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Abstract 
The modern painting process in automotive industry is complex and a lot of factors affect the 
result. The trial and error method is used today to control the quality and introduce new 
colours. This method takes a lot of time and does not show any clear numbers of how the 
process is affected by changing the parameters. 

During this thesis, we have investigated a delimited number of parameters. The work is based 
on experiments performed on samples that represents a flat surface of the cab, to reduce 
experimental costs. 

Our master thesis is done at Scania in Oskarshamn, where all the cabs for the European 
production is produced. 

The objectives with this thesis has been to explain how the process parameters of the robotic 
applicator affect the paint distribution, paint thickness and the colour of the top coat. We also 
optimised the process by finding which settings gives an even paint distribution, a correct 
thickness and an accepted colour of the top coat. 

We have been using Design of Experiments to achieve the goals of this study. Design of 
Experiments is a statistic method that is used to perform experiments effectively. It also 
shows the effect of changing the factors from a low to a high level. We have chosen to divide 
the workflow into three parts: screening, optimisation and confirmation. The experiments are 
performed during the daily production to replicate the real circumstances. 

The shape air, paint flow and high rotation is the most important parameters to control. Paint 
flow also seems to have a linear impact on the thickness of the top coat layer. The Shape air 
and the high rotation on the other hand mainly affect the distribution of the top coat layer. 
Different levels are needed for the shape air and high rotation depending on what paint flow is 
used. The optimal settings of the factors for our colour were found to be paint flow at 82 %, 
the shape air at 90 %, the high rotation at 90 % and high voltage at 100 %. The optimal 
settings give a result of 1,535 µm in spread and 40,08 µm in mean thickness. Our settings 
compared to today’s results this contributes to a reduced paint consumption, better quality and 
therefore less rework. 

Keywords: Design of Experiments, top coat, robotic paint application 
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Sammanfattning 
Den moderna lackeringsprocessen i fordonsindustrin är mycket komplex och det är många 
faktorer som påverkar resultatet. Idag använder man sig av metoden ”trial and error” för att 
styra kvaliteten och vid introduktion av nya kulörer. Metoden tar lång tid att använda och 
visar inga tydliga värden på hur processen påverkas av parametrarna. 

Under loppet av examensarbetet har vi undersökt ett begränsat antal parametrar. Alla resultat 
är baserade på experiment som är utförda på testplåtar som representerar en platt yta av en 
hytt, detta för att reducera experimentella kostnader.  

Vårt examensarbete är utfört på Scania i Oskarshamn, där alla hytter för den europeiska 
produktionen tillverkas. 

Målen med examensarbetet har varit att få kunskap om hur robotparametrarna påverkar 
färgfördelningen, färgtjockleken och kulören på täcklacken. Vi har också haft som mål att 
optimera processen genom att hitta inställningar som ger ett jämnt täcklacksskikt, korrekt 
färgtjocklek och en accepterad kulör. 

Vi har valt att använda försöksplanering för att uppnå målen i arbetet. Försöksplanering är en 
metod där man använder statistisk data för att utföra experiment på ett effektivt sätt. Genom 
att använda metoden kan man visa effekten av att ändra parametrarna. Vi har valt att dela upp 
arbetet i tre delar: screening, optimering och bekräftelse. Experimenten är utförda under 
produktionstid för att efterlikna den riktiga produktionsmiljön. 

Luftflödet, färgflödet och rotationen är de parametrarna som är viktigast att styra. Färgflödet 
verkar ha ett linjärt samband med färgtjockleken. Luftflödet och rotationen påverkar i sin tur 
främst färgfördelningen. Olika nivåer krävs för luftflödet och rotationen beroende på vilket 
färgflöde som används. De optimala inställningarna på parametrarna för vår kulör är 82 % 
färgflöde, 90 % luftflöde, 90 % rotation och 100 % elektrisk laddning. Dessa inställningar ger 
ett resultat på 1,535 µm i spridning och 40,08 µm i medeltjocklek. Våra inställningar bidrar 
till minskad färgkonsumtion, bättre kvalitet och därför mindre antal omarbetningar jämfört 
med dagens inställningar. 

Nyckelord: försöksplanering, täcklack, robotlackering  
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NOMENCLATURE 

Acronyms 

ANOVA Analysis of variance 

ANSYS Analysis system 

BCA Base Coat Automatic 

BCM Base Coat Manual 

CCM Clear Coat Manual 

CIE Commission Internationale de I’Éclairage 

CIELAB 3D colour space established by CIE 

CMC Colour Measurement Committee of the Society of Dyes and Colourists of 
Great Britain 

DOE Design of Experiments 

ERBS Electrostatic Rotary Bell Sprayer 

ID Identity 

SA Shape Air  

P.P. Percentage point  

 Explanation 

D65 Standard daylight illuminant 

Factor Controllable variable that affect the process 

F11 Warehouse lightning illuminant 

Illuminant Reliable, consisting and reproducible description of a light source 

Parameter Controllable variable that affect the process 

Six Sigma Techniques and tools for process improvement 

Solid content The proportion of material that is left in the paint after the hardening 
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1  INTRODUCTION 

1.1 Introduction 
Scania was founded in 1911 when Vabis, 1897, and Scania, 1900, was merged. The factory in 
Oskarshamn has its history from Be-Ge Karosserifabrik that was founded in 1947. Be-Ge 
Karosserifabrik was bought by Scania in 1966. The factory in Oskarshamn has close to 3000 
employees and Scania has in total approximately 45000 employees today. All the cabs for the 
European production are produced in Oskarshamn. 

The development of products is continuously in progress, and this also leads to a higher 
demand and expectation from the customer. Scania in Oskarshamn manufactures truck cabs 
from scratch and one part of the manufacturing process is the painting of the cabs. To stay in 
the frontline of the technological development, satisfy the customers and keep a strong 
position on the market it is important to always stay in the frontline of the competition and 
customer demand. To be successful a combination between the functional values, the visual 
aspect and sustainability from a social perspective is important. It is important to have a good 
course of action when it comes to quality management and improvement of the automatic 
robot paint application. A structured approach will simplify optimisation of the process and 
help to reduce the consumption of material and energy in the process. In this thesis work we 
will optimise the process parameters to increase the quality of the top coat and we will also 
present our methodology to help future investigations and improvements. 

 

1.2 Background 
According to informant 4 Scania uses the old and well used method called trial and error to 
control the quality of the top coat and during introductions of new colours in the production. 
The work method is not structured and effective. The trial and error method means that one 
process parameter is changed at a time to find the optimal settings. For each experiment you 
change one parameter, perform the test and when the test is completed you validate the 
quality and repeat the process until a desirable quality is found. However, Scania also has 
problems to get the same result with the same settings at different occasions. 

Informant 4 means that the method they use today is time demanding and the greatest 
drawback is that you cannot see any interactions between the different parameters. The truth 
is that it is not certain that you will get the best data when using one factor at a time trials 
since some of the factors might interact with each other (Bergman & Klefsjö 2012). To be 
able to control more than 450 different colours Scania has been working with different colour 
groups, which uses different settings. Due to insufficient knowledge, some parameters are left 
constant during the optimisation work. 

When quality problems occur, changes must be done to the parameters to improve the quality 
and avoid further escalation of the problems. During our observations and interviews, we have 
learned that there is not always enough knowledge about the parameters to state why a setting 
yields a better result. Therefore, a better understanding of the parameters is required to 
improve for further optimising of the process. 
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1.2.1 Process overview 
In BCM, Base Coat Manual, production line the paint jobs are mainly done with water based 
colours but also the base coat is applied on all the cabs that are painted with a metallic paint as 
the metallic paint needs both a base coat and a clear coat. The process overview can be seen in 
figure 1.1.  

1. The cabs are stored in a buffer, which is mutual for all the three process lines. It also 
makes it possible to use batches of cabs that will get painted with the same colour to 
decrease the number of colour changes which will reduce material use and time 
consumption. 
 

2. The cab then continues to the dusting zone. This means that the cab gets a manual 
wipe down with a sticky cloth to remove any dust and small particles on cab. Any dust 
or particles on the cab will be greatly enhanced when the paint hardens and will 
therefore be visible to the naked eye. 
 

3. When the dusting is complete the cab goes on to the neutral zone. The neutral zone has 
sensors that scan both the ID-number and the shape of the cab to identify which cab is 
next and to make sure that the cab and ID-number corresponds. All of this is done to 
help prepare the next colour and ensure that the cab will be painted with the correct 
colour.  
 

4. The manual painting follows. In this part of the process the inside of the doorframe, 
door and tool hatch gets painted manually by an operator. The window frame is also 
painted here when using some specific colours that have a poor coverage capability.  
 

5. At the robot painting the entire outside of the cab is painted. Each cab gets two layers 
of paint to get the correct thickness. 
 

6. The last part of the process is the flash off. Flash off means that the solvent in the paint 
evaporates before the cab continues to the oven.  

 

 

Figure 1.1. Process flow BCM. (Scania 2015-06) 
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There are three different process lines: BCA (Base Coat Automatic), BCM and CCM (Clear 
Coat Manual). The main difference is that BCA are fully automatic while BCM and CCM are 
semi-automatic. Figure 1.2 describes the painting process at Scania in Oskarshamn. 

 

 

Figure 1.2. Process overview painting process. (Scania 2015-06) 

 

1.3 Objectives 
The modern painting process in automotive industry is very complex and there are a lot of 
factors that may affect the result. Therefore, a better understanding of the process is needed to 
improve the quality and reduce the environmental impact further. The sensitivity of the 
process parameters is not completely explored and the interactions between them are not 
known here at Scania. A better understanding of the parameters is important, to be able to 
control the mean thickness, distribution of the paint and colour in a more structured way. 
Scania has more than 450 active colours which are put in different colour groups. Therefore, it 
can be very time consuming to find the optimum settings for the colours. Implementing 
today’s method can also be troublesome when introducing a new cab model, a new colour or a 
new machine. With help of a new structured methodology, together with a greater knowledge 
of the sensitivities and interactions between parameters, the process of optimisation could be 
simplified and quicker. Which is of great importance to reduce the costs of the optimisation 
process. At the same time an optimisation can lead to less consumption of paint and less 
rework due to flaws, which will reduce the environmental impact, material costs and working 
hours. 
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1.4 Delimitations 
Our work is based on experiments performed on samples that is designed to represent a flat 
surface of the cab. The samples are treated and prepared approximately in the same way as a 
cab before the painting process. In this research, all parameters that affects the result will not 
be investigated since this would take too long time. We have chosen to focus on the robotic 
applicator to delimit this thesis. Therefore, we have chosen to investigate the influence from 
six parameters: paint flow, shape air, high voltage, high rotation and flash off time between 
coatings.  

The tests will be performed at only one of the three production flows, BCM, to reduce noise 
and not interrupt the daily production more than needed. We will always use the same colour 
to reduce noise further. The samples will unfortunately have different flash off time. To get 
the same flash off time every sub-experiment would take a production cycle and therefore a 
long time and interrupt the daily production. 

 

1.5 Thesis questions 
1. How does the process parameters of the robotic applicator affect the paint distribution, 

paint thickness and colour of the top coat layer? 
 

2. Which settings of the process parameters will give us an even top coat layer, correct 
thickness and an accepted colour using a paint that is sensitive to the thickness of the 
top coat? 
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2  THEORETICAL FRAMEWORK 

2.1 Optimization of process parameters of paint thickness 
distribution through simulation 
The problems to optimise the process parameters of the robotic paint application is well 
known in the automotive industry. Blum, Neubauer, Henkel & Lehnhäuser (2009) has 
investigated the optimisation of the process parameters to acquire an even paint thickness. 
The optimisation is done by simulation of the application process. As the top coat is of great 
importance for a client´s impression on the automobile it is important to optimise the top coat¸ 
quality. The work is a collaborative project executed by BMW AG, Dynardo GmbH and 
ANSYS Germany GmbH. Today the optimisation of the parameters is done by using trial- 
and-error methods. Blum, Neubauer, Henkel & Lehnhäuser (2009) state that the difference 
between the paint thickness from the simulation and the thickness they get from the real 
application is only a few per cent. The possibility to simulate the application have halved the 
lead time when introducing new car models or a new paint. The computer software OptiSlang, 
which uses Latin Hypercube Sampling Method as a stochastically test method, was used to 
optimise the parameters. They chose to consider five parameters; painting distance, paint 
flow, rotational velocity of the paint bell, high voltage and lastly the shape air. (Blum, 
Neubauer, Henkel & Lehnhäuser 2009) 

Blum, Neubauer, Henkel & Lehnhäuser (2009) states that the dotted line in figure 2.1 is the 
ideal paint distribution. They also state that the paint flow has the highest impact of 42 %, 
shape air has 17 %, rotational velocity of the paint bell 16 %, high voltage 10 % and painting 
distance 10 % regarding the thickness. 

 

Figure 2.1. Typical distribution vs ideal distribution of the paint. 
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The study that Blum, Neubauer, Henkel & Lehnhäuser (2009) presents indicates the 
importance of an even paint thickness and states that the old experimental way of introducing 
new car models in a painting process takes a lot of time. In the same way, it shows that by 
only considering a few parameters relative to the big number of parameters that affects the 
process, it is possible to control the process with good accuracy. It is important to choose the 
most interesting and active parameters when only considering some of the parameters. 

 

2.2 Simulation of the paint application 
The cost of the paint application process is very high, which means that small changes and 
improvements of the process can have a great impact on the cost. These improvements are 
also important from an environmental standpoint. For example, by increasing the transfer rate, 
that is the amount of paint that sticks on the cab, the consumption of material and energy 
would decrease and therefore also decrease the environmental impact from the paint 
application process.  

Martinez (2010) simulates the paint application to increase the knowledge and optimise the 
transfer efficiency. It is a good idea to validate your theories by conducting experiments in a 
lab environment. These experiments will confirm how the different parts of the application 
equipment work. (Martinez, L. 2010) 

 

 

Figure 2.2. The picture shows how the paint is hurled away from the bell. (Martinez, L. 2010) 

 

Figure 2.2 shows in a clear manner how the colour is hurled away from the rotating bell cup 
in thin jets that later is guided by the shape air in a certain direction, which controls the width 
of the spray pattern. 



 

 7 

The applicator is very complex and therefore, it is the least explored part. These ERBS 
applicators produce some overspray which affects the result. The optimisation of the parameters 
is time consuming and therefore, a methodology to decrease this time would reduce the time 
required to introduce a new car or a new colour. (Martinez, L. 2010) 

This report explains in detail how the applicator works. The report also shows the importance 
of a better understanding of the process and to reduce the time to optimise the parameters.  

 

2.3 Using Design of Experiments to study application and 
hardening to map imperfections 
Sometimes when the paint is curing, different imperfections on the top coat occur which are 
not desirable from a quality and appearance perspective. Experiments have been conducted 
with the help of Design of Experiments, DOE, to get an idea on how to be able to avoid these 
imperfections. The experiment is divided into four different phases where three parameters at 
a time are studied to see which of the parameters that contribute to the imperfections. 
According to Prendi, Ali, Henshaw, Mancina & Tighe (2007) it should be possible to improve 
the transfer efficiency by changing the air flow. By studying the interactions between 
parameters with DOE the work also shows that the paint thickness and the oven temperature 
is the cause of nearly 87 % of the imperfections. (Prendi, Ali, Henshaw, Mancina & Tighe 
2007) 

Prendi, Ali, Henshaw, Mancina & Tighe (2007) shows that DOE is a good methodology to 
find the cause of bad quality in a process that is similar. By using these different phases 
regarding taking different parameters into account also shows another way to handle a big 
number of parameters when using DOE. 

 

2.4 Paint distribution 
In modern automotive painting industry, the common paint atomizers create a complex spray 
pattern. It is known that a robot has much better repeatability and always produce the same 
spray pattern. A common ERBS atomizer is shown in the figure below (Conner, Greenfield, 
Atkar, Rizzi & Choset 2005): 

 

Figure 2.4.1. Normal ERBS atomizer. (Conner, Greenfield, Atkar, Rizzi & Choset 2005) 
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The spray pattern is a function of design, aerodynamic and electrostatic forces. Of course, it is 
also affecting the result of the paint on the complex surfaces on an automotive. A normal 
spray pattern is shown in figure 2.4.2. (Conner, Greenfield, Atkar, Rizzi & Choset 2005) 

 

 

Figure 2.4.2. Normal spray pattern. (Conner, Greenfield, Atkar, Rizzi & Choset 2005) 

 

In figure 2.4.2 the spray pattern is shown in both two and three dimensions. Because of the 
donut shape with less paint in the middle overlap is needed to get the same amount of paint all 
over the sample. Overlap is illustrated in figure 2.4.3. According to Conner, Greenfield, 
Aktar, Rizza & Choset (2005) more tests are needed to determine the importance of the spray 
pattern and the transfer efficiency on the speed of the atomizer. They also discuss that the 
thickness variation affects and the interaction between droplets emitted through the atomizer 
and the shape of the surface has a big impact on the distribution pattern when painting curved 
surfaces. (Conner, Greenfield, Atkar, Rizzi & Choset 2005) 

 

 

Figure 2.4.3. Illustration of overlap of 175 mm with a spray pattern of 350 mm. 

 

2.5 Information about the parameters from manufacturer 
The transfer efficiency is increased by 150 % when the high voltage of the applicator is 
increased from 0 kV to 60 kV. There is not much difference in transfer efficiency when 
increasing from 60 kV to 90 kV.  

The high voltage also affects the size of the paint particles. When the high voltage is increased 
from 0 kV to 64 kV the paint particle size is decreased from 42.2 µm to 30.7 µm. According 
to ABB (2010), a smaller paint particle size is required to get a thin and smooth film of paint 
on the object. The high voltage is not the only factor that affects the structure but it is one of 
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the factors needed. A test result has shown that when only considering the parameters of bell 
rotation speed, shape air, paint flow, high voltage and target distance the brightness of the 
paint is mostly affected by the paint flow rate. (ABB 2010) 

 

2.6 How the robot applicator works 
The applicator in BCM has only one airflow. Unlike the applicator used in CCM and BCA 
that has two shape air, which is illustrated in figure 2.6.1. The one shape air at BCM has the 
same function as the two shape air at BCA and CCM. The shape air controls the width of the 
spray pattern and the distribution. The paint is hurled away by the rotating bell cup that results 
in small strings of paint that exits the cup and gets atomized by the shape air. The amount of 
paint that leaves the applicator is controlled by changing the paint flow. (Scania 2015-12) 

 

 
Figure 2.6.1. The airflow at CCM, with two shape airs. (Scania 2015-12) 

 

In BCM and CCM the paint is charged inside the applicator before the paint leaves the nozzle, 
unlike BCA where the paint is charged externally after it exits the nozzle. The negative 
charged colour will be attracted by the positive charged cab and this attraction will increase 
the transfer rate. This also helps to overcome the surface tension and contributes to a better 
structure. (Scania 2015-12). When using external charge, the paint particles are charged by 
the ions (G) in the guiding air that is created by the electrical field between the external 
electrodes and the grounded bell (B) in figure 2.6.2. When using internal charge, the bell (B) 
is negatively charged which is charging the paint particles instead, see figure 2.6.3. (Martinez, 
L. 2010). 
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Figure 2.6.2. External charge of the paint. (Martinez, L. 2010) 

 

 

Figure 2.6.3. Internal charge of the paint. (Martinez, L. 2010) 

 

The colour exits the rotating bell cup which have channels on the inside to guide the colour 
outwards in narrow strings which then gets atomized by the air flow (Martinez, L. 2010). The 
bell cup rotation affects the spray pattern as a higher rotation gives a higher velocity of the 
atomized colour particles that are flung away from the bell cup (Scania 2015-06). The spray 
pattern is also affected by the paint flow. 
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Figure 2.6.4. Cross section of the last part of the applicator. 

 
2.7 Design of Experiments (DOE) 
2.7.1 Introduction to Design of Experiments 
Design of Experiments is a method which is a part of Design for Six Sigma. A process can be 
described as a transformation from input to output. When working with Design of 
Experiments it is important to understand the process you are studying. The input often 
consists of different factors or parameters that will affect the process and the output is the 
response you choose to measure. There are both factors that are controllable and 
uncontrollable. This is described in figure 2.7.1. By planning and executing experiments in a 
structured way it is possible to see how the response changes. Design of Experiments is a 
method which helps you to plan, design, analyse experiments and to efficiently draw 
conclusions. (Antony 2003) 

 

 

Figure 2.7.1. The general model of a process.  
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2.7.2 Phases of Design of Experiments   
According to Anthony (2003) the methodology of Design of Experiments can be split into 
four different phases: 

     

Figure 2.7.2. The four phases of Design of Experiments.  

 

The first phase of DOE is the planning phase and this phase can be split into six different 
parts (Anthony 2003): 

1. Recognition and formulation of problem 
2. Select response or quality characteristic 
3. Select process variables 
4. Classification of the process variables 
5. Determine levels for each process variable 
6. List all interactions that are interesting 

The planning phase is all about gathering the necessary information for the planned 
experiment. This is the most important phase of them all according to Montgomery (2013). A 
badly planned experiment will lead to an unnecessarily high waste of time and money. On the 
other hand, a good conducted planning phase will lead to a successful experiment.  

The design phase is the next part of the process. There are three different approaches in this 
phase, you can either choose a classical approach, orthogonal array or variables search 
approach.  

It is also good to prepare a design matrix during this phase, mainly to prepare the team for the 
upcoming experiments. The design matrix shows the settings for the factors and the order to 
run the experiment. (Antony 2003) 

When the design phase is completed it is time to continue to the conducting phase. The 
conducting phase takes place both before and during the experiment. Before the experiment, a 
suitable location should be picked to execute the experiment. The location should help to 
avoid any excessive noise. This is extremely important since any errors during the 
experimental procedure might destroy experimental validity. It is also important to check that 
all material/parts, operators and machines that is required to conduct the tests are available at 
the date of the experiment. Another important aspect is the cost of the experiment. Therefore, 
a cost benefit analysis should be made to check the viability of the experiment. During the 
experiment the focus is to assure that the experiment is performed as planned. It is therefore 
important that the person who has the responsibility for the experiment should take part 
during the whole experiment. It is important to not have any deviations or variance. (Antony 
2003) 

Planning 
phase

Design 
phase

Cunducting 
phase

Analysing 
phase
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The analysing phase is the last part and is about studying the results acquired during the 
conducting phase. First the factors that affect the performance of the process will be 
determined. Which factors that influence the variability should also be determined. Then the 
factor levels that gives the optimum performance should be determined. The last part of the 
phase is an investigation regarding if further improvements are required. (Antony 2003) 

 

2.7.3 Choice of response variables 
Some parts that are important when choosing response variables (Antony 2003): 

• Use response variables that are easy to measure 
• The response variables should be continuous variables 
• The response variables should be possible to measure precisely and stable 
• For complex systems, it is best to choose response variables at subsystem level to 

optimise the whole process 
• The response variables should cover all dimensions of the ideal process 
• The response variables should be independent. 

 

2.7.4 Experimental matrix 
Full factorial design 

To do a full factorial design the number of sub experiments can be calculated by this equation 
(Holmbom 2013): 

 

  𝐵𝑘     (2.1) 

 

where:  B = Number of levels [amount] 

k = Number of factors [amount] 

 

For each level of every factor you need a value that you decide before the experiments. Then 
the level of each factor is changed according to a scheme in each sub experiment. An example 
from Bergman & Klefsjö (2012) shows a scheme for a full factorial design experiment with 
three factors, which gives eight sub experiments. 

In table 2.7.1 it is shown that the first sub experiment factor S has its low level, O has low 
level and C has low level. Then the interactions simply are a multiplication between the 
factors. Each sub experiment has different levels of each factor. The responses are logged to 
the right. One common method is to show the responses in a cube plot which is illustrated in 
figure 2.7.3. 
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Table 2.7.1. Experiment matrix for a full factorial experiment. (Bergman & Klefsjö 2012) 

Sub 
experiment 

Factors & Interactions Response 
S O C SxO SxC OxC SxOxC y 

1 - - - + + + - 67 
2 + - - - - + + 79 
3 - + - - + - + 59 
4 + + - + - - - 90 
5 - - + + - - + 61 
6 + - + - + - - 75 
7 - + + - - + - 52 
8 + + + + + + + 87 

Main 
effect 

23 1.5 -5 10 1.5 0 0.5  

 

 

Figure 2.7.3. Cube plot which is used to visualise the responses in table 2.7.1. 
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Fractional factorial design 

If there are a lot of parameters affecting the process it might be required to do a fractional 
factorial design. This means that you do less sub experiments than required to get a complete 
factorial design. The drawback is that if there for some reason happens to be an interaction 
where the extra factor is placed there is a risk that this new factor is aliased by the interaction 
of the original factors (Bergman & Klefsjö 2012). Therefore, it is important to investigate 
what resolution the matrix gives. 

When doing a fractional factorial design, the reduction will affect the resolution. The number 
of sub experiments is (Holmbom 2013): 

 

  𝐵𝑘−ℎ    (2.12) 

 

where:  h = Number of reduced factors [amount] 

 

With the use of Fractional factorial design, it is possible to do a first investigation with many 
factors to see which factors that seem to be active. With the help of this first investigation 
some factors that obviously seem to have a small effect can be removed before a second full 
factorial design. This gives a more accurate investigation regarding the most interesting 
factors. (Bergman & Klefsjö 2012) 

In table 2.7.2 and 2.7.3 the difference between a full factorial design and a fractional factorial 
design is stated. 

 

Table 2.7.2. Example of a full factorial design. 

Run Factors 
A B AB 

1 - - + 
2 + - - 
3 - + - 
4 + + + 

 

Table 2.7.3. Example of a reduced factorial design. 

Run Factors 
A B C 

1 - - + 
2 + - - 
3 - + - 
4 + + + 
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2.7.5 Design resolution 
Depending on the reduction of parameters, you will get a resolution that decide what order of 
confounding of the effects and the interactions between the parameters that is possible to 
detect. The most important resolutions are; III, IV and V designs. (Antony 2003) 

Resolution III gives that main effects are confounded with two-factor interactions and the 
two-factor interactions may be confounded with other two-factor interactions. Resolution IV 
means that two-factor interactions are confounded with other two-factor interactions. 
Resolution V gives that two-factor interactions and three-factor interactions are confounded. 
(Montgomery 2013) 

The resolution is determined by the shortest relation of factors possible equal to the identity 
matrix. This means that if the similarities are stated they can be rewritten to other relations. 
See calculation example in appendix 2 for further explanations. 

 

2.7.6 Investigation regarding effects of the factors 
The main effect can be described as the effect of changing a value of a specific factor. This 
means that the main effects show which factor independently gives the highest effect on the 
response. The effect is calculated by taking the arithmetic mean value of the responses. In 
table 2.7.1 we are then able to state that S is the factor that independently gives the highest 
effect when it is changed and O gives the smallest effect. (Bergman & Klefsjö 2012) 

The main effect is calculated by the following equation (Holmbom 2013): 

 

 1

𝑚/2 
(±𝑦1 ± 𝑦2±. . . ±𝑦𝑚)     (2.2) 

 

where: m = Number of sub experiments [amount] 

𝑦𝑛 = Response for the 𝑛𝑡ℎsub experiment [depending on chosen response] 

 

The positive or negative sign in equation 2.2 is decided by the sign from the corresponding 
sub experiment in the experimental matrix.  

For example, the effect of factor A in table 2.7.2 can be calculated by, 

 𝐴 =  (−𝑦1 + 𝑦2 − 𝑦3 + 𝑦4)   
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Another interesting part is to look at the interaction between factors. This is one of the 
benefits using Design of Experiments. The interaction between two factors can be calculated 
by the following equation (Bergman & Klefsjö 2012): 

 

1

2
((

𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟1
𝑤ℎ𝑒𝑛 𝑓𝑎𝑐𝑡𝑜𝑟2 𝑖𝑠 ℎ𝑖𝑔ℎ

) − (
𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟1

𝑤ℎ𝑒𝑛 𝑓𝑎𝑐𝑡𝑜𝑟2 𝑖𝑠 𝑙𝑜𝑤
)) (2.3) 

 

where: factor1 = The first factor you want to investigate 

factor2 = The second factor you want to investigate 

 

As we can see in table 2.7.1 the interaction between factors S and O is the highest interaction, 
although O has the lowest independent main effect. This is one reason why Design of 
Experiments is interesting when investigating and optimising parameters. 

 

2.7.7 Determination of active parameters with help of statistics 
To decide which factors that are active, which means that the factor is affecting the response, 
we need to investigate if the result could have happened by chance. Therefore, it is necessary 
to investigate the results uncertainty (Bergman & Klefsjö 2012). There are some different 
cases; either the variance is known or it is not, also when the variance is unknown it is 
possible to have repetitions of sub experiments or not. 

If the variance is unknown and there are no repetitions, there is no exact method to determine 
if the effects are significant. It is possible to estimate (Holmbom 2013). First it is needed to 
rank the effects in order of magnitude and calculate the mean rank with the following 
equation (Bergman & Klefsjö 2012): 

 

 𝑀 = 100 ∗
𝑗𝑛

(𝑚+1)
    (2.4) 

 

where: 𝑗𝑛 = The 𝑛𝑡ℎ effect in order of magnitude 

 m = Number of effects [amount] 

 M = Mean rank [%] 

 

Then each effect is plotted in a normal probability plot in the point (effect, M). Assume that 
the reference line in the normal probability plot passes through the point (0, 50 %). Then the 
gradient is based on the plotted effects, by giving the effects close to 0 a higher weight. In the 
normal probability plot it is possible to visually estimate which parameters that are 
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significant. The non-significant parameters are normally distributed and situated close to zero. 
(Bergman 1992) 

Figure 2.7.4 shows a normal plot of the effects from table 2.7.1. 

 

 

 

Figure 2.7.4. Distribution chart of the effects in table 2.7.1. 

 

If there instead are repetitions of each sub experiment it is possible to calculate the mean of 
the repetitions and calculate the standard deviation between the repetitions with the following 
equation (Holmbom 2013): 

 

 𝑠𝑖 = √
∑ (𝑦𝑖−�̅�)2𝑛𝑖

𝑖=1

𝑛𝑖−1
    (2.5) 

 

where: 𝑠𝑖 = Standard deviation for 𝑖𝑡ℎ sub experiment 

 𝑛𝑖 = Number of repetitions in 𝑖𝑡ℎ sub experiment 

 𝑦𝑖 = 𝑖𝑡ℎ response 

 �̅� = Mean response for each sub response 
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Then the standard deviations could be summarized with the following formula (Holmbom 
2013): 

 𝑆𝑝𝑜𝑜𝑙 = √
(𝑛1−1)𝑠1

2+⋯+(𝑛𝑚−1)𝑠𝑚
2

(𝑛1+⋯+𝑛𝑚)−𝑚
   (2.6) 

 

where: 𝑆𝑝𝑜𝑜𝑙  = Summarized standard deviation 

 𝑛𝑖 = Number of repetitions in 𝑖𝑡ℎ sub experiment 

 m = Number of sub experiments 

 

The total standard deviation is then calculated by (Holmbom 2013): 

 

 𝜎𝑒𝑓𝑓𝑒𝑐𝑡
∗ =

2𝑆𝑝𝑜𝑜𝑙

√𝑁
    (2.7) 

 

where: 𝜎𝑒𝑓𝑓𝑒𝑐𝑡
∗  = The total standard deviation 

 𝑆𝑝𝑜𝑜𝑙  = Summarized standard deviation 

 N = Total number of experiments in all sub experiments and repetitions 

 

The dispersion is then multiplied with a quantile that depend on the wanted significance level. 
Normal quantiles can be found in Jogréus (2014). The factors that has an effect outside the 
normal distribution is active (Bergman & Klefsjö 2012). 

With the significance level, it is possible to state the reference range according to this 
equation (Holmbom 2013): 

 

 −𝜆𝛼/2 ∗ 𝜎𝑒𝑓𝑓𝑒𝑐𝑡
∗ ≤ 𝑒𝑓𝑓𝑒𝑐𝑡 ≤ 𝜆𝛼/2 ∗ 𝜎𝑒𝑓𝑓𝑒𝑐𝑡

∗     (2.8) 

 

where: 𝜆 = Quantile depending on significance level 

 𝛼 = Significance level 

 𝜎𝑒𝑓𝑓𝑒𝑐𝑡
∗  = The total standard deviation 

 effect = Effect for each factor and interaction 
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2.8 Coating thickness measurement system Fischer Dualscope 
MP0R 
Fischer Dualscope MP0R is a coating thickness gauge. It can measure coating thickness both 
on iron, steel, non-magnetic metals and non-conducting materials. (Fischer u.å) 

The gauge has a variance of ≤ 1,5 µm if the total thickness is ≤ 75 µm, ≤ 2% of the nominal 
value if the thickness is 75 – 1000 µm and ≤ 3% if the thickness is 1000-2000 µm. See the full 
datasheet of measurement trueness in appendix 5. 

 

 

Figure 2.8. Measuring the coating thickness with Fischer Dualscope MP0R. 
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2.9 Colour measurements using Konica Minolta CM-600d 
Konica Minolta CM-600d is a spectrophotometer that is used to measure colour divergence 
(Konica Minolta u.å a). 

A spectrophotometer measures the reflected light over all wavelengths. The most common 
measuring system of colour is done in three axes: L-light axis, A-red to green axis and B-
yellow to blue axis. By using these systems, a person’s visual colour judgement can be 
exchanged to numerical and statistical values. (Konica Minolta u.å b) 

CMC means Colour Measurement Committee of the Society of Dyes and Colourists of Great 
Britain. The organization has developed a logic way of calculating the colour difference. The 
equation is ellipse-based instead of the CIELAB colour space that has rectangular coordinates. 
The colour difference can be described as the difference in magnitude and character between 
two colours under given circumstances. The most common circumstance is called D65 which 
is the standard CIE illuminant. It represents a colour temperature of 6504 K and is being 
observed in daylight, which means between 300 nm and 830 nm in wavelength. Another 
interesting illuminant is F11. F11 is easiest described as warehouse light and represents a 
colour temperature of 4000 K (Konica Minolta u.å c). CMC is not referred as a colour space, 
it is a tolerance system. It is supposed to give a good agreement of visual assessment and the 
measured difference in colour. Mathematically it is defined as an ellipsoid around the 
standard colour with hue, chroma and lightness on the axes, which is illustrated in figure 2.9. 
(X-Rite 2000) 

 

 

Figure 2.9. CMC tolerance ellipsoid. (X-Rite 2000) 
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Figure 2.10. Measuring the colour with Konica Minolta CM-600d. 

 

2.10 Minitab 17 statistical software 
Minitab is a statistical software which helps the user to transform data acquired from the 
experiments into solutions. It also helps you to draw charts which will help you to interpret 
your results. The software contains common methods, for example ANOVA and Design of 
Experiments. Minitab can also assist your analysis by walking you through every step of your 
chosen method. See Minitab (2017) for more information.   
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3  METHOD 

3.1 Planning 
The planning part of a project is very important if you want a successful outcome and the 
planning part of the project should take place both before and continuous during the length of 
the project. It is even more important to have a meticulous plan when dealing with complex 
systems. A well-executed planning part gives you a greater opportunity to guide the project in 
the right direction and do a follow up to see if you are on the right way to reach your goals. 
(Paavola 2015) 

A great tool which helps you to organize activities and helps you to do the tasks and time plan 
visually is a Gantt chart. A Gantt chart contributes to an objective understanding of the 
activities and the chart also helps by in a clear manner display when all the activities are 
planned (Geraldi & Lechter 2012). 

 
3.2 Data collection method 
3.2.1 Data collection from literature 
According to Bell (2006) most of the data collection from literature should be done in the 
beginning of an investigation. It is common to spend too much time reading literature. 
Because of this it is necessary to set a time limit and realize that it is impossible to do 
everything. It is also important to gather information that supports or contradicts to arguments 
regarding the topic. (Bell 2006) 

When choosing a method to collect data it is important to limit and focusing the searching 
(Bell 2006): 

• In which languages are sources interesting? 
• How old sources are interesting? 
• Where is the study supposed to take place? 
• What topics are interesting? 
• From where are studies interesting? 
• Is it important what education the author has? 
• Could there be alternative terms regarding the searching? 

It is important to make a critical judgement regarding the literature that is used. It should be 
stated if the literature fits the objective and the problem statement and if the instruments used 
to collect the data is suitable to the topic. It should also be determined if the information and 
conclusions has enough support to be trusted. Therefore, the literature should be reviewed as 
closely and objectively as the planned time supports. (Bell 2006) 

Quantitative data can be described as numerical data. When doing a research, it is important 
to make this data useful by showing it as information. Often it is easy to show the information 
as graphs, charts or statistics. (Saunders, Lewis & Thornhill 2009) 

On the other hand, there is qualitative data, it is all data that is not numerical. It is important to 
analyse it to understand the meaning of it, when dealing with qualitative data. (Saunders, 
Lewis & Thornhill 2009) 
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3.2.2 Conducting the data collection from literature 
The literature collection started by searching in both books and on the internet for earlier 
works and studies. We have mainly been searching for what methods that can be used, what 
problems that are known in the process and results that other studies have shown. Much of the 
information that we have found to be interesting we have tried to confirm the information by 
getting similar data from more than one source. We have also marked interesting information 
to discuss and investigate the credibility and usefulness to our study. 

Most of the information we have used is qualitative data, which is mainly information about 
different methods used in earlier work and how the painting process works. There are also 
some quantitative parts where the information tells how different levels of the factors will 
affect the process, how the data can be visualized and how to analyse the data. 

 

3.2.3 Data collection from interviews 
If the goal is to understand how certain people see or think about a situation, an interview 
with planned questions and response options is not recommended. A better way is to pick a 
smaller group of people and perform larger interviews. The persons should not be picked 
randomly but instead they should have different backgrounds. Every question does not need 
to be prepared in detail but a plan regarding topics and questions should be done. The 
upcoming questions could be customized depending on earlier answers. (Dahmström 2011) 

On the other hand, Bell (2006) describes the most common interview method as between a 
structured and a complete unstructured interview. This means that the respondent has a lot of 
freedom to speak about his or her interests. It is called a focused interview and is structured in 
the way that the topics are planned and some questions can be asked but the person has a lot 
of freedom to speak about the topic. (Bell 2006) 

 

3.2.4 Conducting the interviews 
The objective with the interviews has mainly been to get information to help us choose a 
suitable delimitation to our study and to get knowledge about the process. The persons that 
have been interviewed have been chosen together with our supervisors at Scania. The chosen 
persons have different responsibilities at Scania. This is since we want a lot of information 
from different perspectives and because the process is complex it is hard for a single person to 
give enough information about the entire process. We planned some topics and preliminary 
questions in advance, but the goal was to give the respondent a lot of freedom to discuss what 
the interesting and important parts could be. New questions came up during the conversations. 
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3.2.5 Data collection from observations 
Before making any observations, it is important to clarify what should be observed, what is 
interesting and why the observation will give the wanted information. To reduce bias, a 
recommendation is to be at least two participants. There are some different types of 
observations: unstructured and structured in combination with participating and non-
participating. (Bell 2006) 

An unstructured observation should have a clear objective even though every detail is not 
determined. It can take a lot of time and the structure of the observation will develop during 
the execution. The method may be good to develop hypotheses. A participating observation 
means that the person participates in a persons, groups or organisations daily work. This is 
used to observe, ask questions, understand the process and to get to know the people in the 
organisation to acquire communication and acceptance. When it comes to a structured 
observation the focus is determined and a hypothesis and an objective are stated. It is common 
to use tools like tables, charts and categories to document the data. (Bell 2006) 

 

3.2.6 Execution of the observations 
Mainly our observations have been unstructured and participating. Our observations have 
mainly been focused on how Scania is conducting their experiments today. This has helped us 
to get a good understanding of how they work and what methods are being used today. In this 
way, we wanted to get hypotheses and opinions about the experimental method that is used 
today and what we think is a good way to evolve their experimental methods into something 
better. It is a good way to get in contact with people that is needed to be able to execute 
experiments in the production. By doing participating observations it was also possible to ask 
questions and to discuss the process with the people involved in the daily process. 

 

3.3 The workflow of the project 
The project will be divided into three phases: screening, optimisation and confirmation. The 
screening experiment will be conducted with six factors: 

• Paint flow 
• Rotation of the bell cup 
• Shape air 
• High voltage  
• Flash off time between two layers.  

This phase of the project will help us to reduce the numbers of factors by characterizing the 
system and identifying the important factors. The important factors will then continue to the 
optimising phase. In next phase, the goal is to find the optimal settings which will result in 
desirable values of the responses. The last phase is the confirmation, this part is to assure that 
the chosen values of the important factors yield the desired responses and to confirm that a 
substitution of the old setting will lead to a better result. The workflow of the project is 
illustrated in figure 3.3.1. 
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3.3.1. The workflow of the thesis work.  

 

3.4 Preliminary study 
The preliminary study was needed to validate the hypotheses and ideas of the test method. In 
the test, we have used test samples that are steel plates with dimensions of 300 x 400 mm 
which are pre-treated with the same powder basecoat as the cabs. The samples were attached 
on one side of a cab by using magnets that have contact to the cab body that will help to 
ground the samples which is needed for the plate to attract the paint. The plates are prepared 
with a piece of tape on the top part of the plates that can be taken off after the hardening 
process, the tape will give us another possibility to visually see if the coating is even 
throughout the length of the plate. To give a test result that replicates the true painting of a cab 
the sample is painted with five strokes with overlap. The middle stroke is supposed to paint 
the area that will represent the true result, the two closest strokes will give a true overlap with 
half a spray pattern and the two outer strokes will produce an overspray, which is a mist of 
paint that does not count to the true spray pattern.  

Both samples are painted with centre points for the parameters during this test. The centre 
points are values that are recommended from the manufacturer of the robots and is not 
changed according to the characteristics of the colour. These centre points are a 100 % setting 
for all the parameters. 

The darker lines in the program represents the strokes, see Figure 3.4.1. After all the samples 
have been painted they are placed inside the cab which then continues to the oven where the 
paint hardens. When the hardening is done, the tape is taken off and placed on a see-through 
object. The thickness of the basecoat can now be measured where the tape was placed. The 
top coat layer is calculated by measuring the points on the top coat and subtract the thickness 
of the basecoat at the same point. To measure the colour the measurement tool is placed in the 
middle of the sample which gives the deviations in colour from the wanted. We are then able 
to plot the paint thickness of the sample by using Excel.  
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Figure 3.4.1. Robot program for the painting process. 

 

3.5 Design of Experiments 
We have chosen to perform our experiments by using the method Design of Experiments. 
According chapter 2.1 and 2.3 it is presented that the method has been used in similar 
experiments but with different objectives, approaches and delimitations with a successful 
outcome. As the experiments will interrupt the daily production, it is important that the 
experimental cost is low. With this method, we can use statistics to get as much knowledge as 
possible to the lowest experimental cost as possible. Compared to other methods, a benefit of 
using Design of Experiments is that it is possible to see interactions between parameters that 
may exist. 

 

3.6 Screening using fractional factorial design 
In the screening experiments, we will use fractional factorial design of 25-1. This means that 
we have five factors and reduce it with one factor to lower the experimental cost. It results in 
16 sub-experiments with resolution V. 

Table 3.6.1 have been used to choose the experimental factors. We have chosen to consider 
the factors if they can be controlled, be measured, give influence in the result, together with 
information acquired from interviews, information from the theory and delimitation of 
experimental cost. Some factors may be theoretically controllable but not practically because 
it would affect the daily production. Information from the informant’s states that the robotic 
parameters are important and most common to change. Therefore, we chose paint flow, shape 
air, rotation and charge as our experimental factors. These factors are robotic parameters 
which are easy for us to change and we know that they will affect the result. We also chose to 
investigate the flash off time between two layers since this is also easy to change and we do 
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not know if this will influence the result. The flash off time will also help to reduce the risk of 
dripping caused by a thick layer of non-hardened paint on the cab.  

 

Table 3.6.1. List of parameters. 

Factors Constant Affecting Controllable Noise Measurable Experimental 
factors 

Part surface 
temperature Yes Maybe No Yes Yes No 

Painting 
distance Yes Yes Yes - Yes No 

Paint flow Yes Yes Yes - Yes Yes 
Shape Air Yes Yes Yes - Yes Yes 
Rotation Yes Yes Yes - Yes Yes 
Charge Yes Yes Yes - Yes Yes 

Atomizer Yes Yes No - No No 
Application 

robot Yes Yes No - No No 

Flash off 
time between 

two layers 
Yes Maybe Yes - Yes Yes 

Downdraft 
speed Yes Maybe No Yes Yes No 

Air Humidity Yes Maybe No Yes Yes No 
Flash off 

time before 
oven 

Yes Maybe No - Yes No 

Time in oven Yes Maybe No - Yes No 
Oven 

Temperature Yes No No - Yes No 

Measurement 
accuracy No Yes No Yes No No 

 

The low and high levels are based on information that we have acquired during the interviews 
with the informants and from Scania (2015-12). The levels are shown in table 3.6.2. 

 

Table 3.6.2. High and low levels for experiments. 
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To reduce any impact from uncontrolled variables we have chosen to run the sub-experiments 
in a randomized order. Before the experiment, we run a reference sample with 100 % settings 
for all factors to see the variance to the next experiment. This is important when the process 
or environment cannot be totally controlled (Frigon & Mathews 1997). This order can be seen 
in table 3.6.3. What level each factor has for the test is showed in table 3.6.3 where minus 
sign represents low level and plus sign represents the high level as explained in table 3.6.2. As 
we use a reduction of one factor, ABCD is replaced by factor E. We believe that E is the 
factor that will have the lowest impact on the output. At the same time, Antony (2003) 
describes that interactions with more than two parameters are of no interest to experimenters. 
So, the relation ABCD was chosen since it is an interaction between four different factors. 
These are the reasons why the relation E=ABCD was chosen.  

 

Table 3.6.3. Design matrix for the screening. 

 

 

Every sample is prepared with a base coat layer. Because of differences in base coat 
thickness, that we discovered during the preliminary study, we first need to measure all the 
samples in the exact same point as we will do after the painting process. To do this we have 
chosen to design a measurement template, which can be seen in figure 3.6.1. The template has 
13 holes in two different rows. We have chosen to perform three measurements in each hole 
of the measurement template and then use the average value of the measurements to reduce 
any variance from the measurement tool.  
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Figure 3.6.1. Measurement template for measuring the thickness. 

 

The sample is cleaned by spraying isopropanol on the sample and wipe the whole surface to 
remove any grease and oil on the plates. The residues of the isopropanol will then evaporate. 
The last thing we do is to wipe the sample with a tack rag that is used in the production to 
wipe the cabs. This is to remove any fibres on the plates just before the painting. The 
preparation process is illustrated in figure 3.6.2 and figure 3.6.3. 

 

 

Figure 3.6.2. Sample is being prepared with isopropanol. 
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Figure 3.6.3. Sample is being wiped with tack rag. 

 

The cab is prepared with four magnets for different reasons. They will hold and ground the 
sample during the test. We have fixed three screws into the cab that we push the sample 
against to always get the same position for the samples, see figure 3.6.4, figure 3.6.5 and 
figure 3.6.6. 

 

 

Figure 3.6.4. The magnets that holds the sample against the cab. 
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Figure 3.6.5. Three screws that ensures a correct position of the sample. 
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Figure 3.6.6. Sample fixed on the cab. 

 

By using the robot program in figure 3.4.1 the sample is then painted with five strokes. The 
third stroke hits the centre of the sample to get a true spray pattern. When all the samples have 
been painted with the given factors they are placed inside the cab which continues to the 
hardening process. When the hardening process is done, we measure the total coat thickness 
in the same points as before the experiments. The difference between the measurements 
before and after the experiment represents the top coat thickness in each point. We also 
measure the colour by using the Konica Minolta CM-600d, we do two measurements on each 
sample. 

To visualise and analyse the results have chosen to use Excel and Minitab. We plot the top 
coat layer for each measurement in Excel and we are then able to calculate the standard 
deviation for the measurements by using equation 2.8 to get the spread of the top coat. The 
standard deviation together with the top coat thickness is the main response for the 
experiment and the second response is the colour. We will use the software Minitab to 
calculate the effects of the factors and the interactions and we validate the effects from 
Minitab by using equations 2.2 and 2.3. The information from this experiment is then used to 
determine which of the factors are the most interesting and will be studied further during the 
optimisation.  
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3.7 Optimisation using full factorial design 
We will perform a full factorial design to get full resolution and therefore better results. This 
is needed to get further knowledge of how the parameters affects the result. In the full 
factorial experiment, we use a design of 23. This means that we have three factors. Which will 
result in 8 sub-experiments with full resolution. We have chosen to continue to study the paint 
flow, high rotation and shape air. This is because the paint flow was found to be significant 
for the mean thickness and shape air was significant for the spread in the screening. The high 
rotation had the second highest effect for both the mean thickness and the spread, so we 
wanted to study it further.  

 

3.7.1 Round one of full factorial 
We have chosen to lower the high and low levels to decrease the mean thickness since the 
results from the screening showed a thickness that was high above the tolerance. Shape air has 
also lower levels than in the screening part, this is to follow the reduction of paint flow. The 
levels are stated in table 3.7.1. 

 

Table 3.7.1 High and low levels for experiments. 

 

 

We continue to use a randomized order to reduce noise from uncontrolled variables. A 
reference sample is painted before the experimental runs in the design matrix, table 3.7.2. The 
reference settings are the same as in the screening, we will compare this reference to the first 
reference to visualize variance between the experiment occasions. 

The experiments will be performed in the same way as in the screening to ensure that any 
differences in response is a result of changed levels and not the position of the sample or any 
other changed circumstances. 

 

Table 3.7.2. Design matrix for the optimisation. 
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3.7.2 Round two of full factorial 
Because of unexpected results regarding the significance of paint flow for the mean thickness 
and too high mean thickness in the first round of full factorial design, we have chosen to do a 
second round of the full factorial design. This is to ensure that the effects we got are true and 
not caused by noise or any bad choices of levels. 

We have also chosen to change the paint flow levels to get a lower mean thickness, since the 
goal at Scania is a top coat layer of 40 m. To avoid the unexpected results, we got in the 
previous experiment we have chosen to decrease the high level of high rotation. We have also 
decreased the shape air to follow the reduction of the paint flow.  

The design matrix will be the same as in the first run, the new high and low settings of the 
experiment can be seen in table 3.7.3. 

 

Table 3.7.3. High and low levels for experiments. 

 

 

3.8 Confirmation and validation of optimisation 
The confirmation and validation is needed to compare the results when using the parameter 
levels that is used today to the parameter levels from our optimisation. In this way, we can 
validate if the new levels will result in an improvement and find details that needs further 
development. 

We have chosen to do this by performing the experiments in the same way as in the screening 
and full factorial experiments. To get high accuracy, reduce noise and visualize variance 
compared to earlier experiments we first run a reference sample, then one sample with today’s 
levels and finally one sample with the levels from the optimisation. The measurements and 
analysis of the results are done in the same way as before and we are then able to compare the 
results to validate if the optimisation gives the wanted result.  
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4  RESULTS 

The results from our study will be presented in this chapter. We have decided to split our 
study into three parts to get a more structured workflow. The different parts are screening, 
optimising and confirmation and the results are presented in the same order. The results 
presented was calculated with the help of Excel and Minitab and the results was validated by 
calculating the same numbers by hand.  

 
4.1 Preliminary study 
The preliminary study was executed to test our methodology and our robot program. The 
result from this part will help us to validate and improve our method before we continue to the 
first real experiment.  

The test shows a result where the paint thickness varies a lot over the sample. The first 
measurement at the top of the sample gives a spread from 38.57 µm to 60.7 µm and it differs 
a lot over the surface. The second measurement on the bottom of the sample gives a result that 
is similar to the first. Figure 4.1.1 presents the results from the first sample.  

 

 

Figure 4.1.1. Plot of paint thickness on the first sample. 

 

The second sample shows a result where the thickness is higher to the left of the sample with 
even a bigger difference in thickness than the first. 
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Figure 4.1.2. Plot of paint thickness on the second sample. 

 

Figure 4.1.2 shows that on the second sample the paint thickness distribution is similar 
between the measurements at the top and bottom of the sample. 

The variation between the samples and the insufficient paint distributions indicates that there 
are some flaws in our measuring method. It is possible to see that there is a big difference 
between the base coat thickness depending on position on the sample. By measuring the base 
coat layer of a sample, we can see that it differs between 40 µm and 100 µm from one sample 
to another and it can differ up to 40 µm between different positions on the same measurement 
row. Therefore, the base coat needs to be measured in the same points before and after 
applying the top coat and the difference between the first and the second measurement is the 
top coat layer. To simplify and to ensure that the measurements are done in the same position 
a measurement template has been created of a magnetic plate that can be fixed on the sample.  
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4.2 Screening using fractional factorial design 
The screening was performed to help reduce the number of factors by characterizing the 
system and identifying the active factors. The factors that are active will then continue to be 
studied further in the next phase, which is the optimising phase.  

The parameters that were tested during the screening: 

1. Paint flow  
2. High rotation 
3. Shape air 
4. High voltage 
5. Flash off between two layers 

Response variables for the experiment is the spread which means the standard deviation. The 
standard deviation describes how well distributed the paint is, the colour and the mean 
thickness of the paint over the sample. This can be seen in table 4.2.1 where spread 1 is the 
spread for the top row of the sample, spread 2 is the spread for the bottom row of the sample, 
mean thickness 1 is the mean thickness for the measurements in the top row and mean 
thickness 2 is the mean thickness for the measurements at the bottom row of the sample. The 
sample with the lowest mean spread, which is the mean between spread 1 and spread 2, is the 
seventh sample that is shown as run 13 with a total mean spread of approximately 1,547 µm. 
The tenth sample, run 12, has the highest mean spread of approximately 4,365 µm. 

 

Table 4.2.1. Design matrix with responses. 

 

 
Effects for the top coat thickness 

The results when using the mean thickness over the samples as a response shows that the 
paint flow is very significant, which means that it affects the thickness the most. The effect of 
the paint flow is significant since this effect is greater than the reference value, which is 
illustrated by the dotted line in figure 4.2.1. The effect for the paint flow is approximately 
6,74, while high rotation has an effect of 1,28, which is the second highest effect. This effect 
means that paint flow changes the paint thickness with 6,74 µm when going from the low to 
the high level. In figure 4.2.1 we can see that there are some interactions that has a minor 
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effect, especially the interaction between paint flow and the shape air. Since the paint flow is 
significant compared to the other factors means that they will be situated close to the 
normality line, or the normal distribution, and the paint flow diverges from the line. See the 
normal probability plot in figure 4.2.2.  

 

 

Figure 4.2.1. Pareto chart of the effects of topcoat thickness. 

 

 

Figure 4.2.2. Normal probability plot of thickness effects. 
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Effects for the spread of the top coat 

The shape air is the only factor that is significant when using the standard deviation, or the top 
coat spread in thickness, as a response. It has an effect of approximately 1,35 while the second 
highest, high rotation, has 0,64. The effect means that the spread is changed by 1,35 µm when 
changing from low to high level. This means that we have one significant factor but not as 
significant as the paint flow is in figure 4.2.1. It is also possible to see that the flash off 
between the two layers does not affect the spread at all. There are some interactions and main 
effects that are non-significant but have an effect that is interesting. The most interesting 
interactions is the ones with the shape air. 

 

 

Figure 4.2.3. Pareto chart of the effects of the spread. 

 

In this case, the non-significant factors are close to the normal distribution while the shape air, 
that is significant, is a bit off. This result means that the shape air affects the distribution the 
most. 
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Figure 4.2.4. Normal probability plot of the effects of the spread.  

 

Results from the tickness measurements 

The seventh sample is the one that has the most satisfying top coat distribution. The spread is 
1,547 µm. The levels for the factors used on sample 7 can be seen in table 4.2.1 as run 13. 
The mean thickness of the top coat is approximately 44,3 µm. The distribution can be seen in 
figure 4.2.5.  

 

 

Figure 4.2.5. Plot of top coat layers for sample 7. 
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The tenth sample is the one with the least satisfying distribution. The standard deviation is σ = 
4,3650 µm. The levels for the factors used on sample 10 can be seen in table 4.2.1 as run 12. 
The mean thickness of the top coat is 49,8 µm. The distribution can be seen in figure 4.2.6. To 
see the distribution for all the samples, see appendix 4. 

 

 

Figure 4.2.6. Plot of top coat layers for sample 10. 

 

Effects and results from the colour measurements 

Table 4.2.2 and 4.2.3 shows the colour measurements for the sixth and fourteenth samples, 
which has the lowest and the highest top coat thickness of all the samples produced in this 
experiment. The top rows show the deviation in D65 and F11 illuminants for the first 
measurements and the bottom rows is the deviation for the second measurements on the same 
sample but in the second row. The result shows that the deviation is very similar both between 
the measurements on the same sample and between the samples. For all measurements, see 
appendix 4. 

 

Table 4.2.2. Colour measurements for sample 6. 

Row Limit CMC Sample 

1 
D65/10° 0,08 

6 F11/10° 1,07 

2 
D65/10° 0,08 

F11/10° 1,09 
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Table 4.2.3. Colour measurements for sample 14. 

Row Limit CMC Sample 

 

1 
D65/10° 0,07 

14 F11/10° 1,09 

 

2 
D65/10° 0,07 

F11/10° 1,12 

 

Figure 4.2.7 shows that the effects of the factors are very low for the colour in illuminant 
D65. No factor is significant. 

 

 
Figure 4.2.7. Pareto chart for the colour in illuminant D65. 

 

Figure 4.2.8 shows that although high rotation and the interaction between paint flow with 
high voltage are significant the effects of the factors are very low for the colour in illuminant 
F11. 
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Figure 4.2.8. Pareto chart for the colour in illuminant F11. 

 
Results from the reference sample 

The reference sample shows a distribution that has a donut shape and therefore, a high spread. 
The distribution for the reference sample can be seen in appendix 8. 
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4.3 Optimisation using full factorial design 
This part of the study is done to find the optimal settings that will yield in a desirable 
response. The inactive factors from the screening will be kept constant during the 
optimisation. 

The parameters that were tested during the optimisation: 

1. Paint flow  
2. High rotation 
3. Shape air 

The response variables are the same as in the screening.  

 

4.3.1 Round one of full factorial design 
Table 4.3.1 shows that the difference in mean thickness between the runs are small. Run 1, 2 
and 7 has also a pretty similar spread of approximately 1,75 µm which are the best ones while 
run 3 and 4 has the highest mean spread of approximately 4 µm and 3,9 µm. 

 

Table 4.3.1. Design matrix with responses. 

 

Effects for the top coat thickness 

In figure 4.3.1 we can see that there is no significant parameter for the mean thickness. The 
paint flow has an effect of approximately 2,12 and the high rotation an effect of 1,68. It is also 
shown in figure 4.3.2 that no parameter is significant as all parameters follows the normality 
line. 
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Figure 4.3.1. Pareto chart of the effects of topcoat thickness. 

 

 

Figure 4.3.2. Normal probability plot of thickness effects. 
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Effects for the spread of the top coat 

Figure 4.3.3 and 4.3.4 shows that the interaction between the shape air and high rotation is 
significant for the spread. The interaction has an effect of 1,47 and the individual parameters 
with the highest effect are high rotation with an effect of 0,73 and shape air with an effect of 
0,57. 

 

 

Figure 4.3.3. Pareto chart of the effects of topcoat thickness. 

 

 

Figure 4.3.4. Normal probability plot of thickness effects. 
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Results from the thickness measurements 

The most satisfying top coat distribution is from sample 5, run 7 in table 4.3.1. The responses 
are approximately 1,76 µm in spread and 42,1 µm in mean thickness. The results are 
visualized in figure 4.3.5. 

 

 

Figure 4.3.5. Plot of top coat layers for sample 5. 

 

The least satisfying top coat distribution is from sample 7, run 3 in table 4.3.1. The responses 
are approximately 4,06 µm in spread and 40,5 µm in mean thickness. The results are 
visualized in figure 4.3.6. See all measurements in appendix 6. The reference sample can be 
seen in appendix 8. 
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Figure 4.3.6. Plot of top coat layers for sample 7. 

 

Results from the reference sample 

The reference sample shows a distribution that has a donut shape and therefore, a high spread. 
It has similar responses as the previous reference samples and a similar distribution. The 
distribution for the reference sample can be seen in appendix 8. 

 

4.3.2 Round two of full factorial design 
The responses from table 4.3.2 shows a bigger difference in thickness and a lower thickness 
than the responses from round one. When parameter A has the low level the thickness seems 
to be approximately 40 µm or slightly below. The most satisfying spread is in run 1 where the 
mean spread is approximately 1,5 µm and the least satisfying are from run 3 and 7 with a 
mean spread of approximately 3,6 µm and 3,8 µm. 

 

Table 4.3.2. Design matrix with responses. 
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Effects for the top coat thickness 

In figure 4.3.7 we can see that the paint flow is significant for the mean thickness. The paint 
flow has an effect of approximately 6,78 while the high rotation and interaction between all 
factors has the second highest effect of approximately 1,65. It is also shown in figure 4.3.8 
that the paint flow is significant since it diverges from the normality line. 

 

 

Figure 4.3.7. Pareto chart of the effects of topcoat thickness. 

 

 

Figure 4.3.8. Normal probability plot of thickness effects. 
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Effects for the spread of the top coat 

In figure 4.3.9 and figure 4.3.10 it is stated that no parameters is significant for the spread. 
The high rotation has the biggest effect of 1,05. The reason is that all parameters are close to 
the normality line.  

 

 

Figure 4.3.9. Pareto chart of the effects of the spread. 

 

 

Figure 4.3.10. Normal probability plot of the spread. 
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Results from the thickness measurements 

The most satisfying top coat distribution is from sample 8, run 1 in table 4.3.2. The responses 
are approximately 1,5 µm in spread and 40 µm in mean thickness. The results are visualized 
in figure 4.3.11. 

 

 

Figure 4.3.11. Plot of top coat layers for sample 8. 

 

The least satisfying top coat distribution is from sample 5, run 7 in table 4.3.2. The responses 
are approximately 3,83 µm in spread and 37,58 µm in mean thickness. The results are 
visualized in figure 4.3.12. See all measurements in appendix 7. The reference sample can be 
seen in appendix 8. 

 

 

Figure 4.3.12. Plot of top coat layers for sample 5. 
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Effects and results from the colour measurements 

It is stated in figure 4.3.13 that the high rotation is significant for the colour in F11 illuminant. 
However, the effect for the high rotation is only approximately 0,048. 

 

 

Figure 4.3.13. Pareto chart for the colour in illuminant F11. 

 

Figure 4.3.14 shows that no factor is significant for the colour in D65 illuminant and the 
effects of the factors are small. Paint flow and high rotation have the highest effects of 
approximately 0,7. 
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Figure 4.3.14. Pareto chart for the colour in illuminant D65. 

 

Table 4.3.3 and 4.3.4 shows the colour measurements for sample 2 and sample 5. Sample 2 is 
the one with the highest mean thickness, 47,8 µm, and sample 5 has the lowest mean 
thickness, 37,6 µm. The measurements show a difference between the samples in D65 
illuminant while the measurements in F11 illuminant is similar. See all measurements in 
appendix 6. 

 

Table 4.3.3. Colour measurements for sample 5. 

Row Limit CMC Sample 

1 
D65/10° 0,25 

5 F11/10° 0,90 

2 
D65/10° 0,24 

F11/10° 0,91 

 

Table 4.3.4. Colour measurements for sample 2. 

Row Limit CMC Sample 

1 
D65/10° 0,09 

2 F11/10° 0,96 

2 
D65/10° 0,12 

F11/10° 0,95 
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Results from the reference sample 

The reference sample shows a distribution that is quite even, but has some more paint in the 
middle of the sample. The mean thickness is high but still has a similar thickness as the two 
former reference samples. The distribution for the reference sample can be seen in appendix 
8. 

 

Optimal settings 

The optimal settings were decided by analysing the results from the second round of the full 
factorial design. Both responses were plotted in a cube plot, which made it easier to see what 
settings gave us the desired response. The two cube plots show the best result for both 
responses when the paint flow, high rotation and shape air was set to the lowest settings. The 
cube plots are presented in figure 4.3.15 and 4.3.16, the best responses are circled.  

 

 

Figure 4.3.15. Optimal settings for the best thickness. 
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Figure 4.3.16. Optimal settings for the worst spread. 

 
4.4 Confirmation 
The confirmation is the last part of our study and it will help us to ensure that the chosen 
values of the factors yield the desired responses. This part will also help us to compare the 
results from our optimal settings versus the results we get when painting with the same 
settings as Scania’s production does today. Also, to confirm that a substitution to our settings 
will lead to a better result. 

  

4.4.1 Results from our optimal settings 
The settings used in this part of the study was acquired from the optimisation. Results from 
the confirmation round with our optimal settings is shown in table 4.4.1. The mean thickness 
of the top coat is 40 m, which is exactly the thickness that is Scania’s goal and the thickness 
that we were trying to achieve during our optimisation. The distribution of the paint is very 
even. You can see the results visualised in figure 4.4.1. Our optimal settings are visualised in 
table 4.4.2. 

Using our optimal settings will lead to an average paint consumption of 1263 litres per year, 
which means a cost of 16419 € per year.   

  



 

 57 

 

Table 4.4.1. Responses from our optimal settings. 

Our optimal settings 
 Spread Thickness 

Row 1 1,839 m 40,182 m 
Row 2 1,231 m 39,977 m 
Mean 1,535 m 40,080 m 

 

 

 

Figure 4.4.1. Distribution from our optimal settings. 

 

Table 4.4.2. Our optimal settings. 

Factor Settings 
Paint Flow 82 % 
Shape Air 90 % 

High Rotation 90 % 
High Voltage 100 % 
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4.4.2 Results from the settings that Scania uses today 
The results from the experiment with the settings that Scania is using today in the production 
is shown in table 4.4.3. The results show that the thickness of the top coat layer is way too 
thick, almost 3,5 m above the tolerance. It is also visual that the top coat distribution is not 
that even. 

The settings that Scania uses today leads to an average paint consumption of 1574 litres per 
year and a cost of 20 462 € per year, which is 4043 € higher than with Scania’s settings.  

 

Table 4.4.3. Responses from today’s settings. 

Responses from today’s settings 
 Spread Thickness 

Row 1 2,980 m 48,862 m 
Row 2 2,345 m 48,116 m 
Mean 2,663 m 48,489 m 

 

 

 
Figure 4.4.2. Distribution from Scania’s settings today.  
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5  DISCUSSION 

5.1 Screening using fractional factorial design 
5.1.1 Effects for the top coat thickness and distribution 
Figure 4.2.1 and 4.2.2 shows that the paint flow has a high effect on the mean thickness of the 
paint. From the beginning, we expected that the paint flow would be significant as it controls 
how much paint that leaves the nozzle. We thought that the high voltage was going to have a 
higher effect as it controls how much the cab attracts the paint. On the other hand, we have 
got different information about this. We know that the robot programmers change the high 
voltage to decrease any risk of dripping as this will lead to less paint attracted to the cab, see 
interview with informant 3. At the same time the robot manufacturer, in chapter 2.5, describes 
that there is a big difference in transfer efficiency between 0 kV and 60 kV, but between 60 
kV and 90 kV the difference in transfer efficiency is very small. Therefore, our result 
indicates that the high voltage needs a big difference in level to show any effect to the paint 
thickness. 

In figure 4.2.3 it is illustrated that the shape air is significant to the spread. As we know, the 
shape air steers and controls the paint between the applicator and the cab this was expected. 
Even though the high rotation and the interaction between the rotation and shape air is not 
significant by themselves, they might however have a big impact together. In figure 4.2.1 we 
can see that the effect of the paint flow is much higher than any other effect and will therefore 
only affect the thickness of the top coat.  

We thought from the beginning that the high rotation would be a significant factor since it can 
affect the width of the spray pattern and therefore distribute the paint over a larger area, which 
is described in chapter 2.6. The result shows that it is not significant although it has an effect 
that is affecting the result in a minor extent. 

Overall, we expected to have more interactions with higher effects. One thing that may have 
influenced this result is that only one factor is significant. This is mainly regarding the 
thickness but also regarding the spread as the shape air is not as significant for the spread as 
the paint flow is for the mean thickness. We believe it is more likely to have a significant 
interaction between factors that has a high main effect. It should also be mentioned that we 
are doing a fractional factorial design with resolution V, which means that two-factor 
interactions and three-factor interactions are confounded. Therefore, aliasing may affect the 
effects of the two-factor interactions. 

When we compare the effects, we got for the thickness to the results from chapter 2.1 we see 
that the paint flow has the highest impact in both cases. The high rotation has an effect that is 
similar to the effect we got. The difference in chapter 2.1 compared to our result is that the 
shape air does not seem to have any effect at all. We are not sure why but it may occur due to 
the small differences between the levels of shape air, or that we do not investigate the same 
parameters. Another reason for this difference may be because they use another applicator and 
that the conditions may not have been the same. 
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5.1.2 Results from the thickness measurements 
When analysing the results presented in figure 4.2.5 and figure 4.2.6 we can see that the 
results from the first and second row of each sample seems to have similar results, both 
regarding the paint thickness and distribution. This is good as it indicates a low variance and 
gives a verification of the results. 

When we compare the seventh and tenth sample that has the most and least satisfying spread 
we think that this shows the problem regarding getting an even paint thickness. In sample 10 
the distribution has the donut shape that is described in chapter 2.4. While the paint 
distribution in sample 7 is very even. 

 

5.1.3 Effects and results from the colour measurements 
As shown in table 4.2.2 and 4.2.3 the differences in colour is small, almost negligible. We 
expected a higher difference in colour as the colour is supposed to be sensitive to changes in 
thickness and the mean thickness is changing much between the samples. The limit of 
approval for the colour is 0,8 in illuminant F11 and 0,5 in illuminant D65 and although figure 
4.2.8 shows that high rotation and the interaction between paint flow with high voltage are 
significant, the effects are small. Therefore, the colour deviation is not changing enough to 
give an approved colour. We know that all the samples have a mean thickness between 42 µm 
and 54 µm and the target is 40 µm ± 5 µm. Because of the high thicknesses, we cannot state 
the colour is sensitive to a lower thickness. Another interesting thing regarding the mean 
thickness is that all the samples gives a thickness that is too high. This is not good because it 
can result in more flaws and it leads to a higher consumption of paint, see chapter 2.3. 
Increased number of flaws will result in an increased number of reworks needed. Therefore, 
the high thickness will result in a higher energy and material consumption which is not good 
for the economy and the environment. 

 

5.1.4 How to advance to the optimisation part 
From the results in the screening we believe that we need to do a full factorial design to get 
full resolution of the results and a better knowledge about how the parameters may affect the 
result. Because of experimental cost it is not possible to do a full factorial design with five 
parameters. Therefore, we believe that the flash off time between the layers and the high 
voltage should not be included as factors in the next experiment as they have the lowest 
effects. We also believe that it would be good to see how a lower thickness of the paint will 
affect the colour and learn how to get the mean thickness down to 40 µm. To do this we will 
lower the paint flow. We also want to see how a higher high rotation will affect the 
distribution as we expected a higher effect of the rotation to the spread. 
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5.2 Optimisation using full factorial design 
5.2.1 Effects for the top coat thickness and distribution 
Compared to chapter 2.1 we can see that our first round of full factorial design gives effects of 
approximately the same order to the mean thickness. The difference is that the paint flow is 
not significant in our results. We think the reason that the paint flow is not significant in the 
first round is because of the small difference between the levels. Compared to the second 
round of full factorial design we can see that the effect of shape air is almost negligible, but 
the paint flow is significant and the order of the effects is the same as in chapter 2.1. This 
result indicates that the order of the effects for the mean thickness is reliable. As we discussed 
in part 5.1 it is not known if we use the same applicator. Therefore, we are not sure about the 
validity. 

The results from the second round gives a good distribution of the paint and low spread. The 
results do not give any significant parameter regarding the spread. We believe that one reason 
that there is not any significance is that there are more parameters and interactions that has an 
effect that has approximately the same size and therefore no one seems to be significant 
relative to the others. If all those parameters are changed to affect the spread in the same way, 
it will result in a higher total effect. It is not easy to state how the spread can be controlled. 
When we analyse the effects from the three tests so far, we can see that the parameters should 
be controlled in different ways, depending on the paint flow, to decrease the spread. The 
spread cannot be treated as a linear problem when optimising. We can see that there are more 
interactions affecting the result. Therefore, we believe that the spread is more complex and 
more complicated to control than the mean thickness. 

We think that the difference between the tests show that the process is sensitive and the 
results can differ depending on the settings you choose. If you for example lower the paint 
flow and increase the shape air you might change the width of the spray pattern. This change 
will force you to change the overlap to get an even layer. It is also important to carefully 
choose what you want to analyse in your tests. By choosing different levels, parameters and 
with some variance, the statistics may be misleading. A smaller difference between the levels 
will lead to a smaller effect. Therefore, it is important to think twice about what you choose to 
investigate and what the results shows. 

 

5.2.2 Results from the thickness measurements 
All the mean thicknesses we got from the first round was larger than 40 µm, and since the 
target here at Scania is 40 µm we need results closer to the target. This is needed both to get 
more knowledge about the colour that is supposed to be sensitive to changes in the thickness 
and since we need to get close to the target of 40 µm to optimise the top coat thickness. When 
we decreased the low level of paint flow for the full factorial design we expected to get a 
mean thickness lower than 40 µm, but when analysing the result, we did not get below the 
target and we think we know why. In the screening a difference of the paint flow of 14 % 
gave a difference of 6,7 µm, which is almost 0,5 µm per p.p. According to this we would need 
to decrease the low level of paint flow at least 9 p.p. We chose to decrease the level from 93 
% to 87 % which is a reduction of 6 p.p. In the second round, the level was decreased 4 p.p. 
further which is a total reduction of 10 p.p. and the setting of 83% yields a thickness of 
approximately 39 µm to 40 µm. This knowledge will help Scania to handle any changes of the 
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thickness in the future. The first round also shows no significance from the paint flow 
regarding the thickness. It is clearly possible to handle the thickness by changing the paint 
flow. The relationship between the paint flow and the top coat thickness seems to be linear. 

It is possible that some difference between the tests occur due to variance and changing 
circumstances. To see this variance, we have chosen to run a reference sample before each 
experiment. As we can see in appendix 7 the variance between the reference samples from the 
screening and first round of full factorial design are small. The samples have similar mean 
thickness and paint distribution. The variance between those samples compared to the second 
round of full factorial is bigger. The mean thickness does not vary that much but the 
distribution is visually different. The two first reference samples have the donut shape, where 
there is less paint in the middle, and the last reference sample has a more even paint 
distribution. This shows that the process is not totally stable which can affect the result from 
day to day. Why this occur is not known, but it is important for us to know when drawing any 
conclusions. From informant 3, informant 5 and informant 6 we know that there is variance 
between different occasions. We cannot state if it occurs by chance, changing conditions or by 
human error. 

 

5.2.3 Effects and results from the colour measurements 
Similar to the results from the screening we can see that the difference in colour is low 
between the different sub-experiments. Because of the small differences, the effects from the 
pareto charts are small. A difference is that the high rotation is significant for the colour in 
illuminant F11. This shows that between 37 µm and 48 µm the difference in colour is small. 
Unfortunately, we still do not know how the colour behaves with a thickness below 35µm as 
we have not achieved a thickness this low. The data we have gathered so far indicates that the 
colour is not very sensitive when the thickness is within the tolerance of 40 ± 5 µm. 
Therefore, it is still possible that the colour is sensitive at a lower thickness. These results 
show that it is good to stay within the thickness tolerance. Since the factors have very low 
effects, we think that it is hard to change the colour by changing the settings of the robotic 
applicator. 

In chapter 2.5 it is stated that the paint flow is the parameter that affects the brightness of the 
paint the most. This is not the result in any of our experiments. Instead it seems that the high 
rotation is the parameter that affects the colour the most. When we analyse the colour 
measurements from the samples with the highest and lowest paint thickness we can see a 
higher divergence in colour at a low thickness. As we know that the paint flow mainly affects 
the mean thickness it could also be possible that it affects the colour as well. This is a 
possibility as the biggest colour differences ca be found between the samples with the highest 
and lowest thickness. Anyway, all the effects regarding the colour are very small.  

 

5.2.4 Optimisation 
One objective in this thesis is to get an even distribution of the paint and a thickness of 40 µm. 
We think that sample 8 from the second round gives a very good result and help us to answer 
this question. The thickness is approximately 40 µm and the spread is very low. We think this 
is a satisfying result. 
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5.3 Confirmation 
We would have preferred a few test samples with our settings and then a few with the settings 
that Scania uses today in the production. Regarding some unscheduled mishaps that was out 
of our control, we did not have the time to do more than one test sample of each settings. We 
still feel that the two samples we could compare was good enough to draw conclusion 
between the two settings. We believe that the difference is very clear and that our settings are 
better than the settings Scania uses today.  

 

5.3.1 Comparison 
If we compare the results from the two tests, there is a big difference between the two 
settings. First of all, the thickness of the top coat is very different, our optimal setting has a 
thickness of about 40 m which is exactly the thickness that Scania wants for their top coat. If 
we on the other hand look at the settings they run in today’s production we can see that the 
thickness is around 48,5 m which is way too thick and above the tolerance which is 40  5 
m.  

If we compare the second response, which is the distribution of the top coat, it is clear that our 
optimal settings yield a much smoother top coat than the settings they use today. Our settings 
will reduce the spread of the top coat with around 42 %. Using our optimal settings will also 
save on average 4043 € per year in paint consumption, which is a reduction of around 20 % 
by comparing the annual cost of using Scania’s settings. A cost reduction of 4043 € per year 
might not sound like a lot, but this is a reduction of only one of 450 colours. Then imagine the 
money Scania could save if a similar reduction of annual cost could be done on all the colour, 
or on the colour “standard white” which is 60 % of the production here in Oskarshamn. Our 
settings will not only reduce the paint consumption, a lower top coat thickness will also help 
to reduce the number of quality errors like pops and craters according to chapter 2.4. The 
lower top coat thickness will also help to decrease dripping according to informant 3. A 
reduction of quality errors that will require rework will also help to further reduce the 
production cost.  
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6  CONCLUSIONS 

Shape air and high rotation clearly affect the distribution of the paint. It is also likely that the 
interaction between the shape air and high rotation may affects the paint distribution. This 
means that those parameters will affect the distribution. The paint flow itself does not have a 
high effect on the distribution. It cannot be ignored as there are interactions between the paint 
flow with shape air and high rotation of smaller effects. Therefore, different levels for the 
shape air and high rotation are needed depending on the paint flow. If the paint flow is 
decreased, the shape air and high rotation needs to have decreased level as well according to 
our results.  

Paint flow is the factor that has the biggest effect, regarding the thickness of the paint. Which 
was expected from the beginning since the paint flow control how much paint that leaves the 
nozzle. We have learned that the thickness of the paint can be controlled by only changing the 
paint flow. It is likely that the paint flow has a linear effect to the thickness of the paint, with 
an approximate difference of 0,5 µm per p.p. during normal painting conditions with two 
layers. 

The parameters investigated in this master thesis has a small effect on the colour. There are 
some indications that the colour may be affected by the thickness of the paint, especially at 
lower a lower thickness. According to our results we think that the colour mainly is affected 
by the paint itself. In D65 illuminant the colour has a higher deviation with a lower paint 
thickness and in F11 illuminant the deviation is lower with a lower paint thickness. Therefore, 
the colour may be sensitive to a lower paint thickness outside the tolerance of 40 ± 5 µm. We 
are not sure of this since we did not get a test sample during our experiments that was below 
35 µm, no real conclusions can be drawn at this point. There are no indications that the colour 
is very sensitive to the thickness within the tolerance. 

During this thesis, we have had limited number of chances to do experiments, as the 
experiments must be executed during the production. Therefore, we could not do repetitions 
of the experiments even though we would have preferred this. Because of this limitation, it is 
not possible to clearly state which parameters that are significant manually by hand. This is a 
limitation with Design of Experiments, where the variance must be known or repetitions are 
needed to state significance and effects with certainty. During the master thesis, we have 
noticed that although an effect appears to be non-significant, it still may affect the process in a 
relatively big manner. Because of this, it is important to analyse the results carefully and 
check if the effect itself is big enough to affect the process in a manner that is interesting. If 
more than one parameter has similar effects they may be non-significant to each other 
although the effects are high. 

The optimisation gives a result of 1,535 µm in spread and 40,08 µm in mean thickness of the 
top coat. The levels from the optimisation is 83 % paint flow, 90 % shape air, 90 % high 
rotation and 100 % high voltage. This is a good result compared to the tolerance of 40 ± 5 µm 
and today’s production which gives 2,66 µm in spread and 48,49 µm in mean thickness.  

Design of Experiments is a method that can be used for further optimisations and product 
introductions. To perform the method on all colours would require a lot of work. Therefore, 
the method must be supported by a faster application of the method. For example, a colour 
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can be tested with the same levels for the factors that another colour with similar 
characteristics first. A way to do this would be to investigate if colours with similar solid 
content could be run with the same levels. To also speed up the Design of Experiment 
process, it is possible to do a full factorial design directly with only paint flow, shape air and 
high rotation. Also, the method is not that simple to learn and understand. It takes a lot of time 
and energy to fully learn the method. 

With Design of Experiments we can show clear numbers of how much a factor affects the 
result by changing a factor from a low to a high setting. It is also possible to show how the 
parameters interact and how much these interactions affect the result. The test method that we 
have designed during this thesis makes it possible to perform an experiment that mimic the 
true production. Therefore, optimisations of the top coat can be tested and measured in a time 
efficient way. 

Our master thesis gives further knowledge on how to control the parameters to achieve an 
even top coat and a wanted thickness of the top coat. This makes it possible to avoid rework 
and reduce material consumption. By reducing rework and material consumption, it is 
possible to minimize working hours and the environmental impact.  
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7  RECOMMENDATIONS AND FUTURE WORK 

A test on a whole cab with our settings is required to be able to use the results from this thesis 
in the production. Thickness measurements before and after the paint job is needed and then a 
quality check to look for any errors. This is important to check the result when the surface that 
is painted is not completely flat. These tests could be used to state if a target thickness of 40 
µm on a flat surface is recommended to get 40 ± 5 µm on a cab with different geometries. 

A faster approach is needed to use Design of Experiments for any future optimisations. Our 
idea is to investigate if different colours with the same solid content could be run with the 
same settings. This is because it would take a lot of time to perform this method for more than 
450 colours that Scania use in the production. If a different result is achieved with the new 
colour that has similar characteristics and using the same settings, the colour needs to be 
placed in another colour group. We would recommend using more colour groups than today 
to fit all the colours. We have two different ideas to investigate what settings the needed 
colour group should have. The first idea is to run the colour directly in a full factorial design 
with paint flow, shape air and high rotation. Since we believe that these factors always will 
affect the result regardless the paint characteristics. The second idea is to initially only change 
the paint flow to find the wanted top coat thickness. When the thickness is satisfying, Design 
of Experiments is run with only high rotation and shape air as changing factors, to get a good 
distribution of the paint with the optimal paint flow. 

We think that Design of Experiment can be a powerful tool to further optimise the process. It 
is important to have some understanding of the method to get successful outcome. First of all, 
it is important to have knowledge in the mathematical statistics, Design of Experiment and 
how the process works. The knowledge in Design of Experiment and mathematical statistics 
is important to fully understand what the result actual shows, otherwise the results might get 
misinterpreted and conclusion might therefore be misleading. A parameter may have an effect 
that is big enough to affect the result, but still appear to be non-significant if other parameters 
have a similar effect. The result may also be misleading due to the choice of levels. 

It is possible to do a more accurate optimisation than the one we did. This is done by 
performing a test with Design of Experiment and plot it in a cube plot. After this first 
optimisation you perform a new Design of experiment with new levels of the factors that are 
closer to the best response in the first round. This approach is visualized in appendix 9. 

A new study is recommended to apply our method on an optimisation of metallic colours. 
This is mainly due to the fact that the top coat of a metallic paint consists of a base coat and a 
clear coat. The metallic paint also has different characteristics compared to a solid paint.  
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APPENDIX 

 
Appendix 1 
Interviews 

Informant 1: Quality 

Vilka kvalitetsmätningar görs som standard i produktion? 

- Man gör kulörmätning på de fem första av varje färg på varje skift, alltså tre gånger 
om dagen, dock mäter man alla metallic hytter. 

Vanliga avvikelser? 

- För det första så gör olika människor olika bedömning eftersom det är en visuell 
kontroll. Det medför att vid en första inspektion har man bara 50 % träffsäkerhet 
angående brister och om en hytt sedan tas ner till bättring så har man 90 % 
träffsäkerhet. Därför är det svårt att identifiera felen. I övrigt är massaspill en vanlig 
och dyr avvikelse. 

Övrigt 

- Det allra vanligaste problemet är damm och partiklar i lacken. Detta är det som tar 
mest tid vid touch up att polera bort. 

 

Informant 2: Colour specialist 1 

Extra intressanta färger?  

- Svart 139614 är intressant och passande för att den har ganska dålig struktur och visar 
brister tydligare. 

Vanliga problem? 

- Färgen får ofta en mörkare kulör när den kommer på hytten jämfört med innan 
applicering. Trots att den innan applicering är inom toleranser kan den efter 
applicering vara utanför toleranser, vilket innebär att vi gör något fel. 

Vad tror du om att undersöka klarlack? 

- Problemet med klarlacken är att i produktion har den en metallic bas som inte bedöms 
och som kan ligga till grund för problem i klarlacken. Detta är något som i så fall hade 
gett en stor osäkerhet. 

Hur intressant hade det varit att köra alla tester i CCM? 

- CCM line är ny och intressant. Så det tror jag inte är en dum idé. 

Mätbarhet på struktur? 
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- Man får inga tydliga mätvärden att utgå ifrån och målvärdet är heller inte tydligt. Det 
är något som bäst bedöms visuellt 

 

Informant 3: Robot programmer 

Vilka parametrar tycker du kan vara intressanta? 

- En sak är att sprutbilden sällan får en bredd på 350 mm i praktiken vilket ger olika 
fördelning. Det finns också mycket materialistiska parametrar som man inte skall 
glömma, exempelvis klockor och shape air ringar. Jag tycker att mycket bidrar till att 
vi får olika resultat vid två olika tester med samma inställningar. Men annars är det 
enklast att ändra robotparametrarna och de gör stor skillnad. 

Vilka möjligheter till att göra tester finns? 

- Så länge vi får reda på det minst dagen innan så kan vi fixa tester under planerade 
stopp som vi har dagligen. Det är också bra att då ha kontakt med UH. 

Hur mycket behöver man ändra på parametrarna för att det ska ge skillnad? 

- Exempelvis på shape air och rotation behöver man bara ändra några enstaka procent. 
Men man kan se i kulörgrupperna hur mycket man generellt ändrar. 

Övrigt 

- Ett stort problem som ger stor direkt påverkan för produktions skull är dålig 
upprepningsbarhet. Samma inställningar kan ge olika resultat vid olika tidpunkter. För 
att undvika rinning kan vi ibland gå in och sänka HV vid specifika ställen eftersom att 
hytten då drar till sig mindre färg. 

 

Informant 4: Colour specialist 2 

Hur bedöms sprutbilderna idag? 

- Det viktiga när vi kollar sprutbilder är att den är jämn och inte hålig. I övrigt tror jag 
att sprutbilden är ganska central. Den kan både påverka skikt och kulör. Men den är 
svår att betygsätta. 

Vilka metoder har man idag när man introducerar en färg? 

- Rent trial and error försök. Man jobbar med att ändra en parameter i taget vilket jag 
tycker är en tveksam metod då man inte får med någon samverkan mellan olika 
parametrar. 

Övrigt 

- Man har en stor spridning i resultaten och man vet inte vad det beror på. Därför är 
upprepningsbarhet något intressant. Skiktet är viktigt för många kvalitetsaspekter, det 
kan påverka både kulör och struktur. Solid content kan vara något att titta på för att 
enklare introducera nya färger och placera dem i olika kulörgrupper. 
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Informant 5: Colour preparations 

Vilken/vilka färger skulle du tycka känns intressant? 

- Det beror väldigt mycket på vilken produktionslinje man har tänkt köra testerna i. Men 
om det är CCM som gäller så är absolut klarlacken intressant. Den körs mycket där 
och man har en fördel i att man slipper kontrollera kulör. 

Tror du att en avgränsning mot solid content/överföringsbarhet i kombination med 
exempelvis sprutbild eller kulör kan vara något att titta på? 

- Med överföringsbarheten finns det två problem. För det första så är det inte så pass 
mätbart som ni tror, man får inget exakt värde. Samtidigt tror jag det är en väldigt liten 
del. Man har så mycket färgförluster i andra delar där man tar hand om överbliven färg 
och i färgköket, vilket gör att om man använder någon deciliter mer eller mindre på 
själva hytten så gör det inte så stor skillnad. Man har helt enkelt mer färgförluster på 
andra ställen. Däremot är ett jämnt skikt mycket intressant att få, men jag tycker inte 
att man bara kan kolla på en sprutbild som vissa hävdar och försöka undvika ”donut” 
formen. Antingen får man göra en annan typ av tester eller så får man spegla ett 
överlapp som ser likadant ut som slaget på testplåten. Man kanske skulle kolla på en 
hel dörr? Något annat som skulle vara intressant att kolla på och är mer mätbart och 
ger ett värde som ni verkar vara ute efter är finish. Med finish menar jag kanske främst 
apelsinskalseffekten. Vi mäter den genom att dra en bil över den lackerade ytan som 
mäter våglängden på vågigheten i färgskiktet, sedan ska kurvan följa en tydlig kurva 
som vi har att följa efter enligt standard. Däremot kanske det är svårare att sätta upp en 
exakt målbild i det fallet. 

Tror du försöksplanering hade varit en bra metod att angripa problemet? 

- Försöksplanering kan vara ett alternativ. Men en nackdel om ni bara kör ett gäng tester 
med en blandning av parametrar så kanske ni får jättefint resultat med vissa 
parametrar, men vad som inte syns i det resultatet då är att sprutbredden också 
förändras av de nya inställningarna. Det kan medföra att när man kör de parametrarna 
i produktionen sen så blir hytten helt randig på grund av annan sprutbredd. 

Många har nämnt repeterbarhet som ett problem, vad tycker du om det? 

- Ja om man vill göra något som gör stor skillnad för produktion så är det absolut 
mycket intressant. Frågan är egentligen varför vi får olika resultat från dag till dag. 
Men för att ta reda på det och mycket annat också egentligen, så tror jag att man 
kanske hade behövt kolla på fler parametrar än bara applikationsparametrarna. Man 
hade behövt yttre parametrar också. Problemet är att det är så mycket som påverkar 
resultatet. 

Vilka yttre tänker du på främst om man ska försöka begränsa sig något? 

- Ja det finns ju väldigt många, men för att begränsa det skulle jag säga sättningstider 
mellan slag och andra tidsbegränsningar. Egentligen är processen i ugnen också 
intressant men det blir väldigt mycket då. 
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Med tanke på att du har jobbat på Swerea, tror du det hade kunnat vara lönsamt att 
jämföra med test i labbmiljö? 

- Ja absolut. Speciellt om ni vill kolla på repeterbarhet. Man kan fråga sig om vi 
verkligen får de inställningar som man ställer in i datorn och hur det ska kontrolleras. 
Vad är det som kan begränsa en möjlig brist i repeterbarheten? Men innan man tar 
kontakt med Swerea i så fall så ska man nog ha ett väldigt tydligt mål med vad man 
vill göra hos dem och vad man vill uppnå, en tydlig avgränsning egentligen. 

Om du skulle rekommendera en tydlig begränsning i projektet vad skulle du 
rekommendera då? 

Kör i CCM, med bara klarlacken och kolla på apelsinskalet(finish), skikt och repeterbarhet. 
Jag tror också att man ska försöka kolla på mer än bara applikationsparametrarna. 

 

Informant 6: Experience from earlier testing 

Hur beräknas överföringsgraden? 

- Man kollar hur mycket färg som har lämnat munstycket och jämför med vilken solid 
content färgen har. Då får man ut hur mycket förluster man har. Man kollar hur 
mycket färg som hamnat på testplåten. 

Kan solid content ändras eller varför har kulörer olika? 

- Man kan förändra solid content genom att tillsätta lösningsmedel. Men i produktion är 
det leverantören som styr detta. Dock har alla färger samma viskositet oberoende av 
solid content. 

Tror du att överföringsgraden hade kunnat vara en bra responsvariabel? 

- Egentligen tror jag sprutbilden hade varit en bra responsvariabel för er. Den påverkas 
mindre och är därför en bra parameter att mäta på. Dock vet jag inte om man har något 
bestämt intervall den ska vara inom. 

Övrigt 

- Solid content kan ses som allt som är kvar på hytten efter färgen har härdat. Efter de 
tester jag har varit med och gjort ska man veta att man får väldigt olika resultat mellan 
gångerna. Man får också olika resultat här och på Swerea. Man ska tänka på att välja 
en stabil produktionslina att testa på.  
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Informant 7: Professor regarding DOE 

Är det viktigt att ha samma intervall på nivåerna för alla faktorer? 

- Nej, du behöver inte ha samma procentuella skillnad för alla faktorer. Effekterna 
påverkas inte av hur mycket du ändrar nivåerna utan det handlar om effekten av att gå 
från hög till låg nivå för varje faktor. Nu har jag inte så bra koll på hur era faktorer 
påverkar processen men ett generellt tips är att våga ändra så mycket så det blir en 
tydlig skillnad i början för att sedan kanske skala ner ändringen. 

Räknas det som duplikat eller replikat om vi gör två mätningar på samma testplåt men 
på två olika ställen? 

- Det är ett duplikat. Om man vill göra ett replikat för att garantera rättvisa förhållanden 
mellan olika tester vid olika tillfällen och repeterbarheten så kan man spränga in 
centrum/normal/noll tester både i mellan, före och efter de riktiga delförsöken. På så 
sätt får man hela tiden loggat resultaten av dessa centrumvärden så att de ger samma 
resultat varje gång. 

Hur tycker du att man ska se på responsen om man har mer än en responsvariabel? 

- Eftersom att ni har en parameter (sättningstid mellan slag) som påverkar takttiden så 
skulle ett sätt kunna vara att försöka behålla samma kvalitet som man har med dagens 
nollvärden men att försöka göra en billigare målning. Exempelvis genom att minska 
takttiden eller kanske använda mindre mängd färg. Man kan också tänka sig att man 
ska behålla den ena responsvariabeln konstant men optimera mot den andra. 

Vet du några lämpliga program man kan använda sig av för att analysera och logga 
resultaten? 

- Tidigare har jag använt MATLAB genom att göra egna koder. Men numer använder 
de flesta ett gratis program som heter R (R statistic software). Om man jobbat med 
MATLAB tidigare så kan man använda deras version som heter R-studio där 
MATLAB kunskaper är en fördel. 

Något som är viktigt vid för-tester? 

- Det kan vara bra att köra med extremfallet av faktorkombination för att se att det 
fungerar som det ska. 

Övrigt 

- Jag skulle säga att ni befinner er i Screening fasen vilket innebär att man gör 
översiktliga tester där man tar reda på information och kokar ner antalet faktorer till 
färre. Senare går ni vidare till Characteristing fasen där man arbetar med och 
analyserar dessa färre faktorer som är aktiva. Slutligen går man in i fasen Optimum 
där man arbetar med att optimera faktorerna för bästa resultat.  
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Appendix 2 
Example from Holmbom (2013): 

Given factors is; A, B, C, D, E in a 25−2 reduced factorial design matrix. Therefore, there will 
be two similarities: 

D = AB 

E = AC 

The similarities gives: 

I = DD = ABD 

I = EE = ACE 

Because II=I gives: 

II = ABD*ACE = 𝐴2BCDE = I*BCDE = BCDE 

Therefore: 

I = ABD = ACE = BCDE 

Which gives the shortest relation to three and therefore, resolution three as well. 
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Appendix 3 
Observations 

Sprutbildstester 22/2 

Tester körs på BCM. Man kör fyra slag varav två upp och två ner med en vit solid kulör. Vid 
diskussion om skiktmätning bestämdes att vi ska deltaga vid skiktmätning av dessa tester 
under morgondagen. De fyra slagen ska ge ett skikt på ungefär 30 µm. Plåtarna numrerades i 
förväg. Kontakt sker med kontrollrummet som är med och kör testerna, de är delaktiga att 
starta robotlackeringen och skriva in vilka parametrar de vill testa i varje deltest. Diskussion 
om sättningstid utmynnade i att personen tror att sättningstid kan ställa till med att det tar lång 
tid att utföra tester. Vi fick reda på att det tar ungefär en och en halv timme för hytten att gå 
igenom ugnen. 

Skiktmätning 23/2 

Det visar sig att vid deras skiktmätning tar de olika antal mätvärden i varje position och av 
erfarenhet bestämmer dem när värdet enligt mätaren verkar vara stabilt, exempelvis visar 
ungefär samma värde två till tre gånger. Spontant känns denna metod inte vetenskaplig och 
korrekt. Diskussion gav också att det går att göra kulörmätningar på de små testplåtarna. Men 
dock måste man ha ungefär 40 µm skikt för att det ska ge ett korrekt värde. i detta test kollar 
de bredden på sprutbilden.  

Sprutbildstester 23/2 

Vid diskussion med en operatör i kontrollrummet ger han sin åsikt på vår idé att måla med fler 
slag och överlapp vid tester för att få ett mer produktionsanpassat test. Han tycker att metoden 
verkar mer intressant än dagens metod. Vi lyckas också se en produktionshytt gå igenom 
BCM och spontant verkar sättningstiden väldigt lång. Denna gången kör de åtta slag utan 
sättningstid emellan och det resulterar i för mycket ej torkad färg som börjar rinna. 

Kulörmätning 28/2 

Vi fick vara med vid en kulörmätning. Det såg ganska simpelt ut men genom diskussion fick 
vi ut att man använder två olika mätverktyg på grund av att de ger väldigt olika värden. Detta 
är självklart ett problem för oss då man behöver bra och tydliga responsvariabler. 
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Appendix 4 
Screening results 

 

Figure A4.1. Plot of top coat layers for sample 1. 

 

 

Figure A4.2. Plot of top coat layers for sample 2. 
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Figure A4.3. Plot of top coat layers for sample 3. 

 

 

Figure A4.4. Plot of top coat layers for sample 4. 
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Figure A4.5. Plot of top coat layers for sample 5. 

 

 

Figure A4.6. Plot of top coat layers for sample 6. 



 

 80 

 

Figure A4.7. Plot of top coat layers for sample 7. 

 

 

Figure A4.8. Plot of top coat layers for sample 8. 
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Figure A4.9. Plot of top coat layers for sample 9. 

 

 

Figure A4.10. Plot of top coat layers for sample 10. 

 



 

 82 

 

Figure A4.11. Plot of top coat layers for sample 11. 

 

 

Figure A4.12. Plot of top coat layers for sample 12. 
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Figure A4.13. Plot of top coat layers for sample 13. 

 

 

Figure A4.14. Plot of top coat layers for sample 14. 
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Figure A4.15. Plot of top coat layers for sample 15. 

 

 

Figure A4.16. Plot of top coat layers for sample 16. 
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Table A4. Table of colour measurements from screening. 

Row Limit CMC Sample Row Limit CMC Sample Row Limit CMC Sample 

1 
D65/10° 0,08 

1 
1 

D65/10° 0,11 

7 
1 

D65/10° 0,11 

12 F11/10° 1,11 F11/10° 1,01 F11/10° 1,03 

2 
D65/10° 0,08 

2 
D65/10° 0,09 

2 
D65/10° 0,14 

F11/10° 1,09 F11/10° 1,04 F11/10° 1,03 

1 
D65/10° 0,10 

2 
1 

D65/10° 0,09 

8 
1 

D65/10° 0,08 

13 F11/10° 1,00 F11/10° 1,05 F11/10° 1,08 

2 
D65/10° 0,10 

2 
D65/10° 0,10 

2 
D65/10° 0,06 

F11/10° 1,01 F11/10° 1,05 F11/10° 1,08 

1 
D65/10° 0,13 

3 
1 

D65/10° 0,08 

9 
1 

D65/10° 0,07 

14 F11/10° 0,99 F11/10° 1,09 F11/10° 1,09 

2 
D65/10° 0,13 

2 
D65/10° 0,10 

2 
D65/10° 0,07 

F11/10° 0,99 F11/10° 1,08 F11/10° 1,12 

1 
D65/10° 0,07 

4 
1 

D65/10° 0,10 

10 
1 

D65/10° 0,08 

15 F11/10° 1,08 F11/10° 1,04 F11/10° 1,01 

2 
D65/10° 0,08 

2 
D65/10° 0,09 

2 
D65/10° 0,09 

F11/10° 1,08 F11/10° 1,04 F11/10° 0,98 

1 
D65/10° 0,08 

5 
1 

D65/10° 0,08 

11 
1 

D65/10° 0,06 

16 F11/10° 1,10 F11/10° 1,09 F11/10° 1,01 

2 
D65/10° 0,09 

2 
D65/10° 0,08 

2 
D65/10° 0,07 

F11/10° 1,13 F11/10° 1,09 F11/10° 1,00 

1 
D65/10° 0,08 

6 
        

F11/10° 1,07 
        

2 
D65/10° 0,08 

        
F11/10° 1,09 
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Appendix 5 
Data sheet of measurement trueness 

 

Figure A5. Data sheet showing the trueness of thickness measurement system.  
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Appendix 6 
Full factorial results from round 1 

 

 
Figure A6.1. Plot of top coat layers for sample 1. 

 

 
Figure A6.2. Plot of top coat layers for sample 2. 
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Figure A6.3. Plot of top coat layers for sample 3. 

 

 
Figure A6.4. Plot of top coat layers for sample 4. 
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Figure A6.5. Plot of top coat layers for sample 5. 

 

 
Figure A6.6. Plot of top coat layers for sample 6. 
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Figure A6.7. Plot of top coat layers for sample 7. 

 

 
Figure A6.8. Plot of top coat layers for sample 8. 
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Appendix 7 
Full factorial results from round 2 

 

 

Figure A7.1. Plot of top coat layers for sample 1. 

 

 

Figure A7.2. Plot of top coat layers for sample 2. 
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Figure A7.3. Plot of top coat layers for sample 3. 

 

 

Figure A7.4. Plot of top coat layers for sample 4. 
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Figure A7.5. Plot of top coat layers for sample 5. 

 

 

Figure A7.6. Plot of top coat layers for sample 6. 
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Figure A6.7. Plot of top coat layers for sample 7. 

 

 

Figure A7.8. Plot of top coat layers for sample 8. 
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Table A7. Table of colour measurements from full factorial design. 

Row Limit CMC Sample Row Limit CMC Sample 

1 
D65/10° 0,19 

1 
1 

D65/10° 0,25 

5 F11/10° 0,90 F11/10° 0,90 

2 
D65/10° 0,22 

2 
D65/10° 0,24 

F11/10° 0,90 F11/10° 0,91 

1 
D65/10° 0,09 

2 
1 

D65/10° 0,16 

6 F11/10° 0,96 F11/10° 0,97 

2 
D65/10° 0,12 

2 
D65/10° 0,18 

F11/10° 0,95 F11/10° 0,96 

1 
D65/10° 0,12 

3 
1 

D65/10° 0,24 

7 F11/10° 0,95 F11/10° 0,92 

2 
D65/10° 0,13 

2 
D65/10° 0,29 

F11/10° 0,94 F11/10° 0,89 

1 
D65/10° 0,17 

4 
1 

D65/10° 0,18 

8 F11/10° 0,90 F11/10° 0,95 

2 
D65/10° 0,14 

2 
D65/10° 0,19 

F11/10° 0,92 F11/10° 0,95 
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Appendix 8 
Reference samples 

 

 

Figure A8.1. Distribution for reference sample from screening. 

 

 

 

Figure A8.2. Distribution for reference sample from first round of full factorial design. 
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Figure A8.3. Distribution for reference sample from second round of full factorial design. 
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Appendix 9 

 

Figure A9. Illustration of a more accurate optimisation.   
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