrodes for the sink EDM machining of the central hole shape is assumed to have an average cycle 

time of 1,5 hours. The sink EDM machining of this small hole shape is then assumed to have an average 

cycle time of 1,5 hour. 

An example of the cycle time estimation for two product families of the rapid geometry manufacturing 

of inserts, based on the flow chart in Figure 11, is shown in Table 6. In Appendix  the cycle time 

estimation for all the product families of inserts and as well for press tools are shown. 

Table 6. Production flow for two product families of inserts with cycle time estimations at each step. 

 

For the rapid press tool manufacturing there are two product families for each press tool set, i.e. 

punches and a die. Each press tool set needs two punches and one die. In Figure 12 the flow diagram for 

the punch manufacturing is shown. The majority of the punch parts will have a central hole and thus will 

require wire EDM machining following decision point 1. The precision material removal of the punch 

sides will be performed by a grinding operation. Washing will be needed following the grinding in order 

to remove residual particles from the grinding cooling fluid. Polishing is needed for the hole, the top 

surface and the sides. The process is finished by performing a final inspection of the punch parts in a 

CMM. 

Prod. 

family

Insert 

type

Estimated 

number of 

parts per year

Precision 

geomoetry depth 

or size D1 D2 D3 D4

RMR 

WEDM

PMR m/m 

geometry

D1 - 

WEDM

D2 - 

PMR

D3 - 

Hole & 

WEDM

D4 - 

Sink 

EDM

I-a Low 90 120 100 45 90 0

I-b Medium 90 240 100 45 90 0

I-c High 90 480 100 45 90 0

II-a Low 90 120 100 45 60 90

II-b Medium 90 240 100 45 60 90

II-c High 90 480 100 45 60 90

I

II 140

No

Yes Yes Yes Yes

Estimated mean cycle time [min]Decision points

170

Rapid geometry manufacturing of inserts

Yes Yes Yes
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Figure 12. Process flow chart for the punch manufacturing stream for rapid press tool manufacturing. 

Manufacturing of the die includes milling of 4 electrodes from a copper alloy which are used in precision 

material removal operation performed in a sink EDM machine. The preparation of the EDM electrodes is 

time consuming step and is considered to take 14 hours for simple forms of the hole shapes, but 20 

hours for the more complex shapes which constitute the vast majority of the products. As can be seen in 

the flow diagram in Figure 13, the die carbide block is prepared in parallel with the electrode 

manufacturing, as some form of a central hole is machined in the die block with small hole EDM drilling 

which is then in some cases followed up with wire EDM cutting of the starting hole. Washing is needed 

following electrode milling and sink EDM machining as residuals of cooling fluids and oil particles from 

the dielectric water need to be removed. As for the punches, the die parts are polished before final 

inspection in a CMM.  
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Figure 13. Process flow chart for the die manufacturing stream for rapid press tool manufacturing. 
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5.4.  A static capacity feasibility solution 

A static calculation based on the routing tables with estimated cycle times, see Appendix B, and average 

values for number of parts ordered per year gives utilization results for different work stations in the 

system as presented in Table 7. This static calculation takes into account average yield rate of 95%, MTBF 

of 1 year and MTTR of 2 days. These results give an idea about the capacity needs of the production line 

and it can be seen that in this static domain, where no interaction in the flow is taken into account, that 

the highest utilization is in the precision material removal manufacturing operation of the macro and 

micro geometry. In Table 7 utilization results are shown for both 24 hours operation per day and for 16 

hours operation. This calculation is based on the operational hours available, the number of parts 

forecasted for each product and cycle time needs for each part, as defined in Appendix B. 

Table 7. Static calculations for utilization at different work stations for two cases of available operation time. 

Work station 
Utilization 24 hour 
operation [%] 

Utilization 16 hour 
operation [%] 

Number of machines per 
station in base model 

Wire EDM 39% 59% 1 

Precision material removal 60% 91% 1 

Electrode milling 27% 41% 1 

Sink EDM 10% 16% 1 

Grinding 2% 3% 1 

CMM 5% 8% 1 

Optical measurement 8% 12% 1 

 

The precision material removal process appears more than once in many of the routings and as the cycle 

time of precision geometry varies significantly between depths and sizes of the geometries there is a 

reason to suspect that at 60% mean utilization on the 24 hour operation schedule that this station will 

cause bottleneck effect that will affect the service level. The base case will be set up with only one 

machine for precision material removal and the aim in the dynamic simulation is to observe how well 

this capacity design is able to hold service level within target. The wire EDM station appears in more than 

one occasion for most of the product routing but it has moderately high utilization and it seems 

reasonable to have only one wire EDM machine in the base modeling case. 

When setting up a work scheme for an operator, who will transport pallets between work stations and 

load or unload pallets in and out of machines or local pallet magazines at some of the machines, the idea 

is to avoid the need of having an operator during night time. Thus it was found appropriate to have one 

operator position at the line for 16 hours 7 days per week. There is a need for about 30 unload/load or 

transports between machines per day, i.e. 15 tasks per 8 hour shift on average. This calculation is based 

on number of transport or steps in each routing, the number of parts produced per year and the number 

of operation days per year. From those numbers it seems feasible that one operator position during 16 

hours per day offers sufficient resource for the task of loading, unloading and transporting pallets 

between stations. Due to this automatic pallet exchangers are needed in the base design in order to run 

the high utilization machines 24 hours per day. The pallet magazines could then be loaded with up to 10 

pallets before every night shift and those machines could run without any manual interference. In the 
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base case it was thus reasonable to have automatic pallet exchangers applied for the precision material 

removal station as well as the wire EDM station.   

The static capacity feasible solution made up by the number of machines shown in the last column in 

Table 7, i.e. one of each machine, can now be applied as a starting point for a dynamic flow simulation 

for the flow line. 

5.5. Work station arrangement 

A schematic example of a rough layout for the system is presented in Figure 14. The flow cell is organized 

according to the general product flow. The flow cell will most likely include an additional milling machine 

for form shaping of un-sintered and semi-sintered insert bodies which is a parallel process for small-

series production but is not part of the scope of this study. This U-shaped configuration for the flow line 

is a rough suggestion on which the detailed design could be based. The detailed design will have to take 

in to consideration other constrains and thus the layout will probably need to be developed further even 

though this idea of a flow line setup could be used as a foundation. 

Measurement room
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Wire EDM

CNC 
Grinding 
machine

Washing station

CNC milling 
machine

Form shaping of semi-
sintered  bodies

(not part of scope)
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Space for 
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Figure 14. Schematic drawing for a possible layout of work stations in the flow line.  

5.6. A dynamic discrete-event simulation 

For deeper understanding and in order to be able to perform simulation tests on the flow behavior of the 

manufacturing line, a dynamic discrete-event simulation model is needed. The flow simulation model 

consists of two main parts. The first part models the order generation and assigns attributes to the 

orders, such as batch sizes and cycle time needs for precision material removal before they are released 

to the flow line, based on random functions and distribution tables. This first part also collects the 

products to the correct batches at the end of the line. It measures line cycle times, WIP and performance 

measures such as service level for the delivery of the ordered batches. An example of one module of part 

1 which generates the orders and attaches attributes is shown in Figure 15. 
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Figure 15. Generation of orders for inserts and press tools. 

The second part of the flow simulation model has to do with the operation of the flow line itself. It 

models every work station and a router which sends the parts to correct station with information about 

cycle time for each step in the routing as shown in Figure 16.  

 

Figure 16. Routing control for the products at each step in the process flow. 

In this part two a module for the operators and their availability depending on different shift schedule is 

built in and shift schedules can be easily changed according to test requirements. The base case for the 

system assumes that operators will be needed for manually transporting the parts on the fixed reference 

pallets between machines or machine magazines. It was decided to include pallet magazines and 

automated pallet exchangers for the high utilization machines i.e. precision material removal machine 

and wire EDM. The transporting of the reference pallets by the operator is modeled in this part as can be 

seen in the sample for the wire EDM work station in Figure 17. Machine breakdowns and downtime is 
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built in for each station as well as a block which builds errors and defects into the output from each 

station. This adds up to the assumed 5% overall defect proportion for the flow line. 

 

Figure 17. A sample from the flow line part of the model, showing the block diagram for the wire EDM station. 

Calculations for the number of runs needed to attain results within the 95% confidence interval was 

calculated based on the t-distribution formula presented in section 3.8. 

For the performance measures such as the service level this calculation gave a result of 8 runs needed to 

attain the desired confidence. Consultation with the academic supervisor led to the approach to add 15 

runs on top of the 30 run sample limit for the t-distribution. This resulted in 45 simulation runs for 

annual operation of the flow line for each test which was conducted. The 95% confidence interval was 

applied for all results generated from the simulation tests which are shown in chapter 6. 

5.7. What-if scenario analysis 

A set of scenarios, shown in Table 8, were set up to perform simulation tests when the model was 

adjusted according to a number of scenarios. The scenarios were selected in a way that would show 

clearly what consequences changes in key assumptions, input variables and flow line design would have 

for the performance of the system.  

Scenarios 1-8 have to do with changes in background variables and key assumptions of the base case. In 

scenario 6 the design of the base case is changed in a way to create a flexible manufacturing cell with a 

transportation robot which can perform all transports, unloading and loading of the pallets which hold 

the work pieces. In that case the need for the operator to do the manual transportation would be 

eliminated.  

Scenarios 9-12 are set up for testing of a case with a different capacity design, i.e. if a second precision 

material removal machine would be added to the bottleneck station. 
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Table 8. A list of scenarios set up to test the system performance when 

circumstances are different from the base case. 

 

# Scenario name Description Purpose of the test

Scenarios from the machine setup of the base case

1
Lead time increased 

by 0,5 days

Lead time for insert batch delivery 

increased from 4 days to 4,5 days

To observe effect of the increase on service level 

for inserts batches

2 Smaller batch sizes

Batch sizes for the insert orders limited to 5 

pieces, with most common value of 4 

pieces.

Test what effect restriction on batch sizes will have 

on service level, given that the orders will have the 

same distribution

3

25% lower cycle 

times for Precision 

Material Removal 

machining

A 25% substraction made from cycle times 

for all manufacturing steps which go 

through precision material removal 

processing

To analyse what consequence it would have if the 

assumptions for cycle times have been estimated 

too conservatively, for example due to less 

complex products or faster material removal than 

presumed

4

No automatic pallet 

exchanger at the 

wire EDM machine.

The automatic pallet exchange 

functionality removed from the wire EDM 

station

To observe how important this functionality is for 

the performance of the line

5

No automatic pallet 

exhangers, neither at 

the wire EDM nor the 

PMR machine

Remove both pallet exchange 

functionalities and pallet magazine buffers 

from the 2 machines where applied

To see how effective the pallet exchangers are in 

order to keep performance high when only having 

operators available 16 hours per day

6

Automated transport 

of pallets between 

machines

Remove interaction of operators with the 

transport of pallets between machines and 

take away local pallet magazines but having 

just one magazine for the flow line

To test performance if a cell robot is used to 

transport pallets between machines instead of 

operators, a FMC solution. This robot would work 

continuously 24 hours per day and need for local 

pallet exchangers would be eliminated.

7

Standard deviation of 

the demand 

increased by 100%

Standard deviation increased by 100% for 

the lognormal distribution used to 

generate orders

To reveal how much effect the variation in the 

demand plays for the system performance

8 No defects

A 100% yield rate applied, i.e. theoretical 

case where no defects or mistakes would 

occur

Test carried out to estimate theoretical maximum 

service level 

Scenarios based on 2 PMR machine resources to reduce the constrain of the bottleneck

9 2 PMR Machines

Number of precision material removal 

machines (High speed milling or laser) is 

increased from 1 to 2

To test what effect this increase in manufacturing 

resources at this bottleneck station has for the 

overall system performance

10

2 PMR machines and 

lead time reduced to 

3 days

The lead time definition for insert ordert 

delivery changed from 4 to 3 days

If the 4 day lead time definition of the base case is 

not realistic in practice. How would the system 

performance be if lead time would then be 

reduced to 3 days

11

2 PMR machines and 

demand increased by 

20%

Mean monthly demand increased by 20% 
To check how the system would perform if future 

demand would increase

12

2 PMR machines and 

25% higher cycle 

times for PMR steps

A 25% addition put on cycle times in all 

manufacturing steps which go through 

precision material removal processing

To test the consequence if the assumptions for 

cycle times for different geometry groups fail to 

hold for example due to more complex products or 

slower material removal than presumed
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6.  Results and findings 
In this chapter the results from the analysis are presented in form of flow analysis, system performance 

for the base setup, a bottleneck study and results from a number of scenario tests that were performed 

on the system model. 

6.1. Basic routings and mean cycle time estimation 

The production planning of the rapid geometry inserts can be simplified by sorting the products into 

product families based on their processing needs. The analysis led to sorting into six different product 

families which give a platform to form base routings for those product families as was presented in 5.3. 

Cycle time estimation for each manufacturing step in routing of each product family was carried out and 

used as input into both the static and the dynamic model used to develop the system design. The same 

applies for the press tool parts. 

6.2. System performance measures 

The main performance results from the analysis of the base case are given in the following tables. In 

Table 9 the average annual service level was measured as 85% for the rapid geometry manufacturing of 

inserts. This is an indication for a long term average and means that in the long run with the given 

background information, assumptions and base case flow line design that 15% of the time the batches 

will be delivered late and this is 5 percentage points (pp) higher proportion of late batches then the limit 

defined in the specifications. The highest and lowest values for the long term service level mean was 

found to be 95% and 77% respectively and the standard deviation of the mean was 4%. The rapid press 

tool part manufacturing was found to be well within the specification limits for the service level with 

annual mean at 98% and lowest value at 95%.  

Table 9. Annual mean service level indicators for the base case analysis. 

Performance indicators Service level Inserts [%] Service level Press Tools [%] 

Mean – annual 84,5% 98,1% 

Standard deviation 4,1% 1,5% 

Min – annual 76,5% 95,1% 

Max – annual 95,0% 100,0% 

 

The line cycle times for the product families of inserts are different when comparing the families, as can 

be seen in Table 10. For batches of insert families with the longest line cycle time it takes on average 2,8 

days to pass through the line, while it takes 2 days for the batches of insert family with the shortest time. 

The standard deviation for the line cycle time for the insert batches is from 0,3 to 0,5 days. The parts for 

the press tool sets take on average shorter time, or 1,7 days to pass through the line and the standard 

deviation for this time is fairly low at 0,1 day. One of the reasons for why the standard deviation of the 

insert batches is considerably higher than for the press tool sets is that the batch sizes for the inserts 

vary from 1-10 pieces while the press tool sets always contain 3 parts. As well there is much more 
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variability in the cycle time needs for precision material removal processes for the inserts parts 

compared to the press tool parts.   

Table 10. Average cycle time for parts of different insert families and press  

tool parts to pass through the manufacturing process 

 
 

The WIP measurement collected during the simulation is presented in Table 11. The WIP of insert parts is 

on average 5,2 pieces and of much higher value than the 1,8 piece average WIP for press tool parts. For 

both the insert parts and the press tool parts the standard deviation of the WIP is of similar numerical 

size as the mean value and is an effect of the variation in incoming order rate and quantity and queuing 

dynamics where the queues in front of the machines are sometimes empty and can go up above 20 

pieces for the bottleneck as will be shown later. 

Table 11. Average WIP for the insert and press tool parts. 

Performance indicators WIP insert parts [#] WIP press tool parts [#] 

Mean – annual 5,2 1,8 

Standard deviation 4,1 1,4 

 

6.3. Bottleneck analysis 

On average the by far longest queue forms in front of the precision material removal machining and this 

station also has the highest utilization, see Table 12. According to section 3.2 the precision material 

removal station is therefore the bottleneck of the flow line.  

Table 12. Mean queue lengths in front of different work stations and  
measurement of mean utilization of each station. 

Bottleneck analysis 
Queue lengths Utilization 

Mean - annual [#] Standard deviation [#] Mean - annual [%] 

Wire EDM 0,76 1,66 39,0% 

Precision Material Removal  2,49 3,49 60,8% 

Sink EDM 0,03 0,25 10,3% 

Electrode mill 0,14 0,71 27,0% 

CMM 0,11 0,70 7,7% 

Optical measurement 0,01 0,16 8,5% 

Grinding 0,002 0,048 2,9% 

I II III IV V VI

Mean - annual 2,7 2,8 2,1 2,0 2,0 2,2 1,7

Standard deviation 0,4 0,5 0,5 0,3 0,3 0,4 0,1

Performance indicators
Mean line cycle time for  insert parts [days] Mean line cycle time 

press tool parts [days]
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In Figure 18 an example of the queue lengths during simulation of one year is shown for the three 

machines which have the highest utilization. This sample represents well the behavior of the queues in 

the system where the queues in front of the wire EDM go up to about 10 pieces in the highest peaks but 

decrease relatively fast to lower values. The queue peaks in front of the wire EDM station exist because 

it is the first manufacturing station in all the routings and thus the whole batch will be placed in this 

queue in the beginning. Thus when large batches enter the line a peak value will appear in the wire EDM 

queue. For the bottleneck station, the precision material removal, the queues go in some occasions 

above 20 pieces and stay longer up in higher ranges than the wire EDM queues. This is due to part  

 

Figure 18. An example for the queue development in front of the 3 machines  

where the utilization is highest for the base case. 
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families which have long cycle time needs in the PMR station and are ordered in large batches (7-10 

piece batches). The queues in front of the electrode milling station do not have as high peak values and 

have more smooth time charts. 

In order too have a better understanding of the queue dynamics a detailed queue data was collected for 

15 runs of the base case and statistics of maximum queue lengths were collected and summarized in 

Table 13. This information gives further proof of the bottleneck formation at the precision material 

removal station.  

Table 13. Analysis of maximum queue lengths for the base case. 

Work station 
Max queue 
length [#] 

Average of max 
queue lengths [#] 

Standard dev. of max 
queue lengths [#] 

Wire EDM 18 13 2 

Precision Material Removal 23 19 3 

Sink EDM 6 4 1 

Electrode mill 9 7 1 

Grinding 1 1 0 

CMM 15 13 1 

Optical measurement 6 3 1 

 

In Table 13 it can be seen that for stations such as the CMM the queues can become relatively long, but 

as the cycle times for this station are normally short compared to the machining stations, the queue 

lengths reduce fast and thus the average length values are small. 

6.4. Test results from the what-if scenario analysis 
In Table 14 the results for different scenario tests are presented. This data can be used to adjust the 

system design in order to achieve desired service level of 90% and robustness of the solution. 

The first part of Table 14 shows adjustments of input parameters for the base case. As the service level 

for the rapid geometry manufacturing of insert is challenging for the system to reach, it will be the focus 

of the result explanation and discussion later on. Press tool manufacturing seems to be within 

specification except for the case when no automatic pallet exchanger was applied.  

When the lead time target for the flow line was changed from 4 days to 4,5 days then the service level 

for inserts in this case went up to 90%. If batch sizes were limited to 5 pieces with the same distribution 

of orders per month, then the service level was measured as 92% on average for the insert 

manufacturing. 

When the automatic pallet exchanger was removed from the wire EDM machine the service level went 

down 1,5 pp compared to the base case. A more dramatic change was measured when automatic pallet 

exchange functionality was removed from the bottleneck station as well. Then service level dropped by 
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37 pp. This shows how important it will be to be able to run the precision material removal station 24 

hours per day. 

Scenario 6 shows the effect of having an automated pallet robot which can transport pallets between 

machines 24 hours a day and perform unloading and loading operations in a flexible manufacturing cell 

setup. The result of this test shows only 1 pp improvement in service level compared to having 

automated pallet exchangers at two most loaded machines as was the design in the base case. 

When the standard deviation of number of inserts ordered per month was increased from 25% of the 

mean value, to 50% of the mean value, then service level dropped by 6,7 pp. This shows importance of 

variance in the incoming order rate and how much it can affect the performance of the system. 

Table 14. Overview of the results from scenario analysis tests. 

Scenario Product 
Service level 

Description 

Mean 
Standard 
deviation Min Max 

1 
Insert 90,7% 3,6% 81,0% 96,6% Lead time up by 0,5 days for 

inserts Press tool 97,9% 1,6% 93,7% 100,0% 

2 
Insert 92,2% 2,9% 84,0% 97,0% 

Smaller batch sizes for inserts 
Press tool 98,7% 1,4% 94,0% 100,0% 

3 
Insert 92,7% 3,2% 81,5% 98,3% 25% lower cycle times for PMR 

for base case Press tool 98,8% 1,2% 96,1% 100,0% 

4 
Insert 83,0% 4,4% 69,4% 91,5% No automatic pallet exchanger at 

wire EDM machine Press tool 97,7% 2,2% 91,3% 100,0% 

5 
Insert 47,4% 9,7% 27,7% 68,1% No automatic pallet exchangers, 

neither at wire EDM nor PMR Press tool 79,6% 8,9% 51,2% 92,7% 

6 
Insert 85,4% 5,1% 72,6% 94,0% Automated transport of pallets 

between machines Press tool 98,2% 2,0% 88,8% 100,0% 

7 
Insert 77,8% 6,7% 63,1% 90,4% Standard deviation of the 

demand increased by 100% Press tool 96,4% 2,3% 91,5% 100,0% 

8 
Insert 86,8% 4,8% 73,2% 96,5% No defects, theoretical case for 

100% yield Press tool 98,8% 1,7% 93,6% 100,0% 

9 
Insert 97,4% 1,7% 94,1% 100,0% 

2 PMR Machines 
Press tool 99,5% 0,7% 97,6% 100,0% 

10 
Insert 88,4% 3,4% 79,3% 94,8% 

2 PMR and Lead time 3 days 
Press tool 99,3% 1,1% 96,3% 100,0% 

11 
Insert 96,1% 2,2% 88,7% 100,0% 2 PMR and demand increased by 

20% Press tool 99,4% 0,9% 96,8% 100,0% 

12 
Insert 94,2% 2,3% 89,0% 100,0% 2 PMR and 25% higher cycle 

times for PMR Press tool 99,3% 0,7% 97,4% 100,0% 
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The last scenario test for the base case was to apply 100% yield. This was done in order to see how high 

service level this setup could reach on average if defects were totally eliminated. The result from this test 

showed 2 pp increase in service level compared to the base case. 

Scenarios 9-12 in Table 14 are designed to show performance of a modified system design where the 

manufacturing resource of the bottleneck station is doubled. 

In scenario 9 the same input parameters and assumptions are applied as in the base case. With 2 

machines for precision material removal the service level for insert manufacturing increases from 84,5% 

to 97,4%, which is a 13 pp increase.   

Next was to test if the lead time definition for this modified design would be changed from 4 days to 3 

days. The result was 88,4% service level. From this it seems that it would be very challenging to reach 

lead time target of 3 days without doing other changes as well. 

In scenario 11 the average demand for products was increased by 20%. This gave results for the service 

level of 96%. 

For scenario 12 the cycle time values for the precision material removal steps were increased by 25% to 

check what effect it would have if the future products will have more cycle time needs than what has 

been planned. The result shows that in this case a 94% service level would be reached.  

When analyzing further the queue dynamics for the modified system design it is apparent that the queue 

length in front of the PMR station has decreased dramatically, see example in Figure 19. 
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Figure 19. Example of queue dynamic for the three machines with the highest utilization  

when 2 PMR machines are available in the system. 
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7. Discussion 
In chapter 7 the results, their interpretation and how they can be applied in practice are discussed. A 

presentation about the weaknesses of the results is given as well as suggestion on further studies which 

are needed to follow up on the outcome of this project. 

7.1. Practical application and recommendation 
From the results it is reasonable to recommend application of the base case solution with automatic 

pallet exchangers on the wire EDM and the precision material removal machine. If this solution is 

implemented there are opportunities to either restrict order batch sizes for the inserts to a maximum of 

5-6 pieces or to have different lead time definitions depending on order sizes, for example 4 days if 5 

pieces or less and 5 days if 6-10 pieces. This would enable long term service level to be above 90% for 

the operation without the increased investment cost of adding a second precision material removal 

machine to the bottleneck of the system. 

There is a strong relationship between large batch sizes which are ordered for the inserts and the queue 

lengths and thus longer line cycle time as a result of extended time spent in the queues. It is also 

apparent that the lead time target definition is very tight for the base case, but only 12 hours increase 

would in theory enable the system to perform on average within specification for service level. Before 

final decision is made for the resource capacity it would be interesting to look at the trade-off for 

increasing the lead time, even just for the large batches compared to adding additional precision 

material removal machine. 

The scenario analysis showed the general behavior of the system if it would have 2 precision material 

machines. The system would still perform well within specification of service level even if demand would 

increase by 20% or if all precision material removal steps would take 25% more time than assumed in the 

base case. This would thus be a robust solution.  

Due to uncertainties, especially for the cycle times of the precision material removal, it is recommended 

to include a space for a second precision material removal machine which then could be added to the 

system if the assumptions in the base case are not found to hold for future operation. 

As was pointed out in section 3.4, for the flexible manufacturing systems or cell, it is not feasible to have 

a transportation robot which transports the parts between machines and does the unloading and 

loading. The parts per hour are too few to justify this type of solution and the results show very little 

improvement in the system performance compared to having automatic pallet exchangers at two of the 

machines which have the highest utilization. 

It is notable that many of the machines have relatively low utilization, i.e. less than 10% as an annual 

average. This result is a trade-off which is made in order to have the possibility to perform all machining 

operations and measurements within the flow line. With this design the line cycle time is kept at 

minimum and the flow line has the desired flexibility to manufacture wide range of geometries within 

the same production department. 
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7.2. Weaknesses and limitation 

The main limitations and weaknesses of the results from this study can be described as follows: 

 The future product geometries are unknown and due to that it is impossible to determine exactly 
the requirements from different product concepts on the system resources, such as cycle time 
needs at each work station. In order enable production planning a set of selected case inserts 
were defined and the basic routings through the flow line have been studied with regards to 
these groups.  

 For each insert product family a basic routing has been defined according to the currently best 
known process plan. These base routings are used as simplification in the system model as 
representing a defined proportion of the product demand. Some of the future products will have 
different routings from those product families, but vast majority of them are considered to 
follow those production sequences or some close variant of those.  

 Cycle time determination for the inserts product families and press tool parts in different work 
stations are determined from historical production data, from average material removal rate 
values and from production tests. The concept geometries of the future products will be 
somewhat different from these product family definitions, and the production equipment which 
will be purchased for the system will probably have a bit different processing values.   

 The demand data and its distribution through the year are based on historical data from similar 
production in the company. This analysis assumes that the demand will be similar to this forecast 
but assumptions have been made for modeling the product order arrival pattern with time.  
 

The above points show that due to the nature of the research it is not possible to come up with a 

solution which has high external validity. It is valid for the conditions and product families that are 

defined as the basis for the investigation of the system behavior. As the system is not yet built and 

implemented, it is not possible to validate the results even for parts that follow the same routing as 

defined for the product families. 

7.3. Further research 
This study provides information into planning and design phase of a new small-series flow line system. If 

this system will be built it would be wise to perform further studies on the system components and 

assumption on which this study is built. More precise information and tests on the equipment which will 

be selected will enable update of the model which has been built in this study which will then give result 

with higher external validity and will thus better align with the real world behavior of the system.
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8. Conclusion 
This research was set up to test a hypothesis how a flexible small-series manufacturing line could be set 

up for rapid manufacturing of inserts and press tools and how it could be designed from a flow viewpoint 

in order to meet requirements of short lead time targets and high service level. The conclusion is that it 

is possible to set up a flow line which is capable of delivering products within the challenging lead time 

target which has been defined and above the minimum service level limit. 

From what is currently known about the possible geometries and manufacturing technology available for 

this type of a rapid manufacturing of small-series of new product concepts the manufacturing flow has 

been defined with help of product family formation. Cycle time had to be estimated for each 

manufacturing step and demand was forecasted in order to have a platform for modeling of system 

performance. A base capacity feasible case was set up as a starting point and dynamic flow simulation 

was then applied on the model in order to measure performance and product flow dynamics. Tests of 

different scenarios were performed on this model to build up a broader understanding of how much the 

performance would be affected if input variables would change and/or if assumptions would not hold. 

From this analysis it is recommended to build the flow line as a conventional U-shaped cell with one of 

each machine needed for the production. Automatic pallet exchangers should be applied at the precision 

material removal station and the wire EDM station. To be able to keep service level above minimum 

average requirement it is recommended to have longer lead time definition for large batches of inserts 

or to reduce the maximum allowed batch size in the order process.      

Furthermore it is recommended to have spare space available for additional precision material removal 

machine in case of large changes in background conditions, such as higher demand or products which 

require longer cycle times at the precision material removal station. The system would be robust with 

this additional resource and should be able to perform well within specified limits for service level and 

lead time even if those changes would occur. 
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Appendix A - Lead Time Breakdown 
 

In this appendix a brief explanation will be given for the breakdown of the lead time target. As was 

explained in problem definition in section 1.3 the specification for the overall lead time target was 7 days 

and 14 days for the rapid insert and rapid press tool manufacturing respectively. Connected operations 

which will not take place in the small-series flow line, such as coating, pre-, and post-treatment will take 

up some of the lead time target, and due to this only a part of the overall lead time can be assigned to 

the physical machining and measurements of the parts. The breakdown of the overall lead time for the 

rapid geometry insert manufacturing is shown in Figure 20. From this analysis the lead time target of 4 

days was defined for the manufacturing of batches of rapid geometry inserts in the small-series line.   

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Pre-
treatment
(8 hours)

NC code and 
material 

preparation 
(8-12 hours) Spare time 

(4-8 hours)

Breakdown of the overall 7 day lead time target for the rapid geometry manufacturing of inserts

Rapid manufacturing of insert batches (96 hours)
-Scope of the study-

Coating 
(24 hours)

Post-
treatment, 
cutt-off and 

finishing 
(24 hours)

 

Figure 20. Breakdown of the overall lead time target of 7 days for the rapid geometry insert manufacturing.  

Similar analysis was done for the rapid blank manufacturing for which the rapid press tool manufacturing 

is part of, and is presented in Figure 21. The lead time for the rapid press tool manufacturing was defined 

as 4 days based on this analysis. 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

NC code and 
material 

preparation 
(24 hours)

Breakdown of the overall 7 day lead time target for the rapid geometry manufacturing of inserts

Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14

Rapid manufacturing of press tools (96 hours)
-Scope of the study-

Spare time
(24 hours)

Press 
metallurgical
powder into 

blanks
(24 hours)

Post-
treatment
(24 hours)

Sintering 
(24 hours)

Top & 
bottom 
grinding

(24 hours)

Peripher/ 
form 

grinding
(24 hours)

Pre-
treatment
(24 hours)

Coating
(24 hours)

Finishing 
operations
(24 hours)

 

Figure 21. Breakdown of the overall lead time target of 14 days for the rapid blank manufacturing. 
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Appendix B - Routing and Cycle Time Analysis 
 

This appendix gives a more detailed overview of the routing and cycle time at each step for each of the 

insert product families I-VI and the press tool families. The flow charts for those routing tables were 

shown previously in Figure 11, Figure 12 and Figure 13 in section 5.3. 

In Table 15 the detailed routing and cycle time estimations are presented for the rapid geometry insert 

manufacturing. 

Table 15. Routing and cycle time estimations for the rapid geometry insert product families. 

  

Group VI was formed for inserts which do have different requirements for geometries and shapes, such 

as an additional supporting plate, and do not fall into the more conventional groups identified.  For 

group VI the cycle time needs for the precision material removal step was estimated to be higher, as 

those insert often have complex shapes and some additional geometrical requirements compared to the 

other product family groups. 

Similar data is shown for the press tool set manufacturing in Table 16. The product families for the press 

tool sets are divided into die and punch parts. For the die parts there is further breakdown into simple 

dies and more complex dies. The punch family is subdivided into groups with or without central hole and 

as well down to low and high geometrical depths which has big impact on the precision material removal 

operation cycle time requirements. 

Prod. 

family

Insert 

type

Estimated 

number of parts 

per year [#]

Precision 

geomoetry depth 

or size

Pieces p. 

year [#] D1 D2 D3 D4

RMR 

WEDM

PMR m/m 

geometry

D1 - 

WEDM

D2 - 

PMR

D3 - 

Hole & 

WEDM

D4 - 

Sink 

EDM

I-a Low 34 90 120 100 45 90 0

I-b Medium 51 90 240 100 45 90 0

I-c High 85 90 480 100 45 90 0

II-a Low 28 90 120 100 45 60 90

II-b Medium 42 90 240 100 45 60 90

II-c High 70 90 480 100 45 60 90

III-a Low 16 90 120 100 0 60 90

III-b Medium 24 90 240 100 0 60 90

III-c High 40 90 480 100 0 60 90

IV-a Low 14 90 120 0 0 60 90

IV-b Medium 21 90 240 0 0 60 90

IV-c High 35 90 480 0 0 60 90

V-a Low 14 90 120 0 0 90 0

V-b Medium 21 90 240 0 0 90 0

V-c High 35 90 480 0 0 90 0

VI-a Low 14 180 240 0 0 0 0

VI-b Medium 21 180 360 0 0 0 0

VI-c High 35 180 600 0 0 0 0

I

II

III 80

140

No

Yes Yes Yes Yes

Yes Yes No

Estimated mean cycle time [min]Decision points

IV

V

VI 70

70

70

170

Rapid geometry manufacturing of inserts

Yes Yes

No

Yes

Yes

No No No Yes

No No No

No No Yes No
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Table 16. Routing and cycle time estimations for the rapid press tool set manufacturing. 

   

Furthermore for all the parts it was estimated that in the beginning of the flow 10 minutes would be 

needed for CMM position measurement for the raw piece on the fixed reference pallet.  

At the end of the flow it was estimated that 60 minutes would be needed for measurement of the final 

part as a quality test in order to determine if the part meets the specification for dimensions and surface 

quality.  

Washing was simulated for parts which required this step following for example sink EDM machining 

where oil residuals would need to be removed. The washing cycle time was estimated to take 10 

minutes. 

Loading and unloading a parts and transportation to next machine was estimated to take 3 minutes for 

each step. 

Operator functionality was added to the simulation model to include the dynamic of the manual work 

that is needed for loading, unloading and transportation of work pieces on pallets between machines. 

The operator was simulated in a way that he/she was on 16 hours per day divided into 2 shifts. During 

each shift a 45 minutes lunch break was introduced as well as 5 minutes break for each work hour and 

10 minutes off time at the beginning and at the end of each shift. 

Press tool 

part Type

Estimated number of 

parts per year [#]

Geomoetry depth or 

surface numbers

Pieces p. 

Year [#] D1

PMR 

WEDM

PMR m/m 

geometry

D1 - 

WEDM

Sink 

EDM

PMR 

Grinding

Simple NA 16 - 220 840 0 180

Complex NA 64 - 220 1200 0 240

no hole Low 6 No 0 90 0 0 60

no hole High 26 No 0 240 0 0 60

hole Low 26 Yes 0 90 100 0 60

hole High 102 Yes 0 240 100 0 60

Punsch 160

Decision points Estimated mean cycle time [min]Rapid geometry manufacturing

Die 80


