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ABSTRACT 

FerruForm is a Swedish company that manufactures axles for Scania. FerruForm is 

developing a new operation line from existing systems to improve the production of 

axles. Current operations have axles being produced at different locations within the 

factory and the company wants to relocate current machinery and introduce more 

equipment to better utilize space and increase flow through the system.  

FerruForm has developed a layout which shows the proposed changes to the system 

and would like to simulate the process. By simulating the process, the company tries to 

understand in a better way how to maintain the new system, to assigns correct buffer 

requirements for each operation and chose the entrance order in the system. 

Through the software, we can simulate the behavior of the production plant with the 

different values of the variables that we are studying. According with the industrial 

management, it have been decided three variables to study, which can modify the 

performance of the production line but has not been studied deeply enough. Once we 

have the results of these simulations, we are going to discuss these results with 

statistical tools. In order to have substantial conclusions, several experiments have 

been designed so the results of these experiments can be compared and studied with 

the maximum “rigor”. In the report that follows, the reader is going to find the project 

split into two parts:: Simulation and result study. 
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1. INTRODUCTION 

1.1. BACKGROUND 

A. Scania CV AB 

History 

Scania CV AB war founded in 1891under the name Vabis. At first, they made railway 

wagons, but in 1902 they started to build trucks and cars. In 1911 a falling market led 

to a fusion between Vabis and one of its competitors Scania forming the company 

Scania-Vabis. 

In 1969, another fusion, with Saab, changed the name to Saab-Scania. In 1992 Scania 

and Saab were separated again and Scania CV AB took the form it has today. 

Scania today 

Today Scania CV AB is the world’s fourth largest make of commercial vehicles and 

industrial marine engines (figure 2.1). Scania develop, manufacture and market trucks 

with a gross vehicle weight of more than 16 tonnes intended for long distance haulage 

and buses with high passenger capacity for use as tourist coaches, inter- city 

transportation and urban traffic. 

Scania has over 30,000 employees in Europe and Latin America. Scania’s main markets 

are Europe, Latin America and Asia. All product development is conducted in Sweden 

with production units in Argentina, Brazil, France, The Netherlands, Poland, Russia and 

Sweden. 

Altogether Scania is represented in over 100 countries through local service and 

distribution centers (Annual report 2004). 
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1.3. OBJECTIVES AND GOALS 

 

The objectives of the project, obtained and analyzed through the simulation are: 

− Give valid solutions to improve the productivity and the organisational 

problems that may occur after the implantation of the new production layout 

(2010). 

− Suggest further improvements or changes to improve the production process. 

 

Focusing on these objectives, we can define the specific goal of the project, which has 

to be reached through the objectives defined: 

− Produce a finished axle every 2.6 minutes 

 

In the following chapters, these goals are going to be more accurately limited with 

numerical expressions. 
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2. THEORY 

2.1. SIMULATION AS A RESEARCH METHOD IN 

LOGISTICS 

2.1.1. Theoretical background 

 

Today, the use of discrete event simulation as a research method is commonplace in 

production planning research. In fact, the importance of simulation can be described by the 

viewpoint that there are three pillars in scientific and technology research: analytic methods, 

experimental methods and numerical simulation (Strandhagen, 1994). 

According to Bowerbox (1986), the main advantage of discrete event simulation in production 

planning is that it incorporates the impact of time into performance evaluation.  

The popularity of simulation can partly be explained also be the following advantages of 

simulation in production planning research: 

• In comparison to analytical models, it is flexible. You can include details, which are 

impossible with analytical models. Even in simple systems analytical modeling of 

queuing disciplines and priority rules is extremely difficult. 

• In comparison to the real system, the researcher has control over the other variables. 

In fact, simulation could be viewed as a test laboratory of logistics research. 

• Non-existing systems can also be studied. 

 

2.1.1.1. SIMULATION PROJECT. 

A few authors have attempted to give guidelines for carrying out a simulation modeling 

project. Strandhagen (1994) has a summary of the simulation project models and he concludes 

that for many purposes it is convenient to distinguish only three major tasks: 

• Feeding information to a system 

• Running the model 
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• Extracting information from the system 

 

 

 

Figure 1. Simulation project model. Hoover and Perry 

 

Figure 1 shows a simulation project model by Hoover and Perry. In the following, the major 

stages in simulation project models are discussed. 

Problem definition: 

The problem definition is very important and one is nearly impossible to find good solutions to 

poor defined projects. A model should contain only enough detail to capture the essence of 

the system. 
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Model definition and data gathering and analyzing: 

An important part of model definition is to define systems inputs, that can either be decision 

variables or given variables and outputs.  Some authors suggest to first making a conceptual 

model by either drawing a flowchart or by using a state change approach before implementing 

it. Defining the model is almost as vaguely covered as problem definition. According to them, 

there is a tendency to want to model everything without stopping to consider exactly what is 

necessary. Including the minimum amount of detail to achieve the project’s objective is also 

necessary. 

 

Validation 

A valid model corresponds to the real system. No model is ever completely valid corresponding 

perfectly to the real system. One approach, that is shown is figure 2, to validating a simulation 

model is to see whether the simulation model can produce similar results as the real system 

has produced 

 

 

2.1.1.2. SIMULATION MODELS 

Before entering a detailed description of each process in a simulation study, it is important to 

develop an overall view in order to understand how the processes interconnect. There are also 

a number of related issues concerning the time-scales for simulation studies, the membership 

of the project team, the software and hardware requirements, project costs and project 

selection. Many authors have described the outline of the key process, and each has their 

preferred way of explaining how to approach simulation modeling. However, the following 

points are used in every case study: 

• A conceptual model: A description of the model that is to be developed 

• A computer model: the simulation model implemented on a computer 

• Solutions and/or understandings: delivered from the results of the experimentation 

• An improvement in the real world: obtained from implementing the solutions and/or 

understanding gained. 
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Figure 2. Key stages and processes. 

Conceptual modelling 

The motivation for a simulation study is a recognition that some problem exists in the real 

world. This might be a problem within an existing system or a concern about a proposed 

system. According to Robinson (2004), the job for the modeler is to understand the nature of 

the problem and to propose a model that is suitable for tackling it. He proposes that the 

conceptual modeling should consist of the following sub-processes: 

• Develop and understanding of the problem situation 

• Determine the modeling objectives 

• Design the conceptual model: inputs, outputs and model content 

• Collect and analyze the data required to develop the model 

 

Data collection and analysis is included as part of the conceptual modeling for two reasons. 

First, is necessary to obtain preliminary or contextual data in order to develop an 

understanding of the problem situation. Secondly, the detailed data required for the 

development of the computer model are identified by the conceptual model. Until the 

conceptual model is defined the data required for the computer model are not known. It 
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therefore makes no sense to start a detailed data collection exercise. It is for this reason that 

data collection and analysis is placed last in the list of sub-processes above. 

Going deeper in as what building the conceptual model regard, Zeigler (1976) distinguishes 

between four teams:  

• The real system is that which the simulation model is to represent.  

• The experimental frame is the limited set of circumstances under which the real 

system has been observed. There is not a complete understanding of the real system 

• The base model is capable of accounting for the complete behavior of the real system. 

Since this model is very complex it cannot be fully known 

• The lumped model is that in whose components are lumped together and the 

interconnections are simplified. The structure of this model is fully known to the 

modeler. 

However, Robinson (2004) suggest a more descriptive definition of the conceptual model as a 

non-software specific description of the simulation model is to be developed, describing the 

objectives, inputs, outputs, content, assumptions and simplifications of the model. 

 

Model coding 

In model coding the conceptual model is converted into a computer model. Here, coding is 

defined in its most general sense and does not strictly mean computer programming. Instead it 

simply refers to the development of the model on a computer. 

 

Experimentation 

Once developed, experiments are performed with the simulation model in order to obtain a 

better understanding of the real world and/or to find solutions to real world problems. This is 

a process of “what-if” analysis, that is, making changes to the model’s inputs and so on.  

Simulation models are not always developed with the aim of obtaining concrete solutions. 

They can also be used to help develop a better understanding of the real world. Indeed, even 

when the aim of a model is to provide concrete solutions, very often there is a great deal of 

wider learning that is obtained just from the process of modeling.  
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The key issues when performing simulation experiments are:  

• Obtaining sufficiently accurate results 

• Performing a thorough search of potential solutions (searching the solution space) 

• Testing the robustness of the solution (sensitivity analysis) 

 

Implementation 

Implementation can be thought of in three ways: 

− Implementing the findings from a simulation study in the real world. Where the 

simulation study has identified a particular solution to the real world problem, then 

implementation is a case of putting this solution into practice. 

− Implementing the model rather than the findings. A model can be developed to help 

plan  

− Implementation as learning. Where the study has led to an improved understanding, 

implementation is less explicit, but should be apparent in future decision-making.  

These forms of implementation are not mutually exclusive and a simulation study might result 

in two or even three of these types.  
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2.2. STATISTICS AS AN ANALYSIS METHOD IN LOGISTICS 

2.2.1. THEORETICAL BACKGROUND 

2.2.1.1. FACTORIAL DESIGN 

Experimentation 

Experimentation is only the fact to reproduce artificially a success that normally appears 

surprisingly and without identification.  In another way, forcing this appearance in front of 

those who are specially prepared to interpreter and make conclusions from what occurs. 

In the competitive world in which industry moves nowadays, one of the success factors is the 

knowledge speed. Experimentation is one of the elements which contribute most to increase 

these speed. 

Difference between experimenting and analyzing existing data. 

Getting to know industrial processes, a situation to think about is to have a great amount of 

data about this operation. Some writers ask whether is useful or not to gather information 

using experimentation or is even more useful to start analyzing existing data. In the following 

four points, we analyze the risks that can occur when analyzing existing data whose gathering 

has not been planned: 

 

 

i) Inconsistent data:  

Industrial processes change over time, need reparations and procedure changes,… All 

these changes are not normally registered with those variables from the industrial process 

such as working force, machine acquisitions,… These changes can cause inconsistency of the 

data gathered and for that all the conclusions made from this data may be wrong or 

incomplete.   

ii) Variables highly correlated: 

When two variables in a process are correlated, two tricky situations can be happening 

when analyzing the gathered data during normal operations. 
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First situation appears when the gathered data include, among others, the two variables that 

we talk about. This situation is known as “effect confusion”. 

iii) Effect confusion: 

Sometimes happen that there is a clear relation between variable and response 

change but we can not distinguish which of the variables affect the response or if changing a 

variable change the performance of the other variable. When this happens, we can say that 

the effects of the variables are confused. 

The second situation (variables highly correlated) appears when we have only analyzed the 

data regarding to one of the variables correlated. That produces a non causal relation due to a 

“hidden variable”. 

iv) Non causal relation. Hidden variable: 

This kind of mistake happens when analyzing data and concluding that one variable 

changes the response and they are related. The problem occurs when trying to implement the 

solution in real life and can be seen that when we change the value of the variable in the 

system the response is not acting as supposed. This is due to the “hidden variable”. 

 

2.1.1.2. EXPERIMENTAL STRATEGIES 

 Experimenting means varying deliberately usual work conditions to find better ways to 

proceed and gain, at the same time, a deeper knowledge about product and/or process 

behavior. 

The basic problem about designing experiments lies in deciding which set of test is 

going to show, clearly and effortlessly, the several aspects of interests of the problem. The 

main question is where to locate the points. It requires some suppositions about the response 

behavior, such as whether the response is continuous and smooth or with strong 

discontinuities. Luckily, industrial processes fulfill the continuity and smoothness 

requirements. 
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2.1.1.3. SEQUENTIAL STRATEGY 

 

 The main difficulty when using experimental design is that requires a high initial 

investment, resources, etc… That causes that the number of experiments has to be limited.  

The instructions are, thereby, to obtain as much information as possible using the least 

resources. In the way to use the available resources for the research, we can distinguish tree 

possible strategies: 

− Experimenting without planning: 

Probably, the most used. Intuition is used to make tests without any order and 

individually, with personal initiative. Without any doubt this procedure way can not be 

considered as a strategy.  

− Sequential strategy: 

In this case, after considering the objectives and available resources, it has to be 

decided in which conditions the experiments are going to be held. In a primary 

decision the most recommended thing is to invest more or less 40% of the budget. 

  

 Between those two main strategies, without any doubt, the second one is the 

preferred. This one saves some part of the budget to clarify the confusing questions that may 

come up as a consequence of analyzing these first experiments. Moreover, it allows 

approaching gradually to the optimal results area, investing in it a higher number of 

experiments. 

 

For this, a first experimentation “golden rule” is: 

“Never invest the complete amount of the budget in a first group of experiments and use in its 

design all the previous information available” 

 

2.1.1.4. CONCEPT OF INTERACTION 

 

Interaction is a term in a statistical model added when the effect of two or more 

variables is not simply additive. Such a term reflects that the effect of one variable depends on 

the values of one or more other variables. 

 

 

 



 15

2.1.1.5. RESPONSE VARIABILITY 

 

 No system is totally determinist; that is, if the same actions repeat several times, not 

always obtains the same result. 

 Suppose that a certain feature of a product depends on two variable of the production 

process X1 and X2. To each value of X1 and X2 there is a value of this feature which belongs to 

this characteristic represented by f(X1,X2).  

 The fact is that this value f(X1,X2)is just a theoretical value because when we produce 

under the same conditions X1, X2, we are going to obtain a similar value, but not the same as 

expected. That is due to the high amount of variables existing in an industrial process. That 

amount of variables causes that non-expected fluctuation known as ε. This ε is not explained 

by the variables that we are experimenting with but they cause a variation on the response. 

Generally, we can describe the response surface with the equation: 

Y= f(X1,X2) + ε 

Where: 

 Y: response 

 f(X1,X2): determinist part 

 ε: random part 

 

We can not forget that ε is the result of small variations in all those factors that have influence 

on the response, but have not been considered in the model.  For that, ε can be considered as 

ε= f(Z1,Z2,...,Zn). In many occasions, one of the main objectives of the experimentation is to 

find those variables, firstly not considered, that affect the response to a greater extent and 

having a new model in which the structural part includes a greater amount of variables and the 

random part, also called “noise” is smaller. Then, the model: 

 

Y= f(X1,X2,Z3,Z7) + ε 

 

will provide a better description of the model under study. 

 

The effects of the variables are detectable since are bigger than the noise. For that, changing 

variables initially included in the random to the determinist part, this noise is lower and it is 

possible to detect the influence of new variables. 
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2.1.1.6. TWO LEVEL FACTORIAL DESIGNS. 

 

The most usual concepts involved in this kind of experimental design are: 

 Response: is the generic name given to the studied characteristic 

 Factor: the variables that can affect the response and, for that are included in the 

experimental plan. 

 Level: the values that has a factor in a certain experiment. 

  

The notation used to refer to factorial design is an n power, more accurately n
k
. The n means 

that each factor is going to take n different levels (n different values), and k is the total amount 

of factors that are going to take part in the experiment. The result from raise n
k
 is the number 

of elemental experiments done.  
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3.  CONCEPTUAL MODEL 

3.1 Modeling objectives 

The purpose of the simulation is for FerruForm to improve the up time and increase 

the quality level by reducing machining errors and the overall quantity of scraps. 

Specific objectives are to: 

1. Determine the number, position and size of the buffers in the production line. 

2. Determine the batch size of each axle type. 

3. Determine the entering order of the axle type. 

General project objectives: 

• Time-scale: a report must be available in 8 weeks. 

• Nature of model display: 2D schematic. 

• Nature of model use: by modeler 

 

3.2 Model inputs and outputs 

Experimental factors: 

� Number of buffers 

� Buffer size 

� Batch size 

 

Responses (to determine achievement of objectives): 

� Queue size in the buffers proposed 

� Percentage machine uptime 

Responses (to determine reasons for failure to meet objectives): 
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� Queue sizes: mean, minimum and maximum 

� Time-series of mean resource utilization 

� Time-series of mean size of each queue 

 

 

3.3 Model Layout 

This is going to be the layout of the new production line. 

 

 

 

CONFIDENTIAL 

 

 

Figure 3.1. FerruForm future layout (2010) 

In the following image we can see the different areas of the production plan.  
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CONFIDENTIAL 

 

 

 

Figure 3.2. FerruForm future layout (2010) (II) 
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3.4 Model content 

 

Component Include/exclude Justification 

Axles Include Main variable 

Maintenance and 

disturbance 
Include A parameter to specify 

Operators Exclude Full automation of production line 

Buffers Include Main parameter to experiment with 

Conveyors Exclude Time included in machining time 

Handling robots Exclude Time included in machining time 

   

Model level of detail 

 

Component Detail Include/exclude Comment 

Axle    

 Types of axle Include Three different types with 

percent distribution 

Maintenance 

and 

disturbance 

   

 Machine failure 

distribution 

Include Fixed for every machine.  

 Scrap and 

adjustments 

Include Parameter to fix. 

Buffers    

 Buffer size Include Experimental parameter 

 Buffer position Include Experimental data 
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Assumptions 

• The plant works continuously from Sunday 22:00 to Friday 22:00 and Saturday 

and Sunday from 6:00 to 17:00, which means 142 hours a week. 

• No work takes place during closing hours 

• Axles are always available. 

 

Simplifications 

• Most of the work is robotic, so no shifts are modeled 

• Handling robots are included in the machinery working time. 

• Maintenance personal will always be available with unlimited numbers 

 

3.5 Model Data 

 

Axle 

According to the datasheet from FerruForm, the distribution from the three different 

axle types is as follows: 

Type 1: 90 mm Disc  

Type 1 90 mm disc Mix percentage 

Type 2 90 mm drum Mix percentage 

Type 3 RPX Mix percentage 

 

Gantry robot #1 

It pulls the axles from the incoming pallets. 
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Places axles in one of the four tempo 1 machines or tempo T1/T2 machine 

Unloads the machined axles and places them to either tempo 2 buffer or tempo T1/T2 

machine 

Pick from Delivery to  Condition 

Incoming pallets   

 Tempo 1  Machine empty 

 Tempo T1/T2 Tempo 1 machines full 

   

Tempo 1 machines  Machining complete 

 Tempo 2 buffer  

 

Gantry robot #2 

It grabs axle from tempo 2 buffer. 

It places axle in one of three tempo 2 machines. 

Unload completed tempo 2 axles to the finished tempo 2 buffer. 

Pick from Delivery to  Condition 

Tempo 2 buffer   

 Tempo 2  Machines empty 

   

Tempo 2 machines  Machining complete 

 Finished tempo 2 buffer  

 

Gantry robot #3 

Grabs axle from T1/T2 buffer 

Places axle in one of three Tempo T1/T2 machines 

Transfers axles from the T1 tray to the T2 machines 
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Unloads completed tempo T1/T2 axles to the laser conveyor buffer 

Transfers axles from the finished T2 buffer  

 

Pick from Delivery to  Condition 

T1/T2 buffer   

 T1/T2 machines Machines empty 

   

T1 tray  Machining completed 

 T2 tray  

Pick from Delivery to  Condition 

T1/T2 machines  Machining complete 

 Laser conveyor buffer  

 

 

Tempo 1 machines 

Type Machining time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

Holds two axles at a time 

Operates on one axle at a time 

Keeps axles on independent sides of the machine 

Is loaded and unloaded by Gantry robot #1 
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Tempo 2 machines 

Type Machining time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

Holds and operates on one axle at a time 

Is loaded and unloaded by Gantry robot #2 

 

Tempo T1/T2 machines 

 

Type Machining time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

Holds two axles at a time 

It operates only one axle at a time. The other piece is waiting. 

Does both T1 and T2 operations on one axle (axles enter the machine twice) 

 

Laser station 

One new and one old laser located in the laser station 

Have three own gantry robots which load and unload axles from the conveyors to the 

station 
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Old laser  

The old laser can only operate the 90mm (disc and drum axles) 

Set up time between drum and disc axels 

 

Type 

Machining time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

New laser 

The new laser station operates on all types of axels. 

Set up time between 90mm and RPX axles of Operation time. 

Type Machining time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

 

Spline and Milling machines. 

Only operates RPX axles. 

Manually loaded. 
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Deburring machines 

Type Operating time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

Three deburring machines. 

Only operates one axle at a time. 

Loaded and unloaded by a robot located at the site. 

 

Washing machine. 

Type Operating time (min) 

1: 90 mm disc Operation time 

2: 90 mm drum Operation time 

3: RPX Operation time 

 

Operates above the final conveyor in the line and washes axels as they go through it. 

 

 

 

 

 



 27

 

3.6. Running the simulation 

 

Simulation layout 

He following image shows the result of the implementation of the model in the simulation 

software. 

 

 

 

CONFIDENTIAL 

 

 

Figure 3.3. Layout of the simulation once implemented in the software 

 

Simulation description 

As we can see in the image above, the machine groups are loaded and unloaded by gantry 

robots. These gantry robots are the most important and decisive part of the simulation model. 

The decisions made for these robots regarding to the destination of each axle that enters the 

system are the most important decision in the model. 

 We can see in the following flow chart the decisions taken for the robots, in this case portal 

#1, which distribute axels within Tempo 1 machine. 
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CONFIDENTIAL 

 

 

Figure 3.4. Portal #1 detail  

 

 

 

Figure 3.5. Portal #1 decision flow 

 

 

 



 29

As well as Portal #1, the gantry robot that distributes pieces within the two laser machines is 

taking decisions each time an axle enters the robot. We can see in the next image how this 

robot works. Robot 4_1 and robot 4_2 works as one only robot in the real workshop but that 

robot had to be split in two pieces in order to perform the simulation. 

 

 

 

 

 

 

CONFIDENTIAL 

 

 

 

Figure 3.6. Laser detail 
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Figure 3.7. Laser decision flow 
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4. EXPERIMENTATION AND RESULTS 

4.1. INTRODUCTION TO THE RESULTS 

 

In order to find some results of the simulations goals the results were divided in three different 

phases: 

• FIRST PHASE: The production line has no disturbances 

• SECOND PHASE: Only break down and maintenance considered in the simulation  

• THIRD PHASE: All the variables involved in the simulation. Factorial design. 

 

4.2. EXPERIMENTATION SETUP 

The experiments, in order to analyze the results and try to achieve the goals set are designed 

with several parameters, each set in different values to simulate the real performance of the 

production line. These designs have the following characteristics: 

• Every simulation run is set to have 10 replicates. 

• In every phase (described in the following chapter), the results were taken from 5 

different runs. 

• Every run lasted XXX h, which is the weekly working hours, considering XX h during Y 

days a week. 

• In the factorial design, the variables were taken in agreement with the engineering 

management of the plant as well as taken into account the results in first phase and 

second phase. 
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4.3. FIRST PHASE 

 

The production line is considered without any disturbances, which means: 

 

• No break downs in any machine. 

• No maintenance in any machine. 

• No use of batches in the laser machines. 

• RPX axles are loaded individually. 

 

 

 

 

 

With these four variables fixed, and after 10 different experiments, the data taken from the 

simulation is as follows: 

 

 

lower mean higher lower mean higher units per hour

4.3.a 4.3.b 4.3.c 4.3.d 4.3.e 4.3.f 4.3.g

Productivity

total units cycle time (min)

 

 

 

 

 

 

 

 

 

 

 

 

 



 33

4.4. SECOND PHASE 

 

The production line is considered without any disturbances, which means: 

 

• XX % of efficiency in every machine. 

• Y min repair time in a failure. 

• No use of batches in the laser machines. 

• RPX axles are loaded individually. 

 

 

With these four variables fixed, and after 5 different experiments, the data taken from the 

simulation is as follows: 

 

 

lower mean higher lower mean higher units per hour

4.4.a 4.4.b 4.4.c 4.4.d 4.4.e 4.4.f 4.4.g

total units cycle time (min)

Productivity

 

 

 

4.5 THIRD PHASE 

 

In order to find which variables are the most important in the production line, the model is 

now completed, with all the disturbances considered and so that, the simulation is designed 

and performed as explained in Chapter 3. As there are many different variables in the 

simulation, and, in order to discover the effect of each one in the response (productivity in this 

case), the measures were taken in a defined way, called a factorial design. Then, the 

experiment had to be taken in a certain order and with the variables in the defined level. As 

explained in Chapter 3, each variable had three levels so in order to experiment with every 

level of the variable, three separate factorial designs had to be made.  
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There were three different responses of the simulation: 

 

Productivity (min/un):  The productivity was calculated as the seconds that every piece exits de 

shop floor.  

 

Mix (%): Mix was called as the percentage of pieces conserved in the same order as in the 

entry point. 

 

Lead time (min): Mean of time spent for every piece on the shop floor.  

 

A. FIRST DESIGN 

 

The first design was made with the lower and the middle level of the variable which are: 

 

  

CONFIDENTIAL 

 

This means that with three variables and two different levels, there are 8 experiments (2
3
). 

After running those 8 experiments, the results were as follows: 
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B. SECOND DESIGN 

 

The second design was made with the middle and the higher level of the variable which are: 
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This means that with three variables and two different levels, there are 8 experiments (2
3
). 

After running those 8 experiments, the results were as follows: 

 

 

  

CONFIDENTIAL 

 

 

C. THIRD DESIGN 

 

The third design was made with the lower and the higher level of the variable which are: 
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This means that with three variables and two different levels, there are 8 experiments (2
3
). 

After running those 8 experiments, the results were as follows: 
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5. ANALYSIS 

5.1. ANALYSIS OF THE RESULTS 

 

Once these results were taken from the simulations of the shop floor, the point of the 

investigations was to find any relation between either the variables or the responses. For that 

reason, statistical methods of result analysis were made. First of all, any relation between 

responses was searched. If any response has relation to another, we can only point in one of 

them and focus the study more accurately.  

With statistical computer software, those relations were studied and the results found were as 

follows in the next image. 

 

 

 

  

 

 

CONFIDENTIAL 

 

 

 

Figure 5.1 

 

As we can see, between productivity and mix (mix change) the points are separated and not 

following any pattern, which means that there is not any relation within each other. However, 
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between lead time and mix change, this pattern is obvious, and as lead time decreases, the mix 

change also decreases. This is really helpful for this study as we can focus only in one of these 

two responses. Since lead time is much more reliable and easier to calculate, mix change is 

going to disappear from the study. 

 

5.2. RELATION BETWEEN VARIABLES AND RESPONSES 

As explained in the introduction to the results (chapter 5.4), the variables of the study were 

the following: 

 

• Efficiency (%) 

• T1_T2 buffer size (un) 

• Batch size in the laser machine (un) 

 

As well as the variables, the responses were also defined as: 

 

• Productivity (min/un) 

• Lead time (min) 

• Mix change (%). This response was eliminated due to its relation with lead time. 

 

According with the experiments done, the relation between variables and responses were the 

following: 

 

A. Lead time and batch size. 

 

As shown in the image below, increasing the batch size, the lead time also increases. As we 

said before, we are going to study lead time and the conclusions are going to be the same for 

mix change. That means that mix change is going to improve decreasing the batch size. 
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Figure 5.2  

 

 

B. Productivity and efficiency 

 

As shown in the image below, the efficiency affects productivity. As efficiency of machines 

increases, the productivity of the production plant also increases. This is a conclusion simple 

but proven with statistical tools. 
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Figure 5.3 

 

C. Mix and batch size 

 

As we can see in the image below, as the batch size increases, the percentage of mix 

conservations decreases. 
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Figure 5.4 

 

 

Once finished this part of the study, it is important to focus on the results of the variables left. 

As it was told before, only Productivity and Lead time are going to be studied.  

 

Regarding to Productivity, the following graphics show how it is affected by the three 

explicative variables.  

 

As shown in the images below, efficiency affects in an important way the performance of 

productivity. It is important to point out that productivity is defined as the time that the piece 

is in the system, so the best is the lowest. 

 The batch size has a side effect but also remarkable. However, buffer size has no effect in 

productivity. Both images show the same pattern. One which is logical; as efficiency increases, 

the productivity improves (in this case, the time spent in the system is lower). The second one 

is that buffer and batch size has no effect on productivity.  
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Figure 5.5 
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Figure 5.6 

 

For everything mentioned before, the conclusion is that productivity is only affected by 

efficiency, and that the best performance shows when there is an efficiency of 97%. This 

explanation can be seen in the following image.  
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Regarding to Lead time, the following graphics show how it is affected by the three explicative 

variables.  

As shown in the images below, efficiency does not show an important effect to lead time.  

However, both buffer size and batch size affect in an important way the performance of lead 

time. The lowest level of the buffer size (5) is the best, with a lead time of 160 min. However, 

the biggest buffer size (15) causes a high increase (205 min of lead time) 

 

According to batch size, the worst value (higher lead time) is found in the highest level of batch 

size, which is 10 units. In the other hand, the best performance is found in the lowest level of 

batch size, which is a lead time between 160 and 170 min. 
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Figure 5.7 
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Figure 5.8 
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Figure 5.9 

 

 

In conclusion, lead time is affected by both buffer and batch size and the best performance is 

found when Buffer size is 5 and batch size is 4. 
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6. DISCUSSION 

Assembling both results, we find out that the best performance in both productivity and lead 

time are in the following levels: 

 

• Efficiency:            XX% 

• Buffer size:          Y  

• RPX Batch size:   Z 

 

Remember that the goal of the project was to minimize both variables, as productivity was 

calculated in the time between two pieces to exit the system. As well as the three parameters, 

in order to assume the correct performance of the production line, the following instructions 

and assumptions must be followed: 

 

• Axles are always available: which means that while improving the production line, a 

supply chain study must be taken. 

• Maintenance staff must always be available: which means that the correct 

maintenance staff sizing is necessary 

 

With the experiment made with these levels and both studies taken into account, the 

following results were obtained: 
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Both lead time and productivity are in their best levels and despite mix change is not, we have 

already considered that mix change was too difficult to calculate and that there were a relation 

between lead time and mix change. That’s why it is considered that the coloured line is the 

best performance. 
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7. CONCLUSIONS 

The conclusions of the project being exposed all along these past pages can be split in two 

parts. There are the main conclusions, which regard to the variables that have been studied. 

These variables and conclusions are those that have to do with production variables, such as 

productivity and lead time. 

 

So the conclusions for these variables and responses are the following: 

 

 

• The productivity has only to do with the efficiency. By improving the efficiency, we 

affect the productivity.  

• Lower Buffer size decreases lead time as well as improves mix concordance (lower mix 

change). 

 

Besides, as the study has been developed, some side effects or side conclusions have come to 

light. These conclusions can be explained as the parameters of the simulation (as well as the 

parameters of the production plant) that have to be taken into account in order to perform the 

production. 

Those, as defined, side conclusions are the following: 

 

• Most of the mix changes are related to RPX axles. Further solutions on this area should 

improve the response. 

 

• Is mandatory to make the machining of the RPX axles only in Laser 1. 

 

• T2 Buffer minimum size:    X units (average Y) 

 

• Laser Buffer minimum size:      Z unit 

 

If all those premises are followed, the main conclusions are correct. However, if those side 

conclusions are not taken into account, the experiment may not be correct and the relations 

found may not be followed. 
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