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The target of this thesis is to investigate if it is possible to decrease the lead time of tube 
head vacuum process by at least 50 % or more. Currently the vacuum process is a bottle 
neck in the tube head production. It inhibits the continuous flow of products and forces 
the production to be run in batches.  

It has been hypothesized that the process could be significantly shortened. This has not 
been done since there has been no research to support this hypothesis. There also isn’t 
enough understanding on how much air or moisture would cause problems in a tube 
head. Structural and operational differences of the products make it difficult to esti-
mate how much vacuuming is required for a specific product. Furthermore, the final 
testing of each finished products can’t fully verify, if the vacuum process has been suffi-
cient. Consequently, the process needs exhibit the ability to produce steady quality. 

This thesis will present a test plan that is used to verify statistically, if the vacuum pro-
cess could be made shorter for all tube heads. This is to be accomplished with a high 
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will be tested. However, the same testing process can later be used for all products 
which will be left out of the initial testing. 
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1 INTRODUCTION 
This thesis is produced for Kavo Kerr Group, which provides technology for dental 
businesses. Kavo Kerr Group is part of Danaher Corporation. The Tuusula site, where 
this research is conducted, manufactures imaging equipment. These machines are used 
by the worldwide dental market. 
 
1.1 Research background 
High voltage (HV) minifactory produces tube heads for all the X-ray machines manu-
factured in the Tuusula factory. The total demand and the variation between different 
products are defined by the production plans of the final assembly lines, which in turn, 
are created according to customer orders. The assembly lines, or minifactories, assemble 
and test the X-ray machines. No X-ray machine can be completed without the tube 
heads made at HV production. HV production is therefore vitally important for fulfilling 
the orders. 
 
The purpose of the vacuum process is to make sure there is no significant amount of air 
or moisture left inside the tube head once they have been filled with oil, then sealed and 
prepared for customer use. Any impurities within the oil can cause arching inside the 
tube head assembly (THA) when the product is being used. 
 
The vacuum process, in its current state, is very time consuming. There is a strong con-
sensus that the process lead time could be made significantly shorter by improving the 
process and by acquiring enough statistical data to determine the optimal time required 
for vacuuming.  
 
When the process was originally created, the vacuum time was set to a certain level that 
was proven to produce quality products. At the time, it was not viewed necessary to 
make the vacuuming process shorter. Research was therefore not conducted to find out 
how long of a vacuuming still has a positive impact on the quality of the products. Con-
sequently, the cycle time has remained long and now creates a bottleneck to the tube 
head production process. 
 
There are several reasons why the vacuuming process time should be reduced if possi-
ble. Possible increase in future demand, large amount of different products and limited 
resources together create this need to significantly shorten the vacuum process. 
 
Danaher has strongly adopted the lean philosophy that aims to minimize waste in pro-
cesses. Decreasing lead time of a production process reduces the amount of work in 
process (WIP) and the value of inventory required for keeping the process running. 
Lead time reduction would also decrease the required amount of buffer stock of fully 
assembled tube heads, since reacting to changes in customer demand would be faster. 
 
  



  
 

 

 
 

1.2 Research scope 
This thesis concentrates on the vacuum process of x-ray tube head production at HV 
minifactory. Main focus of the research is to find out if it is possible halve the vacuum-
ing time of all tube heads, without causing a negative impact on quality. This will in-
clude creating of a test plan and the equipment required to carry out the testing. 
 
The scope of possible time saving research will more specifically be limited to two pro-
cess steps: vacuuming before oil is poured into the tube heads and the vacuuming that 
follows the oil pouring. Optimizing the time spent on other steps, both before and after 
vacuuming, is not within the scope. 
 
Research will include the highest volume products manufactured at Tuusula factory. 
The same testing process can later be applied for other products. 
 
Work methods and material flows will also be analyzed for improvement possibilities 
during the entire vacuuming process. Recommendations for improvement of these pro-
cesses are to be made by analyzing their costs and benefits. 
 
1.3 Targets of research 
The primary target of research is to halve the cycle time of vacuum process in tube head 
production, without a negative impact on the quality of finished products. This is to be 
accomplished by gathering enough statistical data of shortened process to prove, with 
high enough confidence level, that no reduction in quality would occur by reducing the 
time products spend in the vacuum. 
 
The goal is to create a plan that can be used to investigate the possibility for vacuuming 
time reduction for all products manufactured in Tuusula factory. During the thesis, tests 
are to be started or carried out for the highest volume products. 
 
Secondary targets are the reduction of batch sizes and improvement of production con-
trol, and thereby go towards one piece flow. These targets can only be achieved if the 
product’s testing has been completed.  
 
1.4 Research methods 
The research will be conducted by examining literary sources to find proven solutions to 
similar challenges in the past. Statistical testing and analysis will be used to define 
proper sizes of testing batches. Main part of the research is empiric testing to find out 
how the tube heads react to the shortened vacuuming. 
 
1.5 Research structure 
First part of the research consists of related theory acquired from literary sources. Sec-
ond part is description of the current state of the vacuuming process. These are followed 
by the future state description and description of the tests that are conducted to test the 
desired future process. Final chapters will include recommendations for development 
and the summary of this thesis. Some of these chapters will not in fact be included in 
this thesis due to their confidential content. 



  
 

 

 
 

2 STATISTICAL TESTING 
This chapter discusses statistical testing as a way of gaining knowledge about a system. 
The chapter defines the normal testing procedures and illustrates different approaches to 
testing. The methods will concentrate on practical processes that can be used to gain 
data and test the performance of manufacturing processes. These methods will later be 
used to test the assumption that the vacuuming process could be made shorter. 
 
In statistical testing, assumptions presented about the fundamental set need to be 
phrased as hypotheses. When statistical analysis is performed, we are always testing 
some hypothesis. Statistical test is a ruling that states, in light of findings made, if a hy-
pothesis must be discarded or not. Test is carried out to find out if a hypothesis is fitting 
to describe the observations. (Milton 2003, Ropella 2007) 
 
 
2.1 Hypothesis testing process 
A hypothesis is a speculative statement that describes a relationship between variables. 
Hypothesis testing is the most used tool in scientific research. The testing of a hypothe-
sis is carried out as a sequence of steps. During these steps, data is gathered and analysis 
done to prove or disprove the hypotheses presented. (Martin 2012) 
 
The hypothesis testing process goes as follows (Martin 2012): 
 

1. Establish the alternative hypothesis (Ha) 
2. Establish the null hypothesis (H0) 
3. Decide on the risk one is willing to take for being wrong 
4. Decide on the appropriate statistic to test the H0 
5. Draw sample size (n), assess if the assumptions are met for the chosen statistic 
6. Decide if H0 or Ha is true 

 
The first step of hypothesis testing process is to present the alternative (research) hy-
pothesis. The amount of variables in a hypothesis can vary greatly. When a research is 
started, one or more initial hypothesis are presented. They represent the expected result 
of the study. (Martin 2012)  
 
There are often multiple variables to be taken into account in the hypothesis. These var-
iables can be divided in two groups: “predictor variables” that are independent variables 
and “criterion variables” that are dependent variables. (Martin 2012)  
 
Hypothesis can be presented as a directional hypothesis or a non-directional hypothesis. 
Non-directional hypothesis means that the researcher does not have a clear expectation 
regarding the direction of the results, while a directional hypothesis is used when the 
direction is considered clear. Non-directional hypothesis is usually used if there is no 
previous research or other source of information to suggest the likely outcome of the 
research. An example of usage of non-directional hypothesis is psychological studies, 
where the human reaction can’t be estimated without previous knowledge. (Martin 
2012) 
 



  
 

 

 
 

Second step in the testing process is establishing a null hypothesis. Null hypothesis is 
the one that will be tested statistically. Nullification of the null hypothesis could be 
viewed in support of some alternative hypothesis. It could also mean that the hypothe-
sized relation between some parameters does in fact not exist. (Martin 2012) 
 
Third step includes a risk evaluation. There is always a chance that a true hypothesis is 
rejected or an untrue one is accepted. To decide how great this risk is, the researcher 
sets an alpha (α) level. The most common level used is α = 0,05. At this level, the result 
is considered statistically relevant. In practice α = 0,05 means that there is a 5 % chance 
of rejecting a true H0. When the alpha is reduced, the reliability increases. However, 
reaching higher reliability also requires larger sample sizes. (Martin 2012) 
 
Fourth step in the process is to decide on the statistic and sampling distribution to be 
used in testing of the null hypothesis. Sampling distribution gives the testing a statistical 
foundation. The distribution type is chosen based on the type of variables being exam-
ined, the amount of dependent and independent variables, the measuring scales of de-
pendent variables, relationships between groups being compared and the assumptions 
that relate to the underlying statistic. (Martin 2012) 
 
Fifth step is to take a specified sample size. The data is then screened to make sure it is 
accurate and doesn’t have missing values. During the fifth step it is also assessed if the 
assumptions of the chosen statistic are met. Sometimes the screening may result in a 
need to modify the data. (Martin 2012) 
 
In the data screening process, the data is either entered by hand into a computer system 
or imported straight from a source. It is important to note that all methods of data com-
pilation have some degree of imprecision. Therefore, various methods should be used to 
check accuracy of the data before performing statistical analyses. (Martin 2012) 
 
During the screening, the missing data is also of concern. Data can sometimes end up 
missing due to a handling error. Another reason could be that one of the samples in the 
group has for some reason not given out any data. (Martin 2012) 
 
Sixth step is to decide if the null hypothesis should be accepted or rejected. This deci-
sion is based on statistical analysis of the reliable test data that remains after the screen-
ing. The decision of rejecting or not rejecting the H0 is based on α. If the significance 
probability is less than α, the H0 is rejected. (Martin 2012) 
 
Rejecting or accepting the null hypothesis is then not  a certainty. When the testing is 
finished, some probability has been reached to support the hypothesis. There is always 
some chance that the conclusion is not the correct one. (Martin 2012) 
 
2.2 Design of Experiments - DOE 
Experiments are performed in many manufacturing organizations to better understand 
manufacturing processes. Experiments are often conducted in a series of tests which 
produce quantifiable results. In order to continuously improve product/process quality, 
it is fundamental to understand the process behavior, the amount of variability and its 
impact on processes. In an engineering environment, experiments are often conducted to 
explore, estimate or confirm. In manufacturing processes, the primary interest is often to 



  
 

 

 
 

explore the relationships between the key input factors and the output performance or 
quality characteristics. (Davim 2012, Jiju 2003) 
 
DOE has several applications in developing manufacturing processes. These applica-
tions include (Jiju 2003): 
 

• Improved process yield and stability 
• Improved profits and return on investment 
• Improved process capability 
• Reduced process variability and hence better product performance consistency 
• Reduced manufacturing costs 
• Reduced process design and development time 
• Heightened morale of engineer with success in chronic-problem solving 
• Increased understanding of the relationship between key process inputs and out-

puts 
• Increased business profitability by reducing scrap rate, defect rate, rework, re-

test, etc. 
 
DOE begins with a hypothesis. Hypothesis can for example suggest that a process could 
produce equal quality with less processing. Over processing is recognized as one of the 
wastes to be removed according to LEAN production philosophy. After a hypothesis 
has been presented, a series of tests will be conducted. That is, if the estimated long 
term benefits presented in the hypothesis outweigh the costs of testing. (Jiju 2003, Kouri 
2009) 
 
Industrial testing process involves following sequence of activities (Jiju 2003): 
 

1. Hypothesis is presented. 
2. Experiment is run to test the hypothesis. 
3. Analysis of the data is done. 
4. Interpretation of the data. 
5. Conclusion about the original hypothesis. 

 
Presenting a hypothesis means making an assumption that requires testing. This as-
sumption is the motivation for testing. Experiments are then run to test if the hypothesis 
is correct. Then the data gained is analyzed so that it can be understood. Analysis also 
includes putting the data into a statistical form. Next step is to interpret the analyzed 
data to truly understand the findings. Finally a conclusion is made to decide if the origi-
nal hypothesis was in fact true. Often the conclusion is that the hypothesis requires more 
testing, or a completely new hypothesis is made based on the knowledge gained. (Jiju 
2003) 
 
DOE can be used to experiment on any industrial process. For example, a welding pro-
cess where the primary concern of interest to engineers is the strength of the weld and 
the variation in the weld strength values. Through scientific experimentation, the factors 
that affect the mean weld strength and variation, can be determined. Through experi-
mentation, one can also predict the weld strength under various conditions that come 
from the welding machine parameters or factors. (Jiju 2003)                   
 



  
 

 

 
 

To successfully apply industrial DOE process, the following skills are needed: planning 
skills, statistical skills, teamwork skills. Most importantly a successful process requires 
a good knowledge of the process under experimentation. It is important to understand 
all factors that can affect the outcome of a process. Without a clear understanding of the 
process and the factors that matter, it is very possible to draw statistically correct, but 
physically irrelevant conclusions. (Jiju  2003, Davim 2012) 
 
Some factors can usually be controlled rather easily. However, there can be others that 
can’t be controlled with reasonable effort or cost. Picture 1 portrays how the output of a 
process is dependent on the input and other factors (Jiju  2003, Davim 2012) 

In picture 1, the outputs represent the measurable result of the process. Controllable 
variables are relatively easily controlled and they have a significant impact on the out-
put of the process. Uncontrollable variables can’t be controlled easily. They can cause 
the results of a process to be inconsistent and may be a reason for poor performance of a 
product. Usually the controllable and uncontrollable variables have a strong relation. 
Therefore a system design should be made in a way that the controllable variables cause 
the uncontrollable variables to have as small an impact as possible. This can be accom-
plished only with a good understanding of the process under examination. (Jiju 2003) 
 
2.3 Product lifetime estimations 
Binomial distribution can be used when tests being conducted have two options of out-
come for each individual test. Binomial distribution basically answers a question yes or 
no – can a product survive a specified time period without failures? This is why it can 
be efficiently used to estimate the probability of a product meeting its specified re-
quirements. (Sheldon 2007) 
 
Binomial distribution is thereby well suited for counting the probable lifetimes of prod-
ucts. Using binomial distribution, the lifetime model for a group of products is present-
ed in the following equation. (Sheldon 2007) 
 

System/Process 

sInputs sOutputs 

Controllable variables 

sUncontrollable variables 

Picture 1: Contributing factors to process output (Jiju 2003, Davim 2012) 
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In which  
 
C = confidence level (0 ≤ C ≤ 1) 
f = number of failures allowed 
n = number of samples tested 
R = reliability (0 ≤ R ≤ 1) 
 
If no failures are allowed the equations becomes simple. This case is presented in the 
next equation. 
 

 When f = 0 
 

1 − 𝐶𝐶 = 𝑅𝑅𝑛𝑛 
 

 From this formula all the variables can be solved. 
 

𝐶𝐶 = 1 − 𝑅𝑅𝑛𝑛 
 

𝑛𝑛 =
ln(1 − 𝐶𝐶)

ln𝑅𝑅
 

 

𝑅𝑅 = (1 − 𝐶𝐶)
1
𝑛𝑛 

 
If one failure does occur during the tests, the equation transforms into the following. 
 

 When f = 1 
 

1 − 𝐶𝐶 = 𝑅𝑅𝑛𝑛 + 𝑛𝑛(1 − 𝑅𝑅)𝑅𝑅𝑛𝑛−1 
 
The presented equations apply when we test the system for a desired lifetime with the 
same amount of test cycles used. We can also reduce the amount of test cycles needed 
by testing the desired value with a greater number of test cycles. The next equation has 
this taken into account. 
 

𝑛𝑛 =
ln(1 − 𝐶𝐶)

ln𝑅𝑅 �
𝐿𝐿𝑇𝑇
𝐿𝐿𝐷𝐷
�
𝛽𝛽

 

 
Where 
 

LT = Tested lifetime 
LD = Desired lifetime 
β = Constant 

 



  
 

 

 
 

These equations can be used, for example, to calculate the sample size needed to reach a 
specific confidence level with a set reliability. If more failures occur, the equations need 
to be recalculated. These equations are useful when a system’s reliability is tested for 
certain types of failure. If a failure does take place, but it’s of another sort, these equa-
tions still apply for the original test case. It must be noted, that in complex systems it 
can be hard to say if the failure types could be related in some way. For the presented 
calculations to yield the true confidence level, this eventuality must be ruled out. 
 
It has been suggested that a bathtub curve is a good way to estimate the frequency of 
failures during a products lifetime. A bath tub curve is presented in picture 2. 
 

 
Picture 2: Bathtub curve (Klutke 2003) 

Bathtub curve has been found to often represent the way failures occur during a prod-
uct’s lifetime. A bathtub curve is a theoretical model that has often been claimed to ap-
ply. If the theory is correct, during the early burn-in period, failures are relatively fre-
quent. If the product works, it is likely to do so until the parts start to fail. Once the early 
stage has been passed, there are few failures that are random by nature. Towards the end 
of a products life cycle, parts are getting so worn that failures again begin to be more 
likely. A bath tub curve has considerable importance in reliability practices and it does 
seem to accurately predict likelihood of failures in some situations. (Klutke 2003) 
 



  
 

 

 
 

3 LEAN - philosophy 
Lean philosophy aims to maximize the value of processes by minimizing all waste in 
the value chain. Lean gives companies competitive advantage by freeing both time and 
money on doing the right things. In lean philosophy, all that doesn’t directly create val-
ue for the customer is considered waste and all such waste should be removed. (Kouri 
2009, Chiarini 2013, Rother & Harris 2001) 
 
3.1 Waste in processes 
Lean production philosophy traditionally recognizes seven different types of waste that 
can be found in processes (Kouri 2009, Chiarini 2013): 
 

1. Overproduction means producing more than is required to fulfill the current 
demand. This always leads to other sorts of waste appearing in the process. 

2. Waiting does not create any value to the customer, while costing a lot for the 
manufacturing company. Some of the possible causes for this waste are ma-
chines being broken or delays in the material flow. 

3. Transportation does not add value. All moving of materials should be reduced 
to the bare minimum required for the production. 

4. Defects waste materials and capacity. If they are not spotted and eliminated be-
fore delivery, they also cause unsatisfied customers. 

5. Inventory binds capital and doesn’t benefit the customer. Inventory also in-
creases the lead time and can hide other problems in the process. 

6. Over-processing means all the processing that doesn’t increase the products 
value for the customer. This can for example mean an unnecessarily fine surface 
quality. 

7. Motion does not add any value to the product. 
 
Nowadays an 8th type of waste is also recognized. This is the unused creativity of a 
worker. Idea being, that workers have the best knowledge as to how the processes are 
actually being conducted. Thereby workers also know how the work could be made 
easier and more efficient. (Kouri 2009, Chiarini 2013) 
 
Picture 3 below presents one possible distribution of work and waste. It is not uncom-
mon that an operator’s time consists of little actual value adding work. Other parts are 
incidental work that makes the value adding work possible. This work is necessary, but 
should be designed to be as easy as possible. Usually there is also a certain amount of 
complete waste that could be removed or at least reduced greatly by putting all parts and 
tools close at hand. (Rother & Harris 2001) 
  



  
 

 

 
 

 
 
Distribution of the operators work time is often a large issue, but it is usually not the 
worst one. The single biggest problem manufacturing and service industries have to 
fight is overproduction. Overproduction simply means producing an amount of products 
that exceed the demand. What makes overproduction the worst of the waste types is that 
it leads to other problems, such as (Chiarini 2013, Rother & Harris 2001): 
  

• Increase in inventories  
• The production process slowing down 
• Reduction of planning flexibility 
• Increase of indirect cost such as transport, inspection, etc.  

 
Overproduction is never a singular issue, but it always causes problems in other parts of 
the value chain. Best way to prevent overproduction is to understand the reasons behind 
it and work on removing those from the process. The reasons leading to overproduction 
are often linked to (Chiarini 2013, Liker & Meyer 2006): 
 

• Production of oversized “economical” lots 
• Producing before or after demand 
• Low speed of setups 
• Creating inventories to make up for defected products 
• Too many people in the process 
• Too many or too fast machines 

 
When people on all levels of an organization are aware of the ways waste can manifest 
and the ways it can harm the company, removing it becomes much easier. When waste 
has been identified, it can be removed. Process-mapping tools have been developed for 
identifying waste. One commonly used is value stream mapping (VSM). Value stream 
mapping is a powerful tool when the operating company is truly wants to identify and 
remove waste. (Arcidiacono 2012, Chiarini 2013) 
 
Toyota uses a waste reduction model that brings out problems immediately. This is ac-
complished by using one-piece-flow. When there are no mid-production buffers, all the 
problems demand immediate attention. If a disturbance does occur, it stops the entire 
production line. Picture 4 illustrates this model. (Liker & Meyer 2006) 
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- Gluing parts together 
- Attaching screws 

Picture 3: Value adding and other processing (Rother & Harris 2001) 



  
 

 

 
 

 
 

Identifying waste is the first step towards a lean organization. Next comes removing the 
waste. This is usually more of a challenge as it often takes commitment from a large 
group of people. By nature, people are reluctant to change the way they do things. Often 
a proposal for change can be taken as criticism. Everyone has their own opinions as to 
why things are the way they are. To accomplish a positive and permanent change, all 
those participating need to understand why change is required and why they should be 
willing to work towards this common goal. When all those concerned with a change 
believe in the common goal, it is far easier to achieve. (Chiarini 2013, Shook 2008) 
 
  

Result 
Waste is reduced 

Philosophy 
Waste elimination 

Principle 
Create continuous 

process flow 

Strategy 
Create interdependent 
”connected” processes 

Reason 
Problems are surfaced 
quickly and are critical 

Method 
Pull system 

Effect 
Problems must be   
corrected quickly 

Performance measure 
Reduced lead time 

Lean tools 
Kanban, supermarkets, 

defined FIFO lanes 

Control method 
Visual controls so that 
no problems are hidden 

Picture 4: Waste reduction model (Liker & Meyer 2006) 



  
 

 

 
 

3.2 DBS – Danaher Business System 
The Danaher Business System is Danaher Corporation’s own adaptation of the lean phi-
losophy. DBS drives every aspect of Danaher’s culture and performance. The system is 
a guide for planning processes and a tool measuring the level of execution.  
 
DBS is built around the five core values of Danaher. The core values are presented in 
picture 5. The values are (Danaher 2014): 
 

• “The best team wins” 
o Associates are the most valued assets. 
o Danaher is passionate about retaining, developing and recruiting the best 

talent available. 
o Success comes with team-oriented involvement by all. Solutions have to 

be based on facts and solve the root causes. 
• “Innovation defines our future” 

o Creativity is continuously applied to new technologies. 
o Out-of-the-box ideas add value to the enterprise. 
o “Breakthroughs” are accomplished through PD process. 

• “Customers talk, we listen” 
o Quality always comes first. 
o Strategic plan is based on VOC. 
o Robust, repeatable processes yield superior quality, delivery and cost. 

• “Continuous improvement (Kaizen) is our way of life” 
o DBS provides tools for continuous improvement. 
o Waste is continuously eliminated from all processes. 

• “We compete for shareholders” 
o Financial success enables investing back into the business. 
o Profits are important for attracting loyal shareholders. 

 

 
Picture 5: Values of Danaher 

 



  
 

 

 
 

The system aims to give all Danaher owned companies competitive advantage through 
clearly specified processes. These processes have been proven to work in removing 
waste and thereby improving productivity and profitability. (Danaher 2014) 
 
DBS includes many practical tools for process improvement. Danaher has developed 
its’ own versions and instructions for implementing many commonly known lean tools 
such as PDCA, VSM, SW, etc. Danaher is well known for its successful implementation 
of DBS across the organization. The practical tools provided for the operating compa-
nies make waste removal and problem solving a predefined process that is easily fol-
lowed. Using DBS has made Danaher an extremely successful company that keeps on 
growing while further developing the system to keep ahead of the competitors. (Dana-
her 2014) 
 
3.3 Standard work 
Standard work is an important part of a lean process. Objective of standard work is to 
make the most of human resources, material, and machinery. Standard work is also a 
great tool for ensuring continuous and stable quality of goods manufactured. Standard 
work is characterized by three main elements: Takt Time; Standard Work in process and 
Work sequence. (Arcidiacono 2012, Liker & Meyer 2006) 
 
Using standard work enables the company to always know exactly how much work 
goes into manufacturing a certain product or product mix, thereby knowing the exact 
available capacity with the resources at hand. Not knowing can lead to selling more 
products than can actually be made on time, or refusing new orders in fear of not being 
able to fulfill the orders. Usual case is the first one, which leads to late deliveries, unsat-
isfied customers and possible fines. (Arcidiacono 2012) 
 
Standard work means optimizing the process to be run at a certain way every time re-
gardless of the person doing the work. Standard work in process means the minimum 
WIP needed to maintain standard work. Standard WIP can be parts completed and re-
maining in a machine after auto cycle, parts placed in equipment with cycle bigger than 
takt time, and parts handled by operators on the production line. Standard work se-
quence is the second part of standard work and means the sequence of steps and activi-
ties that need to be performed in order to complete the production process. The third 
part of standard work, takt time, is closer examined under Heijunka chapter. (Arcidiac-
ono 2012, Liker & Meyer 2006) 
 
To successfully establish standard work, the following things need to be completed 
(Arcidiacono 2012):  

1. Operator cycle time is analyzed 
2. The amount of operators needed to meet takt time is defined 
3. Machining capacity is measured 
4. Interaction between operator and equipment is analyzed 
5. Operator workload needs are mapped and compared to takt time 
6. Standard work sequence is designed according to takt time 
7. Work load is balanced according to customer demand 

 
When processes are timed, especially for the first time, it usually shows that the work-
loads between operators are not in balance. This can mean that one operator is fully em-



  
 

 

 
 

ployed and still can’t finish the given work on time, while another operator may have 
slack time. The slack may not even show as the operator may simply do the work a bit 
slower. This isn’t because of laziness, but cause there is no reason to hurry. The picture 
6 presents usual workload balancing process after timing has shown the work being off 
balance.  

 

 
Picture 6: Balancing workloads (Arcidiacono 2012) 

Establishing standard work can be challenging when people have been allowed to estab-
lish their own ways of doing things. If there is no clear way of showing that one way is 
better than another, people will most likely think that they should not be the ones to 
change the way they operate. (Arcidiacono 2012, Shook 2008) 
 
Even if standardizing work isn’t easy, it should be striven for. When all work is done in 
a standard manner, it is easy to estimate how many operators are needed to finish a cer-
tain amount of products in a set period of time. Quality has been shown to improve with 
standard work and all issues are more visible. (Arcidiacono 2012) 
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3.4 Heijunka – production balancing 
Heijunka means the concept of production levelling. It is a part of the Toyota Produc-
tion System (TPS). Heijunka aims to reduce variance of upstream material requirements 
and of workload utilization. When using Heijunka control, the fluctuation of external 
demand has to be compensated by the fill time and/or inventory of finished products 
and/or reserve capacity. Inventory is usually controlled using Kanban. (Klatte & Lüthi 
& Schmedders 2011, Liker & Meier 2006) 
 
Pull control is an important part of TPS. However, pull control in its pure form leads to 
fluctuating production following the fluctuating market demand. Consequently, man-
power and material requirements vary as well, latter being further aggravated by bull-
whip effect. Bullwhip effect means that the fluctuations in demand cause greater fluctu-
ations in inventory value when going up the supply chain. As a countermeasure, TPS 
recommends Heijunka, that is production levelling at the last production stage in order 
to filter out short-term demand variation. (Emmanouilidis 2012, Klatte & Lüthi & 
Schmedders 2011, Liker & Meier 2006) 
 
In a multi-product environment, Heijunka fixes a schedule for one day or one week. The 
schedule is composed of small production lots, ideally one piece at a time. The intervals 
between consecutive lots are planned to be as even as possible and the allocated capaci-
ty is sufficient for at least the average demand. (Klatte & Lüthi & Schmedders 2011) 
 
In order to produce only the products the customers need, the supplier has to adapt its 
production process to the customer orders and produce takt time. Takt time is used to 
synchronize the pace of production with the pace of sales. It is calculated by dividing 
the available working time per day by the customer demand rate per day. The formula 
for calculating takt time is presented below. (Matzka et al. 2009, Liker & Meyer 2006) 
 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 =  
𝑡𝑡𝑎𝑎𝑡𝑡𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡𝑖𝑖𝑛𝑛𝑤𝑤 𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 𝑝𝑝𝑡𝑡𝑤𝑤 𝑑𝑑𝑡𝑡𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑑𝑑 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝑡𝑡𝑤𝑤 𝑑𝑑𝑡𝑡𝑑𝑑

 

 
This formula gives the time interval in which product needs to be produced. Simultane-
ously it sets the time limit for each step of the process leading to the final product. If the 
process time of one step can’t meet the takt time, the process can’t meet the takt time. 
By comparing process times to takt time it is possible to estimate the production line’s 
ability to meet customer demand. (Rother & Harris 2001) 
 
Takt time can be used to estimate the amount of operators needed to run a production 
cell. This is done by first performing a paper kaizen to evaluate the total work content of 
a production cell. When the total work content is known, it is compared to the takt time 
according to the equation presented below. (Rother & Harris 2001) 
 

 
𝑡𝑡𝑤𝑤𝑡𝑡𝑡𝑡𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡 𝑐𝑐𝑤𝑤𝑛𝑛𝑡𝑡𝑡𝑡𝑛𝑛𝑡𝑡

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡
= 𝑛𝑛𝑐𝑐𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤 𝑤𝑤𝑜𝑜 𝑤𝑤𝑝𝑝𝑡𝑡𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤𝑐𝑐 

 
Often the result of this equation is not even. Instead the result may suggest using some 
tenths of an operator to run the cell. An example of such an event is presented below. 
(Rother & Harris 2001) 



  
 

 

 
 

 
79 𝑐𝑐𝑡𝑡𝑐𝑐𝑤𝑤𝑛𝑛𝑑𝑑𝑐𝑐 𝑤𝑤𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡 𝑐𝑐𝑤𝑤𝑛𝑛𝑡𝑡𝑡𝑡𝑛𝑛𝑡𝑡

35 𝑐𝑐𝑡𝑡𝑐𝑐𝑤𝑤𝑛𝑛𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡
= 2.26 𝑤𝑤𝑝𝑝𝑡𝑡𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤𝑐𝑐 

 
Without any further improvement to the process, the cell in question would require three 
operators to run. However, the result isn’t far above two. This means that using three 
operators would result in low productivity. The cell could be run with two operators if 
the production team is willing to set this as a shared goal. Table 1 below provides a 
guideline to evaluate the required amount of operators. The table is made with the as-
sumption that operator loading will be in the 90 % to 95 % range. This means that 90 % 
to 95 % of each takt interval is filled with work. (Rother & Harris 2001) 
 
Table 1: Guidelines for determining the number of operators in a cell (Rother 

& Harris 2001) 

Remainder in # of 
operators calcula-

tion 
Guideline / Target 

< .3 
Do not add an extra operator. 
Further reduce waste and incidental 
work. 

.3 < x < .5 

Do not add an extra operator yet. Af-
ter two weeks of cell operation & 
kaizen, carefully evaluate if enough 
waste and incidental work can be 
taken out. 

> .5 
Add an extra operator if necessary 
and keep reducing waste and inci-
dental work to eventually eliminate 
the need for that operator in the cell. 

 
When a company runs at the upper range of this suggested operator count guideline, it 
has to face a choice of how to distribute a less-than-full work content among the opera-
tors. Traditionally an attempt is made to evenly distribute the work content between all 
operators. While this approach is “fair”, it also makes it harder to eliminate waste later 
and creates the potential for over production. This is because the traditional balancing 
usually wind up working as “isolated islands”. This leads to small batches of inventory 
piling up between operators. (Rother & Harris 2001) 
 
A better option for distributing the workload is to fill all but one operator with work 
elements consuming almost the entire takt interval. When all the waste of waiting is 
piled on one operator, the opportunity for improvement through kaizen is more visible. 
Differences between the traditional balancing and the lean option are presented in the 
table below. (Rother & Harris 2001) 
 



  
 

 

 
 

 
 

Picture 7: Traditional production balancing vs the lean option 
 
In picture 7, the traditional production balancing option is presented on the top and on 
the bottom the lean option. The lean option balances all but one of the operators’ work-
loads, so that the waste is brought to surface. (Rother & Harris 2001) 
 
There are different types of basic approaches for distributing the workload among the 
operators. Following list comprises of some basic approaches to production balancing. 
After each of the approaches, there is a picture to illustrate how the concept would actu-
ally work. The operators are presented as circles of different colors. Arrows show the 
operator movements between tasks. Dotted arrow presents the movement back to the 
beginning. (Rother & Harris 2001) 
 

1. Split the work among the operators so each performs one takt time worth of the 
total work content, often moving between several machines. The model is illus-
trated in picture 8.  

TAKT TIME

Operator 1 Operator 2 Operator 3 Operator 4

TAKT TIME

Operator 1 Operator 2 Operator 3 Operator 4

Traditional solution 

The lean option 

Raw 
material 

Finished 
product 

                              Picture 8: Split the work 



  
 

 

 
 

 
2. The circuit, where one operator performs all the work elements to make a com-

plete circuit of the cell in the direction of material flow. A second operator fol-
lows a few stations behind. The model is illustrated in picture 9. 

 
 

3. Reverse flow, in which the operators make a circuit in the reverse direction of 
the material flow. The model is illustrated in picture 10. In this picture the opera-
tor movement is a continuous arrow, while material flow is presented as a dotted 
arrow. Material holding positions are presented as a black circles. 

 
4. Combinations of splitting the work and a circuit or reverse flow is illustrated in 

picture 11. 

Picture 9: The circuit 

Picture 11: Combinations 

Raw 
material 

Machine 
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Machine 
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Machine 
3 

Finished 
product 

Picture 10: Reverse flow 



  
 

 

 
 

 
5. One operator per station, in which each operator stays at one workstation, is il-

lustrated in picture 12. 

 
6. The ratchet, in which each operator works two machines and “ratchets” the 

work piece ahead each time the operator moves to a downstream machine, is il-
lustrated in picture 13. 

It needs to be noted that not all of these workflow models work in all situations. The 
presented models have been shown to work in some situations. How the operators 
should move and how the work should ultimately be split depends on takt time. (Rother 
& Harris 2001) 
 
Creating a perfectly flowing process would demand a completely even customer de-
mand. As this is not realistic, the production will have to be able to react to fluctuations 
in the demand. Adjusting the production to every frequently manifesting twitch in de-
mand would run up production costs and make quality fall. Also, it is not realistic to 
expect the same mix of products to be demanded constantly. Changeover between dif-
ferent products can cost a lot of time. (Liker & Meyer 2006) 
 
Alternative is to produce large batches of products to minimize the effect of changeo-
vers. The cost of this approach is that the response time to new customer orders would 
increase along with capital tied to stock of both finished and unfinished products. Main-
taining flow is thereby the better option for the sake of efficient use of capital, quality, 
on-time-delivery and consequently customer satisfaction. (Liker & Meyer 2006, Rother 
& Harris 2001) 
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Picture 12: One operator per station 



  
 

 

 
 

3.5 5S – visualization tool 
Principle of lean is that productive and quality producing work can only occur in a clean 
environment. 5S is a practical tool for improving and sustaining cleanliness and order in 
a production environment. 5S helps to create a standardized and disciplined working 
environment. According to lean philosophy effective processes can only appear in a 
clean environment where waste is easily spotted. (Kouri 2009) 
 
Implementing 5S has several benefits. The program increases safety of the working en-
vironment. 5S maintains order of the workstation and thereby reduces frustration and 
waste of time caused by searching of tools. Production work is made easier by carefully 
planned location of tools and materials. Cleanliness and precision support forming of 
lean culture. 5S also improves the control of equipment used in production. (Kouri 
2009, Liker & Meyer 2006) 
 
The term 5S originates from to following five Japanese words (Stevenson 2009, Osada 
1991): 
 

• Seiri: sort necessities and remove unnecessary objects. 
• Seiton: arrange and clearly mark places for everything necessary. 
• Seiso: clean and maintain machines and equipment. 
• Seiketsu: standardize procedures. 
• Shitsuke: maintain the above mentioned stages. 

 
Seiri means that all objects at a work cell are to be divided to necessary and unneces-
sary. Only the objects that are absolutely needed for the work are left at the cell. All 
other objects should be removed. Something that may be needed occasionally should 
also be removed and stored for when it’s actually needed. If there are objects that are 
never needed, they should be scrapped or sold. Keeping just the necessities at the work 
station frees up space and makes the required object more accessible. (Stevenson 2009, 
Osada 1991) 
 
Seiton mans that the objects that remain at the work station should be organized. All the 
tools and parts should be placed right where they are needed. The objects should also be 
marked so that their purpose is obvious and so they always find their right position. 
These actions make work more efficient as the worker doesn’t spend time searching for 
out of place parts and tools. (Stevenson 2009, Osada 1991) 
 
Seiso means keeping to working station clean. This should be a continuous action that is 
done on regular basis. Cleaning should not only be done for special occasions. In addi-
tion to looking good, a clean work station makes all irregularities more visible. This 
way, problems are seen before they cause problems for the process. (Stevenson 2009, 
Osada 1991) 
 
Seiketsu means standardizing processes that aim to reduce variation in production pro-
cesses. The idea is to split the work into many simple pieces. This enables the workers 
to work in the same way and to be able to learn new work fast. (Stevenson 2009, Osada 
1991) 
 



  
 

 

 
 

Shitsuke means self-discipline and it aims for sustainment of the previous S’s. This also 
means that the process needs to be audited to make sure that all the implemented pro-
cesses stay in use. This enables building a 5S culture. 
 
English equivalents for these Japanese words are sort, straighten, shine, standardize and 
sustain. The idea of 5S is presented in picture 14. 
 
 
 
 
 

 
 

Picture 14: The 5S process (Liker & Meyer 2006) 

 
3.6 Kaizen – continuous improvement 
Kaizen is a philosophy that originates in Japan. The word kaizen translates to continu-
ous improvement. The idea is to continuously analyze every process/activity and re-
move obstacles that stand in the way of them working seamlessly. Lean organizations 
are based on the idea of continuously improving the ways all operations are run. Kaizen 
gives companies competitive advantage leading to increased performance and financial 
results. Kaizen requires strong commitment and effort from management and every de-
partment. Since the purpose of kaizen is to continuously improve, there is no final desti-
nation. To properly do kaizen is to not stopping to celebrate the results achieved, but to 
keep searching for ways to further improve. (Imai 1986)  
 
Lean organizations often run so called kaizen workshops or kaizen events. The purpose 
of these projects is to achieve improvement by gathering up a specific team to solve 
problems related to some process. Depending on the targets set for the kaizen at hand, 
the teams usually fall in one of the following two categories (Chiarini 2013): 
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• Teams that focus on reducing waste and especially on reducing value stream 

lead time. 
• Teams that focus on reducing variance in processes and on improving quality. 

 
DMAIC is a method used in Six Sigma production philosophy for continuous improve-
ment. The method defines the steps that need to be taken to achieve improvement. The 
acronym DMAIC is composed of the words define, measure, analyze, improve and con-
trol. More specifically the DMAIC steps are (Chiarini 2013): 
 

• Define: determining the processes that require improvement, while being in 
agreement with the company’s strategies and CTQs of these processes; at this 
stage the team that will carry out the project is assembled, the deadline and the 
goal in terms of saving are defined; 

• Measure: measuring the current state of CTQs and assessing the deviation from 
the target; 

• Analyze: determining the reason why the target is not being reached and thus 
create defects and waste (Muda in Lean); 

• Improve: launching improvement projects to remove the causes of nonconformi-
ty and waste (Muda). 

• Control: measuring the improvements, certifying the economic and financial 
savings and developing a standard method to continue improvement. 

 
A very similar tool for continuous improvement is the PDCA cycle. The acronym 
comes from the words plan, do, check and act. The model is illustrated in picture 15. 

 
 
 
The most important part of kaizen is creating a culture that supports it. Without a culture 
where people are truly persistent to do kaizen, no major result can be achieved. Therefor 
it is crucial to get people excited to continuously improve. (Imai 1986) 

ACT PLAN 

DO CHECK 

Picture 15: PDCA cycle 



  
 

 

 
 

3.7 TPM – total productive maintenance 
TPM stands for total productive maintenance or total preventative maintenance, depend-
ing on the source. The meaning of the concept is still the same. The purpose of TPM is 
to maximize the productive work time by estimating and preventing machine break-
downs. This is done by scheduled maintenance procedures. Implementing TPM has 
several advantages (Chiarini 2013, McCarthy & Rich, 2009): 
 

- Productivity is increased by reducing downtime of productions machines. Con-
sequently non-value-adding work is reduced. 

- Quality is improved since control of equipment quality increases the possibility 
that the products made are within given tolerances. 

- Cost of operations is reduced due to less material required for spares. 
- Delivery on time increases due to reduced amount of unpredicted downtime. 

This also leads to shorter lead times and faster conversion processes. 
- Safety is improved by reducing amount of unplanned events. Consequently 

there is also less movement and abnormal conditions become visible easily. 
- Morale is improved by increasing the understanding of the technology in use 

and by having more time to manage the necessary maintenance processes. 
- Environment is better taken care of with closer control of the equipment in use 

and less unplanned events. 
 
The idea was first introduced to Japan in the 1950s when it arrived from the US. The 
Japanese identified five critical factors for getting benefit from TPM. These five factors 
were (McCarthy & Rich 2009): 
 

- Maximizing equipment effectiveness 
- Planning a maintenance system for the entire lifetime of equipment 
- Having all departments involved in TPM, if they plan, design or use equipment 
- Involving all employees at every organizational level 
- Motivating people to TPM with group activities 

 
Maintenance process is controlled by TPM master plan that comes from the organiza-
tional leadership. The plan is used to coordinate learning across the entire company and 
to get focus on delivering the business goals. It is aiming to create a culture that sup-
ports TPM. The organizational roles of people at different levels of the organization is 
presented in picture 16. In TPM it was recognized that bringing the operators into the 
process created culture that supports 5S and motivates the operators. (McCarthy & Rich 
2009) 
 

 
 

 
 
 
 
 
 
 



  
 

 

 
 

 
 
Involving people at all organizational levels was seen as an efficient way to create un-
derstanding towards the equipment used by the company. What TPM brought to light 
was that all equipment failures were due to physical phenomena that can be identified. 
By identifying the cause of the failures, they could be reduced or in some cases even 
eliminated. The following six categories of equipment lost were recognized (McCarthy 
& Rich 2009): 
 

- Breakdowns cause by failed equipment 
- Unnecessary set ups and adjustments 
- Idle processes 
- Reduced process speed 
- Losses due to start up 
- Need for rework and scrapping 

 
The main reasons for these failures were found to be: 
 

- Poor condition of equipment 
- Human error or lack of motivation  
- No understanding over how the optimum conditions can be achieved 

 
By using these findings it was recognized that all breakdowns could be avoided. This 
could be achieved by creating a system that follows and sustains equipment condition 
and makes it possible to identify potential failures before they occur. The system should 
also include minimizing the chance of human errors. The system suggested that break-
downs should never be accepted as inevitable, because this reinforces a working pattern 
that leads to failures. Aiming for zero breakdowns of equipment thereby creates a better 
result than considering some failures to be unavoidable. (McCarthy & Rich 2009)  
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Picture 16: The organizational structure of TPM 



  
 

 

 
 

3.8 JIT production using Kanban 
Just In Time –production (JIT) aims to minimize production costs by reducing waste in 
production. JIT –production drives towards one piece flow and flawless co-operation of 
different production processes throughout the whole production process. Autonomy of 
quality control in different production stages is required to ensure that flawed products 
do not enter the next stage of production. JIT –process has been found to be a practical 
way to reduce stock, to recognize and remove waste, and to systematically improve 
competitiveness of a company. Standard work, cross training and work safety are neces-
sities to get the full potential out of JIT –production. (Zandin 2001) 
 
Kanban is one of the most used tools for JIT –production. It is a powerful tool for pre-
venting overproduction by setting the amount of products that are allowed to be made. 
Kanban has the following benefits (Chiarini 2013): 
 

- No overproduction 
- Improved flexibility 
- Smaller lots produced at a time 
- Simple to use and understand 
- Process can be unified all the way from the supplier to the customer 

 
There are traditionally two types of kanban (Chiarini 2013): 
 

- Transportation or movement kanban 
- Production kanban 

 
Transportation kanban makes items move to the next process. The kanban can be further 
divided into two groups: supplier kanban works as on order to supplier, while internal 
kanban is used to control internal materials within the plant. Production kanban is simp-
ly a permission to produce the next product or batch of products. (Chiarini 2013) 
 
The working principle of kanban is that it “pulls” items at the rate they are needed. In a 
perfectly flowing system, the kanban would be zero as there would be no buffers be-
tween processes. This would require the takt times of each process to be exactly the 
same, so it is almost impossible to achieve.  In practice, downstream processes pull 
products from the upstream process by using kanban labels. Upstream processes only 
produce more when they receive a kanban order. (Chiarini 2013) 
 
Kanban is widely used because of its simplicity and effectiveness. Usage of kanban has 
been shown to efficiently prevent overproduction and thereby free capital by reducing 
unnecessary inventory. (Chiarini 2013) 
 
 
 
 
 
 
 
 
 



  
 

 

 
 

3.9 TOC – Theory of constraints 

The theory of constraints is a manufacturing philosophy on understanding the manufac-
turing processes and identifying its constraints. A constraint is considered to be any-
thing that limits a system from performing better or meeting goals. (Halevi 2001) 
 
According to TOC, few resources in the manufacturing process need a detailed sched-
ule. Material is supposed to flow in small batches. The required amount of units to be 
processed with one setup may be larger than transfer batches. This means that simulta-
neous processing by non-constraints is acceptable. A non-constraint process is allowed 
to be inefficient up to a point. When released, material quickly flows to the constraints. 
Non-constraint resources tend not to accumulate inventory. If queues at non-constraints 
are short or non-existent, the order of work is trivial. Non-constraints work solely to 
make sure that the constraints have work all the time. This makes traditional capacity 
management techniques, which aim to optimize local performance of every resource, 
obsolete. TOC process steps are (Halevi 2001): 
 

1. Identify system constraints. 
2. Decide how the system constraints are used. 
3. Support that plan with all other actions. 
4. Elevate the system constraints. 
5. Go back to step one if any of the earlier steps are broken.  

 
Major constraints that any system has to take into account are market demand and ca-
pacity. Usually factories have only few capacity constraints. Drum buffer rope is an 
approach that sets the rate of production in the entire factory according to these con-
straints. Buffers should not be built higher than the policy dictates as this is only waste 
of money and increases the throughput time while reducing on-time delivery. Negative 
significance of constraints can be reduced by investing in more machines or having the 
constraints be worked in longer shifts than non-constraints. (Halevi 2001) 
 
While executing the TOC process it is important to keep re-evaluating the current situa-
tion. This is to make sure that no problems arise from old policies that were made in 
different circumstances. (Halevi 2001) 
 
Drum buffer rope (DBR), production scheduling technique, was developed for practical 
implementation of TOC. Name of the technique comes from a metaphor, in which drum 
signifies the constraint that determines the pace of production. Material is pulled to the 
first operation, by the rope, at the pace determined by the constraint. Buffer is the fixed 
time that material waits before the constraint. Constant buffer at the constraint is en-
sured by this fixed time between material releases. (Halevi 2001) 
 
By using DBR it is then possible to create flow to production while maintaining a pre-
determined level of inventory. By setting the pace according to the constraint, it is pos-
sible to reach high utilization at the constraint. It is only necessary to keep a determined 
buffer at the constraint and nowhere else. Keeping more buffers increases value of in-
ventory and can reduce throughput. (Halevi 2001) 



  
 

 

 
 

4 VACUUM TECHNOLOGY 
In a “good” vacuum there is a long mean free path for collision between the vaporiza-
tion source and the substrate. Also, a good vacuum enables control of the amount of 
gaseous and vapor contamination during processing. This kind of vacuum environment 
is generated by a vacuum system that includes the deposition chamber, introduction 
chambers, vacuum pumping system, exhaust system, gas inlet system, and associated 
plumbing. (Mattox 1998) 
 
The fixturing and tooling used to hold, position, and move the substrates are also im-
portant to the system design. If some materials are cleaned outside the deposition sys-
tem they may be recontaminated in the system during evacuation by system-related con-
tamination. The film can be contaminated during deposition by system-related contami-
nation and by process-related contamination. Good vacuum system design, construction, 
operation, and maintenance aim to control these sources of contamination. (Mattox, 
1998) 
 
4.1 Gases and vapors 
Definition of gas is a state of matter where the atoms and molecules composing the ma-
terial uniformly fill the container holding the material. Vapor is a gaseous species that 
can be easily condensed or absorbed on surfaces; for example water vapor. A vapor 
molecule is often larger than a gas molecule. “For example, water molecule H-O-H has 
a triangular configuration with an effective molecular diameter of 2.64 Å; this can be 
compared to a molecular diameter of 2.98 Å for oxygen (O-O) and 2.4 Å for hydrogen 
(H-H).” (Mattox, 1998) 
 
“Avogadro’s number is the number of molecules in a molea of the material and is equal 
to 6.023 x 1023. Under “standard temperature and pressure” (STP) conditions of 0 °C 
and 760 Torr, a mole of gas occupies 22.4 liters of volume. In a standard cubic centime-
ter (scc) of a gas, there are 2.69 x 1019 molecules.” (Mattox, 1998) 
 
In a vacuum condition the gas pressure in a container is less than that of the ambient 
pressure. The difference in pressure does not need to be great. It can, for example, be as 
small as the pressure used to control gas flow in a system. The pressure difference can 
also be large, such as that used in vacuum-based PVD systems. The large pressure dif-
ference is to give a long mean free path for vaporized particles and to allow the control 
of gaseous and vapor contamination to any desired level. A vacuum is considered 
“rough” when there is little pressure difference between the vacuum and the atmos-
phere. This means having a pressure of about 10-6 (>10-3 Torr) of that of the atmosphere 
or about 1013 molecules/cm3. Vacuum is considered “good” when it has pressure of 
about 10-9 (~10-6Torr) that of the atmosphere or 1010 molecules/cm3. Vacuum is consid-
ered very ultrahigh (VUHV) when there are about 104 molecules per cubic centimeter 
and the pressure is 10-12 Torr. (Mattox, 1998) 
 
The kinetic energy of gas molecules comes from equation Ek=1/2mv2, where m is the 
mass and v the velocity. Another way to calculate the kinetic energy of gas is using 
equation Ek=3/2kT, where k is Boltzmann’s constant and T is the temperature in de-
grees Kelvin. These molecules cause a pressure when they hit a surface. Pressure is the 



  
 

 

 
 

combined force of all particles striking the surface. In the case of mixture of gases, the 
total pressure will be the sum of partial pressures of the gases or vapors in the mix. 
(Mattox 1998, O'Hanlon 2005) 
 
4.2 Water vaporization 
The residence time of water vapor is appreciable. Because of this, removal of water va-
por is dependent on the number of collisions it goes through while escaping the system. 
As a result of this, it takes a far longer time for water vapor to escape a system, than for 
example gaseous material such as nitrogen. This is why water vapor is often the domi-
nating contaminant in many vacuum systems. Table 2 presents how water vapor pres-
sure varies in different temperatures. (Mattox 1998) 
 

Table 2: Equilibrium vapor pressure of water (Mattox 1998) 

Temperature (°C) Vapor pressure (Torr) 
-183 1,4 x 10-22  
-100 1,1 x 10-5  
0 4,58 
20 17,54  
50 92,5  
100 760  
250 29 817  

 

Reaching a certain vacuum pressure is far faster when surfaces of the parts in a vacuum 
are dry to begin with. In order to get rid of moisture on the surfaces it is vacuum pres-
sure should be combined with heat. (Mattox 1998) 
 
4.3 Pressure measurement 
By using vacuum gauges, gas pressure can be monitored. This can be done either direct-
ly or indirectly. Vacuum gauges are often used to control different aspects of PVD pro-
cessing. For example, the vacuum output indicates when it’s time to cross from rough-
ing to high vacuum pumping and when it’s time to start thermal evaporation. There are 
several ways a gauge can function, including: 
 

- Pressure exerted on a surface with respect to a reference – e.g. support of a col-
umn of liquid as in mercury manometer; deflection of a diaphragm as in a capac-
itance diaphragm gauge (CDG). (Mattox 1998) 

- Thermal conductivity of gas – e.g. thermocouple gauge; Pirani gauge, convec-
tron gauge. (Mattox 1998) 

- Ionization and collection of ions – e.g. hot cathode ionization gauge; cold cath-
ode ionization gauge; radioactive ionization source gauge. (Mattox 1998) 

- Viscosity measurement – e.g. spinning rotor gauge (SRG). (Mattox 1998) 
- Ionization with mass analysis and peak-height calibration – e.g. mass spectrome-

ter. (Mattox 1998) 
 



 
 

 
 

 

 
 
 
Picture 17 illustrates the working principles of these pressure measuring methods. 
 

4.4 Creating a vacuum 
A vacuum is created into a processing chamber by using vacuum pumps. The pumps’ 
working principle is not that they attract molecules, but instead, the molecules run freely 
until they wind up in the pump by accident. The role of the vacuum pump is to give the 
molecules a preferential flow direction and prevent the trapped molecules from return-
ing to the system. (Mattox 1998) 
 
The vacuum pressure is quickly lowered by evacuation of the system with the use of 
mechanical pumps. In some cases, a ballast tank is used for this purpose. This process is 
called roughing. Roughing time may vary greatly depending on the system. A short 
roughing time can enable a short process cycle time, however, it can in some cases pre-
vent vapors from being desorbed off surfaces. (Mattox 1998) 
 
There are various ways that gas can get into a vacuum system, thus increasing the pres-
sure in the chamber. Gas getting into the vacuum system can’t be completely avoided, 
but it can be reduced with the right equipment and materials. Picture 18 illustrates the 
various ways that gas gets into a vacuum system. (O'Hanlon 2005) 
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Picture 18: Sources of gas in a vacuum system (O'Hanlon 2005) 

There are various different sorts of pumps that can be used to create different levels of 
vacuums. Mechanical pumps are the most common. This is partly because they can be 
used by themselves to create a rough vacuum, or they can be used to support high vacu-
um pumps. Mechanical pumps can often exhaust to ambient pressure. This is something 
most high vacuum pumps can’t do. To reach a very high vacuum, mechanical pumps are 
first used to lower the pressure. Once the pressure is low enough the high vacuum 
pumps kick in. There are many options for reaching different levels of vacuum, but in 
many manufacturing processes mechanical pumps offer a good enough result. (Mattox 
1998, O'Hanlon 2005) 
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5 X-RAY MACHINES AND CHARACTERISTICS 
This chapter discusses how x-rays are made and how they are used in medical imaging. 
Radiation safety principles and regulations are also discussed. 
 
5.1 Working principle and challenges in x-ray imaging 
X-rays are a form of electromagnetic radiation. Creation of x-ray photons happen when 
a substance is hit by high speed electrons. In x-ray machines, the environment needed 
for creating x-rays is provided by the x-ray tube. (Bushberg 2012, Hsieh 2009) 
 
X-rays are useful in medical diagnostics because they can easily provide an image of 
parts of the patient that are invisible to the naked eye. Basically x-rays work in a way 
that when x-ray photons are passing through a patient, some are absorbed, some scat-
tered and some pass through without any interaction. The x-rays that pass through with 
no interaction are detected by a receptor. The receptor can be film based or a digital 
sensor. The image is drawn based on the number of photons that are captured by the 
receptor. The areas that receive a large number of x-rays become dark in the image.  
Brighter area in the image has received less photons. The resulting image is a two di-
mensional projection of the matter the photons passed through. (Bharath 2009) 
 
Basic principle of making x-ray image is then quite simple. However, there are several 
aspects that make the ideal situation more complicated. These complicating aspects are 
(Bharath 2009): 
 

- Photons’ statistical arrival 
- Scattering of photons 
- Projection lines are not parallel 
- Detection of photons is inefficient 
- Beam hardening phenomenon 
- Ionizing radiation is harmful for live tissue 

 
Arrival of x-ray photons is statistical. This is because the release and energy of x-ray 
photons varies despite having a controlled environment where x-rays are created. Con-
sequently, the amount of photons arriving during a unit of time can only be given a 
probability instead of certainty. Also, detection of photons isn’t perfect, which further 
complicates the matter. (Hsieh 2009, Bharath 2009) 
 
When an image is created with a stationary radiation source, it is apparent that the pro-
jection lines will not be parallel. As a result, dimensions of the image do not perfectly 
represent reality. This is not as much of an issue when more pictures can be taken from 
multiple directions. When these kinds of images are taken, the x-ray tube and the detec-
tor remain stationary in relation to each other. They both revolve around a stationary 
object being scanned. Picture 19 illustrates the picture taking and the non-parallel pro-
jection lines. Software can then be used to calculate the real projection base on the im-
ages. (Hsieh 2009, Bharath 2009) 
 
 
 



  
 

 

 
 

 
 
 

Scattering occurs when radiation hits matter. It means that some of the photons change 
their original direction. This results in loss of energy in the primary radiation beam and 
can appear as a worse image. (Bharath 2009) 
 
Beam hardening means that when photons pass through tissue, the distribution of pho-
tons passing through the whole way is different than at the side of the source. Basically, 
distribution shifts in the favor of photons with higher energy. This phenomenon can 
cause loss of image contrast, since the distribution of photons of different energy levels 
does not remain constant. (Bharath 2009) 
 
It is also worth noting that ionizing radiation, which x-rays are, is harmful to living tis-
sue. As a result, the radiation doses used in medical imaging must be kept to a mini-
mum. This creates a challenge of balancing enough radiation to create a good readable 
image against not exposing the patient to any more radiation than is necessary. (Bharath 
2009) 
 
5.2 Creating x-rays 
X-rays are created using x-ray tubes. The reaction starts when filament wire on the 
cathode end of the tube is heated with a current. Once the wire is heated enough, it be-
gins to glow. When the wire temperature rises, electrons are emitted from the metal. 
These electrons are free to move away from the wire. (Hsieh 2009) 
 
Voltage is created between anode and cathode, which creates an electric field and makes 
the free electrons move towards the anode. This creates a current between the anode and 
cathode. When voltage on the anode increased from zero, the current begins to increase. 
At first this happens slowly due to an electron cloud near the filament wire. This means 
that the free electrons can’t all move freely away from the cathode. Once the voltage 
rises enough, the current between the anode and cathode becomes nearly independent 
from the anode current. At this point the electric field can pull all the emitted electrons 
towards the anode. (Bushberg 2012, Hsieh 2009) 
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When the electrons hit the anode, most of their energy transforms into heat. Less than 1 
% of the input energy actually transforms into x-ray photons. Over of the input energy 
99 % becomes heat. (Hsieh 2009) 
 
The amount of radiation that is created can be controlled with the tube current. The cur-
rent directly affects the amount of electrons releasing from the cathode and hitting the 
anode. Change of the anode hitting electrons creating x-rays is even when the voltage 
stays constant. Thereby, higher current equals more radiation. (Bushberg 2012, Hsieh 
2009) 
 
Higher voltage gives the created x-ray photons higher energy. Higher energy enables 
the radiation to better penetrate matter. Therefore, the thicker or harder to penetrate an 
object is the higher voltage should be used for the creation of an image. If the voltage 
used is too high, the image becomes unreadable due to too much radiation going all the 
way through the object. (Bushberg 2012, Hsieh 2009) 
 
5.3 X-ray tube components 
X-ray tube is the radiation source of the x-ray machine. The main components of x-ray 
tubes are the anode and the cathode. They are in a vacuum that is held by a glass cover. 
Without the vacuum the x-ray tube would not work. Therefore, the x-ray tube cover 
must be intact for the machine to work properly.  Picture 20 further illustrates the struc-
ture and the operating principle of an x-ray tube. (Bushberg 2012, Bharath 2009) 
 
 

 
 
The cathode is the negative electrode of the x-ray tube. Cathode has a filament wire or 
multiple filament wires and a focusing cup. The filament wire is usually made of tung-
sten. When creating x-rays, the filament wire is energized with a voltage of about 10 V 
and a current that can go up to 7 A depending on the situation. (Bushberg 2012) 
 
The anode is the target electrode that creates radiation when it’s hit by energy electrons. 
When creating x-rays, the anode is kept at a positive voltage in relation to the cathode. 
Most of the electrons hitting the anode create heat. As a result, creating enough x-rays 
to take a good image generates a lot of heat. Because of the heat, the rate of x-ray pro-

Picture 20: X-ray tube components and operating principle 

Cathode 
Filament 

wire Anode 

X-ray beam 

Electrons 

Vacuum 

Glass 
cover 



  
 

 

 
 

duction has to be limited. If it wasn’t, the tube would wear out fast. The most commonly 
used anode material is tungsten. This is due to its high melting temperature and high 
atomic number. In some x-ray applications other materials like molybdenum and rhodi-
um are also used as the anode material. Different materials offer different x-ray charac-
teristics, which enables seeing some aspects more clearly in an image. (Bushberg 2012) 
 
5.4 Radiation safety 
The person or organization that uses x-rays in their operations is responsible for the ra-
diation safety. In Finland, this means that the practitioner is obligated to follow the radi-
ation law. Instructions for practical applications in Finland are given by Säteilytur-
vakeskus, also known as STUK. (Säteilyturvakeskus 2011) 
 
In radiation work, there are tight restrictions of the allowed doses of radiation that can 
be caused by work. The radiation work should be designed according to the ALARA (as 
low as reasonably achievable) principle. Also, the highest allowed amount is 6 mSv on a 
zone that is defined as radiation zone. On a none defined zone the limit is 0,3 mSv. 
(Säteilyturvakeskus 2011) 
 
The doze limit is set for each source individually. However, if one radiation area has 
multiple sources of radiation, they are to be considered as one source, when the area’s 
radiation shields are planned and inspected. (Säteilyturvakeskus 2011) 
 
When radiation shielding is designed, the radiating directions should be taken into con-
sideration. There needs to enough shielding to prevent radiation from reaching the peo-
ple working at the proximity of the source. Shield should be placed so that at the range 
of 0,3 meters surrounding or above the shielding, there should be no harmful amounts of 
radiation. Also, no harmful radiation 1,5 meters below. These rules have been created so 
that no exposure can occur during work. (Säteilyturvakeskus 2011) 
 
In order to make sure that the amount of shielding is enough for the radiating environ-
ment, radiation measurements need to be conducted. These measurements will be done 
at least at the ranges that have been designed as the working distances. It may also be 
necessary to perform the measurements in other areas. This is because sometimes scat-
tered radiation can get around the shielding. The fully verify the safety of the radiation 
work zone, measurements need to be made from multiple directions even if the shield-
ing covers all directions. It may be that the shield is not of equal thickness all around. 
Special attention need to be to the material seams and joints. These have often been 
found to offer the weakest protection from radiation. (Säteilyturvakeskus 2011) 
 
General requirements of a radiation zone require that the areas must have warnings to 
indicate the radiation danger. The warning sign for radioactive substances or ionizing 
radiation is shown in picture 21. 
 



  
 

 

 
 

 
Picture 21: Warning sign of radioactive substance or ionizing radiation 

No unauthorized access is to be allowed to areas that are defined as control areas. Tres-
passing is to be prevented by using structural obstacles, locks, or access control. At least 
one of the doors, leading to an area with a radiation source, has to be openable from the 
inside. (Säteilyturvakeskus 2011)  
 
Building a radiation area according to STUK regulations makes sure that the people are 
safe and the laws are followed. In conclusion, it is important to always make sure that 
there is enough shielding around the radiation source. Even so, measuring the radiation 
around the shielding is the only way to make sure that the people around the source are 
not exposed to direct or scattered radiation. (Säteilyturvakeskus 2011) 



  
 

 

 
 

6 CURRENT STATE DESCRIPTION OF PRODUCTION 
PROCESS 

This chapter describes the state of the production process before the beginning of this 
research. Knowing the current state of the production process is vitally important for 
planning the future state. 
 
6.1 Layout and material flow 
Currently products are brought into the vacuuming area from two directions. This is due 
to variations between different products and limitations caused by the production area 
and process. Some of the products would not be productive to assemble in the same 
assembly cells, consequently the material flows differ between the products. The vacu-
uming area also has equipment that requires the operators to wear hearing protection. 
Partly for reasons of comfort these equipment have been placed in a separate room than 
work stages that do not require hearing protection. 
 
Within the vacuuming area, the layout and the material flows are quite well thought out 
for the current process. Vacuum chambers have been placed in four rows. Material 
comes from one of the two neighboring rooms where the THAs are made ready for the 
vacuum process. Current layout and material flow are presented in attachment 1. 
 
There are several limitations for optimizing the material flow. First reason is that in or-
der to achieve a good vacuum as fast as possible, the vacuum pumps need to be close to 
the chambers. Since the pumps are very loud, they need to be placed in a separate room 
so that the operators don’t have to wear hearing protection during the entire THA pro-
duction. Second reason is that since the vacuum process cycle time is so long, compared 
to the takt time, there is a need for many chambers for the products. Consequently the 
chambers take a lot of space which limits options for their locations. There also needs to 
be enough space for the oil chambers and the oil barrel from which the chambers are 
filled.  
 
6.2 Description of vacuum process 
This chapter describes the process of filling THAs with oil. As it has been stated before, 
it is extremely important to avoid getting any impurities inside the THA. This includes 
even the slightest amount of air. Impurities can cause disruptive discharges, which 
would cause the THA to fail. The process chart is presented in attachment 2. 
 
Once the vacuum process is finished, the THA is taken into the leakage test and other 
finalizing processes. While the vacuum process has a lot of steps, the operator time is 
relatively short. This will be examined closer in the next chapter. 
 
  



  
 

 

 
 

6.3 Average lead time of vacuuming process 
Most of the vacuum process cycle time comes from two process steps. The most time 
consuming stage is vacuuming before oil is poured into THAs. Second most time con-
suming stage is vacuuming after THAs have been filled with oil. These two steps com-
bined already put the vacuum process cycle time at a very high level, without taking 
other steps into account.  
 
Flow chart of the vacuum process is presented in attachment 3. The total lead time and 
every process step are presented in the attachment 4. About 99 % of this time comes 
from the two steps that include vacuuming and require no effort from the operator. This 
goes to show that if the vacuum process is to be shortened, in any significant way, it 
must be done mostly by shortening the vacuuming steps of the process. 
 
The values have been acquired by timing the process with different operators and count-
ing the averages. It must be noted that some of the steps may not apply for all products. 
However, the most time consuming steps are done for each THA. 
 
6.4 Production control and material requirements planning 
The entire factory’s production is controlled by the customer demand and in some cases 
estimated demand of near future. Most of the products built in the factory have an order 
before the assembly is started.  Aim is to keep buffers to the minimum and thereby re-
duce the amount of capital tied to storage. Keeping the buffers to minimum is also used 
as a way to make problems visible as fast as possible. 
 
While the inventory is kept to minimum, there must always be enough parts to keep the 
production running. To keep up the balance of low but sustainable storage levels, all 
parts have been classed based on their criticality, estimated demand and delivery time.  
 
Kanban is widely utilized around the factory. This is to make sure that parts are ordered 
in time and in predetermined batches. Kanban also ensures that less capital is tied to the 
inventory and the storage rotation is better than it would be without Kanban. The 
amount and the size of kanbans are checked when there are major deviations in the pre-
dicted demands certain products. 
 
THAs are manufactured based on the playbooks of the production lines that make the 
final assemblies. To ensure that sudden changes don’t cause delivery problems, some 
THAs are kept as buffer. The size of the buffer is dependent on the usual consumption 
of the specific product and the lead time of the entire THA production process. 
 
  



  
 

 

 
 

6.5 Product deviations 
The products constructed in the Tuusula factory can be divided into two main groups: 
intraoral and extraoral X-ray machines. Both product groups, and every product includ-
ed within them, go through the vacuuming process with almost exactly the same cycle 
time. Slight deviations exist, but as vacuuming is the longest process step, there are no 
major differences between products. 
 
Structural differences between the products do have a slight effect on the time it takes to 
reach the desired pressure. However, the differences are so minor that altering process 
control between products would not be beneficial. This is the case with the current pro-
cess. 
 
When the vacuuming time is reduced, the structural differences may play a major role in 
how long the THA requires vacuuming. Since, it has been noticed that air takes a differ-
ent time escaping from different products, products require independent testing.  
 
In addition to different physical structures, the different products are also exposed to 
different stresses during their operation. Differences exist in the operational voltages, 
currents, exposure times and cooldown times. The products may also be used in differ-
ent angles. This however does not have much of an effect since all the THAs are fully 
filled with oil and the THAs’ internal parts can’t move. 
 
These differences mean that even if we could assume that air escapes all THAs in the 
same time, the same time in the vacuuming time might still not work for all products. 
This is because with different voltages and currents, same amount of air could not be 
any issue for one product, while being potentially catastrophic for another. 
 
Unfortunately there are no reliable ways to estimate how long it takes air to escape dif-
ferent kinds of structures. As it was presented in the theory of vacuuming technology, 
there are a lot of ways a vacuum system can be contaminated. There is also a large ran-
dom factor to air escaping a system. The factor is increasingly random with complex 
structures. This is why it would simply be too hard to attempt simulating how the air 
escapes the products. This is also why results of for one product don’t and can’t be as-
sumed to apply for other products. 
 



  
 

 

 
 

7 CURRENT STATE ANALYSIS OF PRODUCTION 
PROCESS 

To create beneficial and executable development plan, there must be clear understand-
ing of the strengths and weaknesses of the current process. This chapter provides an 
analysis of the current process. The problem analysis is considered confidential, so it 
can be found in the attachments. 
 
7.1 Analysis of layout and material flows 
Currently the vacuuming process is in a separate room from the assembly and testing 
stages of the THA production process. This solution is not optimal for creating flow to 
the process. The products are not as close to the next process step as they would be in an 
optimal layout. 
 
Picture of the current layout and material flow is presented in attachment 1. Some of the 
limitations that the process has are due to both walls and loud machines. To create better 
flow, some walls would have to be brought down.  
 
7.2 Average lead time and deviations of vacuum process 
Vacuuming process begins with the tube heads being prepared for the vacuuming. Prep-
arations include placing a funnel on the tube head and in some products covering areas 
where oil is not allowed to flow. Once a line of chambers have been filled and the co-
vers put on, the suction valves are opened and the vacuuming begins. This process is 
repeated for each of the three vacuum lines. When all three lines have been filled and 
suction has been switched on, it takes a long time for the pre-vacuuming to be complet-
ed.  
 
The pre-vacuum alone would create a bottleneck in the THA manufacturing process. 
When it is combined with the vacuum that follows oil filling, they make the rest of the 
process steps insignificant in duration. 
 
All deviations that exist in the vacuum process are separated from the actual vacuuming. 
Since the vacuuming takes such a long time, these deviations are unimportant when the 
lead time is considered. 
 
7.3 Required capacity estimation 
There are major deviations in the order base during the year. Existence of these devia-
tions is well known and they can be estimated to a point. There have rarely been any 
issues with the vacuuming capacity. When such cases have occurred, they have been 
due to some deviation in the previous stages of the production process. This can happen 
when for example a machine from a previous process stage has been under maintenance 
the previous day. This could cause too many products to flow into the vacuum process 
during the following day. 
 
While the demand of products can be estimated, changes on the global market make the 
predictions somewhat unreliable. Market growth can be quite well predicted. The im-



  
 

 

 
 

pact of marketing campaigns and new products can have an unexpected result. Also, 
changes in strategy may change where some products are manufactured. 
 
Because of the existing uncertainties, estimating the exact capacity needed is not simple. 
This is why there is usually more vacuuming capacity than is actually needed. Another 
reason for the extra capacity is the long process time. Since the process isn’t flexible 
there has to be enough capacity to put through more than the usual amount of products 
if needed. The current duration of the vacuum process leads to a situation where deliver-
ies can be late, if products can’t fit into any of the vacuum chambers when they arrive at 
the process. 
 
Predictions of the future demands will not be handled in this thesis as they are consid-
ered confidential. Therefor the exact future capacity will not be disclosed. The capacity 
for vacuum chambers is counted with the following equation. 
 

𝑑𝑑𝑡𝑡𝑖𝑖𝑎𝑎𝑑𝑑 𝑡𝑡𝑡𝑡𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐𝑡𝑡 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑑𝑑
𝑑𝑑𝑡𝑡𝑖𝑖𝑎𝑎𝑑𝑑 𝑤𝑤𝑐𝑐𝑡𝑡𝑝𝑝𝑐𝑐𝑡𝑡 𝑤𝑤𝑜𝑜 𝑤𝑤𝑛𝑛𝑡𝑡 𝑐𝑐ℎ𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤

= 𝑛𝑛𝑐𝑐𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤 𝑤𝑤𝑜𝑜 𝑎𝑎𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 𝑐𝑐ℎ𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐 

 
It must be noted though, that there are products of different sizes. Some products fit into 
the chambers in higher quantities than others. Also, this equation applies with the cur-
rent process. If we modify the equation to take into account the different products and 
the future process, we get the following equation. 
 

𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑑𝑑1
𝑤𝑤𝑐𝑐𝑡𝑡𝑝𝑝𝑐𝑐𝑡𝑡1

+
𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑑𝑑2
𝑤𝑤𝑐𝑐𝑡𝑡𝑝𝑝𝑐𝑐𝑡𝑡2

+ ⋯+
𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑑𝑑𝑛𝑛
𝑤𝑤𝑐𝑐𝑡𝑡𝑝𝑝𝑐𝑐𝑡𝑡𝑛𝑛

= 𝑛𝑛𝑐𝑐𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤 𝑤𝑤𝑜𝑜 𝑎𝑎𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 𝑐𝑐ℎ𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑤𝑤𝑐𝑐 

 
Of course, any number that comes out from this equation needs to be rounded up to 
match the maximum demand. Also, when estimating the demand it must be kept in 
mind that sudden changes can occur. If one assumes that the amount of equipment 
needed can be calculated based on demand of the past, the capacity might run out when 
orders start coming in. This is why the number received from the presented equation 
should only be considered directional. 



  
 

 

 
 

8 VACUUMING TESTS 
This chapter discusses the testing that is performed to define the necessary vacuum pro-
cess duration. Tests will define the parameters for the future stage of the process. Many 
different products need to be tested to make sure that the results are reliable and the pro-
cess can be changed for all products. The testing process will be carried out in a way 
that doesn’t interfere with the production customer orders. 
 
The first assumption is that prolonging the vacuuming process from its original length 
would not accomplish any quality benefits. This assumption will not require further 
proving, if the tests show that the current process can be shortened as planned. Further-
more, the assumption is supported by few customer returns that could be considered to 
be the result of insufficient vacuuming. In fact, no returns can reliably be said to be re-
lated to the vacuuming process. 
 
As fully assembled THAs are very expensive, tests will also include testing of subas-
semblies to reduce to need to test completed THAs. These tests will be designed to 
strain the most fragile parts of the products.  
 
It was also considered to simulate how the air escapes the THAs. However, as discussed 
in chapter 4, such simulation is virtually impossible for complex structures such as x-ray 
THAs. This is because there are a lot of random elements involved when air escapes 
such a structure. The process would include molecules getting emitted from the struc-
ture and then either get bounced off or reabsorbed from another part with little predicta-
bility. Even if a somewhat working simulation model could be made, it would only 
work for a certain product. These are the reasons why no gas flow simulation will be 
attempted and all tests will be conducted empirically. 
 
The two main variables to be tested are the vacuuming time before the oil is poured in 
and the vacuuming time once the products have been filled with oil. These variables can 
change the amount of air and moisture that remains in the THAs after the process is 
completed. The assumption is that both times can be significantly shortened without 
meaningful, if any, changes to the residual moisture or air.  
 
The vacuum pressure will also be under observation. It will be ensured that the pressure 
reaches the right values for the vacuum process. These values have been predefined in 
the process instructions. 
 
The actual test plan will not be presented in this thesis. Neither will the results of the 
tests be presented. This is due to the highly confidential nature of the vacuum process. 
Rest of the testing chapter will therefore remain in the unpublished attachments. 
 
8.1 Safety during testing 
Testing processes included working with radiation sources and high voltage circuitry. 
Therefore, making sure that the tests were conducted safely was very important. The 
most important component of the safety aspect was that people working with the tests 
had the right knowhow.  
 



  
 

 

 
 

All testing personnel had been in radiation safety training before being involved in the 
tests in any way. People designing and making the test equipment were all from the 
electric department and approved for such work. 
 
In the testing area, the on/off switches were located at a safe distance from the radiation 
sources. This was to make sure that no-one would have to go within the radiation zone 
to turn off the devices.  
 
Radiation safety during the tests was the first concern. The THAs were set to radiate 
away from the operators. Lead shielding was added to ensure that scattered radiation 
does not hit the people working in the proximity. Radiation measurements were made to 
ensure that the values would not be too high.  
 
All tests were carried out according to the ALARA principle. In this sort of testing it 
basically meant that the radiation levels were not allowed to be higher than the back-
ground radiation. Picture 22 presents the way one led-shielded testing cabinet was 
measured for radiation. 
 

 
Picture 22: Radiation safety measurement 

The testing presented above proved that there was no direct or scattered radiation in the 
testing area. Tests were conducted by making measurements from all sides of the cabi-
net that had several radiation sources inside. 
 
The first and most important goal in the safety design was to ensure that no-one would 
be exposed to radiation because of the tests. Secondly it was made sure that if this 
would happen, despite all precautions, it would not go unnoticed. This is why all per-
sonnel working with the tests had personal dosimeters that measure how much radiation 
a person has been exposed to. Dosimeters have not measured higher than allowed 
amounts of radiation. This means that test operators have not been exposed to too much 
radiation. 
 



  
 

 

 
 

8.2 Test plans and results 
All test plans and results are considered confidential and will not be published. These 
will be included in the attachments. 



  
 

 

 
 

9 PRODUCTION DEVELOPMENT PLAN 
Content of this chapter is confidential and will be included in the attachments. The at-
tachments won’t be published. 



  
 

 

 
 

10 RESEARCH RELIABILITY EVALUATION 
The research was done using statistical testing methods. The confidence level, that will 
be reached when all tests are done, is very high. This suggests that there is very small 
chance that the products manufactured with the new shortened process would be any 
worse than those made before. The confidence is purely based on the endurance tests. 
 
Reliability of the result is further increased by the other tests that have been run. All the 
other tests supported the conclusion that the shortened vacuum process will not cause 
any quality issues. 
 
The research applies reliably to the products that have been tested. There is a good 
chance that the results apply for other products as well. However, since all the products 
have not yet been tested, the chance to reduce the vacuum process time for the untested 
products remains speculative.  



  
 

 

 
 

11 CONCLUSIONS AND RECOMMENDATIONS 
At the time of finishing this thesis, tests are still running to finally conclude whether the 
shortened vacuum process is equal to the longer one. So far there has been no indication 
that the THAs’ quality will be any worse than those that have been manufactured with 
the current process.  
 
First recommendation is that the tests be finished as planned. If after finishing, the re-
sults remain unchanged, it is recommended that the process is shortened to the tested 
level for all the tested products. 
 
The products that remain untested should be tested if there are still plans to manufacture 
them in large numbers. If there are no such plans, these products should be manufac-
tured according to the current process due to the long testing time and relatively high 
cost of further testing. With two overlapping processes, there is also a risk that wrong 
process will be applied to a product. This should be taken into account when the final 
decision is made. 
 
New funnel tools should be created to compensate the difference in vacuum pressure of 
the oil and the products to be filled. This should be done when the tests are close to fin-
ishing. Not doing this would lead to time being wasted on cleaning the vacuum chamber 
walls. Also, oil would be wasted in small amounts. 
 
Overvoltage tests brought up a question of whether the vacuuming process is even nec-
essary at all. While these tests did not fully meet the normal operating conditions, they 
showed that the vacuuming process is not as important as previously thought and the 
components are more durable than expected.  
 
When the new process is proven to be reliable enough for implementation, kaizen event 
will be kept to improve the visual control of the vacuum process. The future process 
will include several products that may be in a different stage of vacuuming. Therefore, 
the operator will need to know how long certain products have been in the vacuum. 
 
Currently the vacuum pressure is checked once per cycle. This is enough as all products 
have come from a vacuum, pressure of which has been checked. In the future, the pro-
cess will require more control. Otherwise a pump failure might go unnoticed, leading to 
“badly” vacuumed products moving further in the production process. With the current 
system the increased control would create a lot of extra work and could be easily forgot-
ten. This is why it is recommended to make the pressure control automatic. Automatic 
alarms should indicate if the pressure does not drop at the minimum rate required. 
 
Daily management should be used to minimize the risk of operator failures during the 
process transformation period. This means going through the changes with all the opera-
tors and training them in the new process. In the beginning, the control should be daily. 
Once the new process has been running for a while, less control is required. In support 
of the training, the work instructions are to be meticulously rewritten. This is to ensure 
that all process related questions can be answer by getting acquainted with the instruc-
tions.  
 



  
 

 

 
 

The instructions should be updated before the testing is finished, so that it will not cause 
any delays to the implementation of the future process. This also applies to all the other 
tools that will be taken into use to aid in the process. 
 
If the product volumes increase, investing in more vacuum pumps should be considered. 
With the shorter process, the current chamber capacity would be enough to meet a far 
greater demand. However, with much greater volumes, there would not be enough 
pumps to reach the desired vacuums fast enough. 
 
Finally, it is recommended that the operators are encouraged to give open feedback of 
the new process. The operators should especially be listened to during the early imple-
mentation stage. This is to ensure that the operators don’t forget the issues and simply 
work through them. Additionally, the operators are the ones most likely to spot any po-
tential problems. Asking for feedback should be part of daily management. 
 
The basic way of how the process is done will remain the same. There is therefore no 
risk that the operators would have any problems learning the new process. This is as-
suming that they know exactly what has changed and how it affects their work. 
 
 
 



  
 

 

 
 

12 SUMMARY 
This research was set up to find out if the lead time of vacuum process of X-ray tube 
head production at Kavo Kerr Group Tuusula can be shortened by at least 50 %. This 
goal was to be accomplished without a negative quality impact. Additional goals were 
to map out other possibilities for improvement in the vacuum process. 
 
Testing of the shortened vacuum process has been conducted mainly by endurance test-
ing of the THAs. Other forms of tests were also carried out in attempt to bring out quali-
ty differences between different vacuum times. 
 
As the testing has not yet been completely finished, there is no certainty that the vacuum 
process will be shortened as planned. However, based on the tests done so far, it seems 
very unlikely that the shortened process would reduce the quality of finished products. 
Additionally, all the tests conducted to date, have been done with a far shorter vacuum 
time than the original goal. 
 
Both the endurance tests and other supporting tests have suggested that the vacuum pro-
cess is not as critical as previously thought. The tests have shown that some products 
could possibly skip the entire process without compromising quality. This has not been 
thoroughly tested, so further testing is required if the process is to be dropped out for 
any product. 
 
Test equipment is ready for all the high volume products and the tests to continue run-
ning. The final decision, of if and how some of the lower volume products will be test-
ed, has not yet been made. If the decision is made that all the products will be tested 
with the shortened vacuum process, the same test plan can be applied for that purpose. 
Decision of expanding the tests will be based on a payback analysis. The products will 
have to be manufactured for spare parts at least for the next 10 years. If two different 
processes remain, it will also cause a potential risk of the shortened process being used 
for products that have not been tested with it.  
 
Several improvement opportunities were found within the vacuum process. If imple-
mented, these will reduce risks of operator error, improve ergonomics and create a pos-
sibility of further shortening the process. 
 
All results indicate that the process can be shortened by more than 50 %. This suggests 
that the research has been successful. However, the testing continues for a few more 
months. If the results remain unchanged, a very high confidence will be reached that the 
reduction of vacuum time will not cause any increase in quality issues. 
 
Tests seem to be successful in proving that the process can be shortened as much and 
even more than originally intended. The tests have in fact not found the limit when a 
shorter process would cause quality issues. This means that once the tests have been 
finished, and the new process implemented, there is a good chance that the process 
could be shortened even more. This may be a cause for further testing in the future. 



  
 

 

 
 

SOURCES 

Arcidiacono, Calabrese, Yang,  2012, Leading processes to lead companies: Lean Six 
Sigma ISBN: 978-88-470-2492-2 

Bharath A. A., 2009, Introductory Medical Imaging, ISBN: 9781598296129 

Bushberg Jerrold T., Seibert J. Anthony, Leidholdt Jr Edwin M., Boone John M.,  2012, 
The Essential Physics of Medical Imaging 3rd edition, ISBN: 978-0781780575 

Chiarini, Lean Organization: from the Tools of the Toyota Production System to Lean 
Office, ISBN: 978-88-470-2510-3 

Danaher 2014, http://www.danaher.com, referred on 12.11.2014 

Davim J. Paulo, 2012, Statistical and Computational Techniques in Manufacturing, 
ISBN: 978-3-642-25858-9 

Emmanouilidis, 2012, C. & Taisch, M. & Kiritsis, D., 2012, Advances in Production 
Management systems, ISBN: 978-3-642-40361-3 

Halevi, G., 2001. Handbook of Production Management Methods. Oxford: Butterworth-
Heinemann ISBN: 0-7506-5088-5.  

Hsieh Jiang, 2009, Computed tomography : principles, design, artifacts, and recent ad-
vances 2nd ed., ISBN: 9780470563533 

Imai, M., 1986. Kaizen (Ky'Zen) : The Key to Japan's Competitive Success. New York: 
Random House ISBN: 0-394-55186-9 

Jiju Antony, 2003, Design of Experiments for Engineers and Scientists, ISBN: 0 7506 
4709 4 

Klatte, D. & Lüthi, H. & Schmedders, K., 2011, Operations research proceedings 2011, 
ISBN: 978-3-642-29210-1, pp. 415-420 

Klutke Georgia-Ann, Kiessler Peter C., Wortman M. A., 2003, A Critical Look at the 
Bathtub Curve, DOI: 10.1109/TR.2002.804492 

Kouri, I., 2009. LEAN Taskukirja. Helsinki: Teknologiateollisuus Ry ISBN: 978-952-
037-1. 

Liker, Jeffrey K & Meier David, 2006, The Toyota Way Fieldbook, DOI: 
10.1036/0071448934 

Martin, William E., 2012, Quantitative and statistical research methods : from hypothe-
sis to results, ISBN: 9781118220757 

McCarthy & Rich, 2009. Lean TPM : A Blueprint for Change.  ISBN: 9780080478913. 

http://www.danaher.com/


  
 

 

 
 

Milton, J. Susan, 2003, Introduction to probability and statistics : principles and applica-
tions for engineering and the computing sciences, ISBN 978-0-07-124248-6 

Mattox, Donald M. 2010. Handbook of Physical Vapor Deposition (PVD) Processing 
(2nd Edition). 978-0-8155-2037-5 

O'Hanlon, John F., 2005, A user's guide to vacuum technology, ISBN 9780471467151 

Osada, T., 1991. The 5S's : Five Keys to a Total Quality Environment. Tokyo: Asian 
Productivity Organization ISBN 92-833-1115-9 

Ropella, Kristina M., 2007, Introduction to Statistics for Biomedical Engineers, ISBN 
9781598291971 

Sheldon M. Ross, 2007, Introduction to probability models, ISBN 9786612285455 

Shook, John, 2008, Managing to learn: Using the A3 management process, ISBN: 978-
1-93-410920-5 

Stevenson, W.J., 2009. Operations Management. 10th ed. ed. Boston (MA): McGraw-
Hill/Irwin ISBN 0-07-009177-3 

Säteilyturvakeskus, 2011, Säteilylähteiden käyttötilojen suunnittelu, ISBN 978-952-
478-616-4 

Zandin, K.B.2001. Maynard's Industrial Engineering Handbook (5th Edition). McGraw-
Hill. ISBN 978-0-07-041102 

 


	PLOMITYÖN TIIVISTELMÄ
	PREFACE
	SYMBOLS USED
	ABBREVIATIONS USED
	1 INTRODUCTION
	1.1 Research background
	1.2 Research scope
	1.3 Targets of research
	1.4 Research methods
	1.5 Research structure

	2 STATISTICAL TESTING
	2.1 Hypothesis testing process
	2.2 Design of Experiments - DOE
	2.3 Product lifetime estimations

	3 LEAN - philosophy
	3.1 Waste in processes
	3.2 DBS – Danaher Business System
	3.3 Standard work
	3.4 Heijunka – production balancing
	3.5 5S – visualization tool
	3.6 Kaizen – continuous improvement
	3.7 TPM – total productive maintenance
	3.8 JIT production using Kanban
	3.9 TOC – Theory of constraints

	4 VACUUM TECHNOLOGY
	4.1 Gases and vapors
	4.2 Water vaporization
	4.3 Pressure measurement
	4.4 Creating a vacuum

	5 X-RAY MACHINES AND CHARACTERISTICS
	5.1 Working principle and challenges in x-ray imaging
	5.2 Creating x-rays
	5.3 X-ray tube components
	5.4 Radiation safety

	6 CURRENT STATE DESCRIPTION OF PRODUCTION PROCESS
	6.1 Layout and material flow
	6.2 Description of vacuum process
	6.3 Average lead time of vacuuming process
	6.4 Production control and material requirements planning
	6.5 Product deviations

	7 CURRENT STATE ANALYSIS OF PRODUCTION PROCESS
	7.1 Analysis of layout and material flows
	7.2 Average lead time and deviations of vacuum process
	7.3 Required capacity estimation

	8 VACUUMING TESTS
	8.1 Safety during testing
	8.2 Test plans and results

	9 PRODUCTION DEVELOPMENT PLAN
	10 RESEARCH RELIABILITY EVALUATION
	11 CONCLUSIONS AND RECOMMENDATIONS
	12 SUMMARY
	SOURCES



