
  
 

 
 

Abstract 
Problems with quality are the cause of significant avoidable costs for manufacturing 
companies. One such problem is cleanliness. Reviewing relevant literature and observing 
state-of-the-art facilities, this study attempts to find out how manufacturing companies should 
work with cleanliness in order to increase the quality of their products by looking at the 
different components of a cleanliness system. The literature review shows that there are some 
fundamental aspects to cleaning that are important to understand in order to work efficiently 
with these issues. Moreover there are a great number of methods and procedures for achieving 
and measuring cleanliness available and the most important ones have been described to 
provide an overview of the options that can be used. Finally an examination of the typical 
parts of the production chain of an industrial manufacturer has been done in order to see the 
relationship between them and cleanliness. 

It turns out that cleanliness is a comprehensive issue that must saturate the entire organization 
for success to be possible. Only when involving each part of the production chain can the 
goals of cleanliness work be achieved. Furthermore, many factors go into the cleanliness of a 
component and establishing its required cleanliness level must be done empirically. 



  
 

 
 

Sammanfattning 
Problem med kvalitet är orsaken till signifikanta undvikbara kostnader för 
tillverkningsföretag. Ett sådant problem är renhet. Genom en genomgång av relevant litteratur 
och observationer av spjutspetsfaciliteter försöker denna studie ta reda på hur tillverkande 
företag bör arbeta med renhet för att öka kvaliteten på sina produkter genom att titta på de 
olika komponenter som ingår i ett renhetssystem. Litteraturgenomgången visar att det finns 
vissa fundamentala aspekter kring renhet som är viktiga att förstå för att kunna arbeta 
effektivt med dessa problem. Utöver det existerar ett stort antal metoder och procedurer för att 
uppnå och mäta renhet och de viktigaste har beskrivits för att skapa en översikt av vilka 
alternativ som kan användas. Slutligen har en examination av de typiska delarna av en 
tillverkningskedja hos ett industriellt tillverkningsföretag gjorts med avsikt att hitta 
sambanden mellan dessa och renhet. 

Det visar sig att renhet är en omfattande fråga som måste genomsyra hela organisationen för 
att framgång ska kunna vara möjlig. Enbart när man involverar varje del av 
produktionskedjan kan målen för renhetsarbetet uppnås. Vidare fann man att många faktorer 
spelar in på renheten hos en komponent och att etablera ett renhetskrav för denna måste göras 
empiriskt. 



  
 

 
 

Acknowledgements 
The authors started out working on this thesis with one perspective on cleanliness and come 
out with a completely different view. Never had we thought that there were so much that went 
into this topic and it has been a informative journey during which we have learned a lot.  

We want to thank our supervisors at the case company who invited us to do this thesis and 
who have supported us along the way, it was very rewarding. 

We also want to thank the persons and organizations that took the time to meet and talk with 
us. The knowledge they possess on this topic was absolutely necessary to take part of in order 
to achieve good results. 

Finally we want to thank our supervisor at KTH, Jonny Gustafsson for his support during 
these months. You were there when we needed you and had confidence in our work even 
when it took unexpected turns, maybe even more than we had ourselves. Thank you. 

As the completion of this thesis signifies the end of our time at the school bench, we would 
also like to express our appreciation towards our friends and family who have been there for 
us throughout all these years. We have had many good memories with you and hope to create 
many more. 

  



  
 

 
 

Contents 
1	   Introduction .......................................................................................................................... 1	  

1.1	   Background ................................................................................................................... 1	  

1.2	   Research problem .......................................................................................................... 1	  

1.3	   Purpose .......................................................................................................................... 1	  

1.4	   Research questions ........................................................................................................ 3	  

1.5	   Limitations and delimitations ........................................................................................ 3	  

2	   Method ................................................................................................................................. 4	  

2.1	   Research approach ......................................................................................................... 4	  

2.2	   Discussion of methodological choices .......................................................................... 5	  

3	   Literature and state-of-the-art study ..................................................................................... 6	  

3.1	   Quality ........................................................................................................................... 6	  

3.2	   Cost of poor quality ....................................................................................................... 6	  

3.3	   Standards ....................................................................................................................... 7	  

3.4	   General cleanliness principles ....................................................................................... 9	  

3.5	   Achieving cleanliness .................................................................................................. 11	  

3.6	   Measuring cleanliness ................................................................................................. 15	  

3.7	   Preparing the organization ........................................................................................... 18	  

3.8	   Benchmarking cleanliness levels ................................................................................. 30	  

4	   Empirical findings .............................................................................................................. 32	  

4.1	   The case company, a manufacturer of production equipment ..................................... 32	  

4.2	   Supplier of paint products ........................................................................................... 32	  

4.3	   Manufacturer of road vehicles ..................................................................................... 34	  

4.4	   Supplier of cleaning agents ......................................................................................... 35	  

4.5	   Transmission manufacturer ......................................................................................... 36	  

4.6	   Research institute ........................................................................................................ 37	  

5	   Analysis and results ............................................................................................................ 39	  

5.1	   Using standards ........................................................................................................... 40	  

5.2	   Taking a holistic view ................................................................................................. 41	  

6	   Conclusions and discussion ................................................................................................ 42	  

6.1	   Suggestions for future research ................................................................................... 44	  

7	   References .......................................................................................................................... 46	  

	   	  



  
 

 
 

List of tables and figures 
Table	  1	  –	  List	  of	  standards	  relevant	  to	  cleanliness	  work ................................................................... 8	  

Table	  2	  –	  Coding	  of	  cleanliness	  levels ............................................................................................. 9	  

Figure	  1	  –	  The	  three	  cleaning	  steps .............................................................................................. 11 

Figure	  2	  –	  The	  three	  cleaning	  factors ............................................................................................ 12 

Figure	  3	  –	  Examples	  of	  potential	  contamination	  factors ................................................................ 19 

Figure	  4	  –	  Airborne	  particles	  vs.	  room	  concept	  (dispersibility	  diagram) .......................................... 24 

 

	  

	  



  
 

1 
 

1 Introduction 
This chapter will present the background of this thesis and clarify what problems 
were attempted to be solved as well as explain why some neighboring topics 
were excluded. 

1.1 Background      
Industrial production battles daily with many problems that affect the quality of products and 
incur avoidable costs. One of these problems is technical cleanliness, which in the long term 
may have a significant effect on a product’s life expectancy. Technical cleanliness refers to 
how clean something should be for it to function nominally, without interruption or 
breakdowns due to excessive wear as a result of insufficient cleanliness in the system. As 
products get more and more advanced and their tolerances become stricter, they get more 
sensitive to technical cleanliness issues.  

Traditionally production companies have worked a lot with issues affecting quality, but while 
cleanliness has been known to be a possible factor in such issues, it often falls rather far down 
in priority while organizations reaps the benefits of taking care of simpler problems. Only in 
certain industries where cleanliness is absolutely critical to success, e.g. health services, the 
food industry and in the fabrication of delicate electronics such as integrated circuits, do these 
issues take a prominent role in the quality work. This has led to the bulk of the relatively 
sparse body of research in the cleanliness area being done within these industries.  

One of the major manufacturing companies in the Swedish industry has had some problems 
with cleanliness in their production. Poor cleanliness standards are believed to be the 
prominent issue behind excessive wear in gearboxes and for paint falling off of surfaces. 
Therefore, the company is interested in knowing more about working with cleanliness. The 
authors took it upon themselves to investigate this as the topic of this thesis.  

It is therefore interesting to research how companies working with industrial production 
should work with cleanliness issues in order to increase the quality of their products and 
reduce costs caused by issues related to cleanliness. 

1.2 Research problem 
While it is fairly obvious that unclean components can pose an increased risk of failure for 
manufacturing companies, it is not clear what constitutes an unclean component. Strictly 
speaking, a component that is not one hundred percent clean must be unclean. However 
achieving and maintaining one hundred percent cleanliness would not only be impractical and 
very expensive, but also next to impossible. The issue then becomes: how should an industrial 
manufacturer work with cleanliness in order to successfully increase the quality of their 
products.  

1.3 Purpose 
The purpose of this thesis is to find out what an industrial manufacturer needs to know in 
order to successfully implement sound technical cleanliness in their production by performing 
a study of relevant literature and state-of-the-art implementers. The resulting increased 
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complexity of the production process and increases in production costs as a result of 
implementing cleanliness requirements also need to be discussed.  
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1.4 Research questions 
In order to fulfill the purpose of this thesis, the following research questions will need to be 
answered: 

● How does one decide on an appropriate level of cleanliness for a certain situation? 
● How do you find the best way of achieving that level of cleanliness? 
● What is the cost associated with these actions? 

1.5 Limitations and delimitations 
This study will describe a process for deriving an appropriate level of cleanliness for 
components used in industrial production, but will not include specific numbers, as the 
correct, absolute level of cleanliness is dependent on a very large number of factors and it is 
impossible to predict all of them.  

More quantitative information on cleanliness requirements were initially meant to be a part of 
the study but the realization was made that the case company’s current state of cleanliness 
readiness would make it difficult to perform such a study within the set timeframe and 
without significant financial cost. The focus of the study was therefore shifted to its current 
one. 

This study has in some parts been delimited to providing an overview of problems and 
solutions. Facility issues such as the design of feeders, clampers and housing in transportation 
systems and nozzles in washing machines were deemed too detailed to provide any useful 
information in this study. All such information can still be found through the references 
provided in each chapter.  
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2 Method 
This chapter presents and discusses the methodological choices made. 

2.1 Research approach 
This study used a relatively small cross sectional design, defined by Bryman and Bell (2011, 
p.53) as one that ‘entails the collection of data on more than one case [...] and at a single point 
in time’. While often used in quantitative research, it can be used in a qualitative research 
study as well by performing several unstructured or semi-structured interviews. 

A literature review was initially conducted in order to create a foundation of knowledge that 
could provide support for the empirical part of the study. The review consisted of searching 
for relevant secondary data sources in the form of books, peer-reviewed articles, technical 
reports and international standards. It quickly became clear that this topic has been researched 
to a lesser extent than many other topics in manufacturing and assembly and thus relevant 
material was not available in the amounts that had been expected. The lack of extensive 
research in this area was confirmed during interviews performed later in the study.  

In order to answer questions that could not be supported by the literature, an empirical study 
was performed wherein benchmarking through interviews and observations during field 
studies where performed. This resulted in plenty of qualitative data that could be analyzed and 
used to explain many aspects of the research questions. This type of method yields data that is 
normally associated with a high degree of validity and there is no reason to believe that that is 
not the case here as great care was taken when crafting the basis for the interviews. It is 
however also a source of low reliability in the data as it can be difficult to recreate the exact 
circumstances prevailing at the time of the interview, including how an interviewee chooses 
to answer a certain question. The sources of the empirical data were promised anonymity and 
confidentiality, which also makes it more difficult to reproduce the study. The reliability of 
this particular data can therefore be considered relatively low, but this fact must be accepted, 
as there is no other practical way of answering our research questions without raising ethical 
concerns. (Bryman and Bell, 2011)  

Interviews were held both in person and over telephone, depending on the location of the 
respondent. These have been designated Interview A-E. Since the questions were of a 
technical nature, the reactions and emotions of the respondent was not of great importance. 
Telephone interviews where therefore not seen as a source of any lack of information, as may 
be the case in e.g. studies in the social sciences (Bryman and Bell, 2011). The interviews were 
constructed as semi-structured interviews with mostly open questions. Some parts of the 
interviews bordered on the line between semi-structured and unstructured. The reason for that 
was that there initially was some idea of what knowledge the respondent held, but the 
interviews where still mainly investigative. While they started out from a set of general 
questions, customized for the respondent, the interviews were allowed to go where the 
respondent took them, within a certain extent, in order to find out as much as possible about 
the subject. This is an entirely acceptable approach according to Collins and Hussey (2009). 
The fact that the foundational interview material, including questions, changed between the 
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interviews is not concerning, as their purpose was not to collect quantitative data and there 
were no comparisons made between the data obtained through different interviews. On the 
contrary, it should be considered positive that questions for later interviews were based on 
what was learned during the earlier ones as this allowed for more specific targeting of the 
information that was sought (Collins and Hussey, 2009). 

On two occasions what could be categorized as non-participant observation was performed 
(Collins and Hussey, 2009). The purpose of this was to achieve a better understanding of the 
problems that cleanliness can be associated with, as well as gather information on state-of-
the-art practices with regards to considering cleanliness and preventing problems associated 
with it. These actions have been designated Observational study A-B. 

2.2 Discussion of methodological choices 
Ethical considerations have been made in line with current practice in this kind of study. This 
means that all interview subjects and their companies as well as the case company, has been 
anonymized in order to keep the data they shared confidential. In at least a few cases, this was 
absolutely necessary in order to gain access to the company and it can be considered positive 
for the study, even though it decreases repeatability. 

The quality of a scientific study of this kind is most often evaluated by its reliability, 
measured by credibility, transferability, dependability and confirmability (Bryman and Bell, 
2011). Nearly all secondary data sources in this study are fetched from peer-reviewed journals 
that appear to have good standing in their communities. All primary data sources have been 
reported as detailed as have been possible. Together with using commonly established 
methods for data collection and presentation, the credibility of this study should be considered 
relatively high. The research context and the basic assumptions of the research have been 
made clear, providing good basis for transferability. As a result of anonymization, the data 
from interviews and observational study is difficult to reproduce, even if disregarding the fact 
that such data collection methods seldom produce the same answers in a second observation. 
Dependability can therefore be considered relatively low, but that is normal for this type of 
study. The authors have remained as open minded as possible during the study and attempted 
not to put any personal considerations into the results. Confirmability can therefore be 
considered good.  
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3 Literature and state-of-the-art study 

3.1 Quality 
Quality is a very common term and yet it has very different meanings to different people. 
Since this term is used rather frequently throughout this paper, it is prudent to define what it 
means here. Bergman and Klefsjö (2004) discusses the definition of quality and cites, inter 
alia, the ISO 9000 (ISO, 2000) definition of quality, which states: ‘the degree to which a set 
of inherent characteristics fulfils the requirements, i.e. needs or expectations that are stated, 
generally implied or obligatory’. The same authors then suggest a definition of their own: ‘the 
quality of a product is its ability to satisfy, or preferably exceed, the needs and expectations of 
the customers.’ This suggests that it is the requirements and expectations on the product and 
how it fulfills these that define the quality. When quality is mentioned in this paper, this is 
what the authors mean.  

3.2 Cost of poor quality 
The cost of poor quality is defined by Sörqvist (1997, p.51) as ‘the costs which would be 
eliminated if a company’s products and the processes in its business were perfect’. The 
elimination of such costs is a prime directive in working with quality management and 
continuous improvement. Atkinson et al. (1991) estimate that for a manufacturing company, 
upwards of 15-25 % of turnover can be attributed to costs of poor quality. This means that 
there is a lot of room for improvement and it highlights the importance for organizations to 
work on reducing such waste of resources.  

The universally accepted way to categorize costs of poor quality is called ‘The Prevention 
Appraisal Failure (PAF) Model’ (Krishnan, 2006). It consists of four categories: 

1. Internal failure costs 
Costs related to defects in the product that are found before it is shipped to the 
customer. The costs must be dealt with internally and lead to e.g. scrap, rework and 
failure analysis. These costs would not exist if there were no defects.  

2. External failure costs 
Costs related to defects in the product that are found after it is shipped to the customer. 
They must be dealt with by either the customer or the company, and thus also incur 
costs. They also lead to e.g. customer dissatisfaction costs and loss of reputation. 

3. Appraisal costs 
Costs related to the work done to confirm the quality of products, e.g. in the form of 
inspections, testing and maintenance of measuring equipment. 

4. Prevention costs 
Costs related to minimizing the previous three categories, e.g. quality manager and 
staff, quality audits and corrective actions. 

When working with technical cleanliness, categories two and three, external failure costs and 
appraisal costs will be of more interest than the others. Failure events in category two can be 
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very costly for the customer and these costs might in the end be transferred back to the seller. 
Cost and time for servicing or replacing the equipment is also added as long as the product is 
still within its warranty period. If these failures are anything but rare, they might also lead to 
customer dissatisfaction and loss of reputation, which does not manifest itself as a direct cost, 
but instead indirectly through the loss of sales.  

Especially relevant for technical cleanliness are the appraisal costs. In order to ensure that the 
products and components that are manufactured conform to the specified cleanliness 
requirements, inspection of the cleanliness levels must be performed. With the information 
from these tests, action can be taken if it is discovered that the level of cleanliness is not 
satisfactory. The costs for the tests including equipment, servicing of equipment and 
manpower all fall under the category of appraisal costs. (Krishnan, 2006) 

It can be difficult to know where costs of poor quality exist and how to identify them. 
However, by systematically identifying and remedying obvious and hidden costs of poor 
quality, large benefits can be found with a relatively small amount of work, both in financial 
terms and with regards to quality. It is possible to see this as a low hanging fruit theory and it 
is often beneficial to start working on the easy things and move on to the more difficult and 
expensive things in order to maximize benefit with regards to time and cost. (Krishnan, 2006) 

3.3 Standards 
This section introduces a number of standards related to cleanliness. 

There are a number of standards that deal with cleanliness. All of these standards have in 
common that they enter the equation after the definition of cleanliness requirements. In fact, 
at least one standard mentions that it will not deal with or discuss anything regarding how 
cleanliness requirements are made but instead with how requirements are fulfilled properly 
once they are defined (VDA, 2010a).  

Table 1 is a list of standards that are relevant when speaking about technical cleanliness in 
industrial applications. They deal mainly with paint systems, fluid systems and a variety of 
automobile industry situations, but in many cases it is possible to draw good parallels to the 
situations that are researched here. 
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Name	   Title 

ISO 8501 Preparation of steel substrates before application of paints and related products – 
Visual assessment of surface cleanliness 

ISO 8502 Preparation of steel substrates before application of paints and related products – 
Tests for the assessment of surface cleanliness 

ISO 4406 Hydraulic fluid power – Fluids – Method for coding the level of contamination by 
solid particles 

ISO 12944 Paints and varnishes – Corrosion protection of steel structures by protective paint 
systems 

ISO 14644 Cleanrooms and associated controlled environments 

ISO 16232 Road vehicles – Cleanliness of components of fluid circuits 

ISO 18413 Hydraulic fluid power - Cleanliness of parts and components - Inspection document 
and principles related to contaminant collection, analysis and data reporting 

VDA 19 Quality Management in the Automotive Industry – Inspection of Technical 
Cleanliness – Particulate Contamination of Functionally Relevant Automotive Parts 

Table	  1	  –	  List	  of	  standards relevant to cleanliness work. 

ISO is the International Organization for Standardization and all ISO standards in Table 1 are 
also adopted by or co-developed with SIS – The Swedish Standards Institute, which is why no 
specific SIS standards are included.  

VDA is the automotive industry organization of Germany (Verband der Automobilindustrie) 
and its standards are used worldwide in the automotive industry to ensure quality in a number 
of different aspects, including cleanliness. 

The lack of well defined, quantitative methods for determining a cleanliness requirement is 
made very clear in VDA 19 (2004, p.10): ‘No formal methods truly exist for performing a 
cleanliness inspection.’ While that refers to the actual inspection, it also conveys the same 
point about the requirements that are the base for the inspection. The standard explicitly 
excludes any discussion about cleanliness requirements by stating under the header 
‘exclusions’: ‘Principles and methods for determining a cleanliness requirement seen as either 
being absolutely necessary or appropriate from the point of view of functional relevance.’ 
(Ibid). 

ISO 4406 defines a so-called coding of cleanliness levels (Table 2). It connects a cleanliness 
level, in the form of a number, with a specific amount of particles per milliliter of fluid. 
Initially created for use on classifying the cleanliness of fluids in hydraulic systems, the use of 
this coding has been extended to other areas and is now applied in e.g. surface cleanliness as 
well. The required cleanliness level is set by taking three appropriate particle sizes and 
assigning them with different permissible ranges individually. The ranges determine the 
acceptable amount of particles that are allowed during an inspection. (ISO, 1999) 
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Cleanliness level 

 

Number of particles/ml 
according to ISO 4406 

 

 More than Up to and including 

7 
8 
9 

0,64 
1,3 
2,5 

1,3 
2,5 
5 

10 
11 
12 

5 
10 
20 

10 
20 
40 

13 
14 
15 

40 
80 
160 

80 
160 
320 

16 
17 
18 

320 
640 
1 300 

640 
1 300 
2 500 

19 
20 
21 

2 500 
5 000 
10 000 

5 000 
10 000 
20 000 

22 
23 
24 

20 000 
40 000 
80 000 

40 000 
80 000 
160 000 

25 
26 
27 

160 000 
320 000 
640 000 

320 000 
640 000 
1 280 000 

Table 2 – Coding of cleanliness levels (International Organization for Standardization, 1999). 

3.4  General cleanliness principles 
This section describes what cleanliness is and how it can be achieved. 

When talking about the cleanliness of components and assemblies from a quality perspective 
in terms of functionality and cost, the term technical cleanliness can be used. Technical 
cleanliness can further be divided into two main groups of problems: surface contamination 
and particulate contamination. These are equally important areas, but often affect very 
different things. Surface contamination comes in the form of oils, salts and fats and similar 
things that sits on a surface, making it more difficult to apply e.g. paint or glue and such 
surface treatments, that require great adhesiveness to the surface. Particulate contamination 
consists of hard particles, such as metal dust, or soft particles, such as fibers or hair. It has a 
larger impact on moving parts, such as gears, where it can cause damage. (VDA, 2010a) 

There is no widely accepted, exact definition of cleanliness. A very strict and absolute 
definition would perhaps be to say that a surface with exactly zero foreign particles could be 
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considered clean. That would however not be a very useful measure. Not only are there very 
few actual applications for such a clean surface, it is also near impossible to achieve or at least 
it is prohibitively costly. Instead a more relative way of looking at what ‘clean’ means should 
be considered. Something is unclean when there is an amount of soil on it great enough so 
that it cannot function in its intended use. For example: if a component coming out from an 
operation cannot be immediately used in the subsequent operation because of soil, it is 
unclean. Conversely then, something should be clean when there is a small enough amount of 
soil that it can function properly. (Durkee, 2006) 

There is an interesting saying in the cleaning world going under the name ‘Imbesi's law of the 
conservation of filth’. It says that ‘for something to become clean, something else must 
become dirty’. Cleaning up soil is not about making it disappear, but rather moving it away 
from a critical position to another chosen place. (Durkee, 2006)  

Durkee (2006) considers three ‘technical tools’ that are used to determine how clean 
something should be to be clean: 

1. Cleanliness tests, which are used to empirically find a level of cleanliness on a 
particular item, producing a test result.  

2. Cleanliness metrics, which makes it possible to make a judgment call of whether the 
test result should be deemed passable or a failure. 

3. Validation of cleanliness tests, which depending on the nature and criticality of the 
application, can be necessary in order to make sure that the test results are reliable.  

 
Each component should have a document created for it, called a cleanliness specification, 
which describes the targeted cleanliness levels for the component and the cleaning method 
and test method that should be used to achieve them. The cleanliness specification is then 
refereed to on the technical drawing of the component so that persons involved in its 
manufacturing and assembly can know what requirements apply to it. (VDA, 2010b) 

Durkee (2006, p.257) further refers to that which causes non-cleanliness as soil and defines it 
as ‘whatever managers don't want to be on or within their parts’. Anything that degrades the 
intended function of the part is considered a soil. This means that for example water can be a 
soil, as it is unwanted on e.g. a surface intended for adhesive bonding. Of course, water might 
also not be a soil, e.g. on a surface intended for electroplating in an aqua solution, where its 
presence does not really matter. Thus it is important to figure out what is acceptable and not 
to have on a particular surface for the component to function properly in its next usage step, 
whether it is further processing, assembly or end usage. 

Two other aspects of soils that are important to understand in order to facilitate effective 
removal of it are its chemical character and how it ended up on the component. The soil may 
consist of a single, specific component or it might be a mix of various components, possibly 
some unknown. It may simply be there by the means of van der Waals' forces or it can have 
additional adhesion due to heat or pressure. The more you know about the soil, the more 
effectively you may proceed in removing it. (Durkee, 2006) 



  
 

11 
 

3.5 Achieving cleanliness 
A walkthrough of different methods for achieving cleanliness, i.e. cleaning 
methods.  

Cleaning is generally done in three steps: 

1. washing, 
2. rinsing, 
3. drying. 

 

	  

Figure 1 – The three cleaning steps (authors’ own illustration). 

In the washing step, soils are diluted and separated from the part by means of a cleaning 
agent. This leaves a layer of dirty cleaning fluid on the part, which must be rinsed away so 
that it doesn’t dry and leave residue on the part. Depending on just how clean the part must 
be, this can be done in one or more steps with each step making the part a little cleaner. This 
is connected to the fundamental problem in industrial parts cleaning in that the maximum 
amount of cleanliness that can be achieved can be no higher than the cleanliness of the 
cleaning agent in the last cleaning step. This also means that the rinsing step is about 
removing soil as well (unwanted cleaning agent). Finally the part must be dried in some 
manner so that the clean rinsing fluid is removed; again soil is removed, this time in the form 
of remaining rinsing fluid. This can for example be done through vacuum drying, which 
forces remaining liquids to evaporate in room temperature (Interview, E). 

 These three steps are functionally distinct processes and taking the time to see how each 
should be done for a specific case will yield benefits in the form of decreased process costs, 
decreased process time and higher quality (Kanegsberg, 2005).  

A cleaning system works through a combination of one or more of three factors. 

1. Mechanical force, such as water spray or ultrasound. 
2. Thermal, meaning the heat of the environment and cleaning material. 
3. Chemistry, the dissolving and dilution properties of a cleaning agent. 

 

Washing	   Rinsing	   Drying	  
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Figure 2 – The three cleaning factors (authors’ own illustration). 

A cleaning agent is normally used in order to facilitate the removal of soil in a better way than 
just water can. There are a number of properties of these cleaning agents that should be 
considered when deciding which one to use. Surface tension, viscosity, specific gravity and 
solubility are factors of the agent itself that must be considered. In addition, care must be 
taken for how the agent works with the specific soil to be removed. Different cleaning agents 
have different affinities for dissolving and carrying different soils, so again, knowing what 
soil(s) you are dealing with is important to create an efficient cleaning system. Lastly the 
character of the part and the cleaning machine in question must also be regarded. What 
characterizes a suitable cleaning agent is that it has a surface tension and viscosity low enough 
so that it can reach into the smallest places of a part with enough volume to clean it, having a 
high solubility for the soil so that it can be transported away easily and that it evaporates 
quickly enough for the process to be efficient. (Kanegsberg, 2005) 

3.5.1 Solvent cleaning versus aqueous cleaning 
There are two main schools in industrial parts cleaning: solvent cleaning and aqueous 
cleaning (Kanegsberg and Kanegsberg, 2011). 

Solvent cleaning ordinarily works through immersion (further described below) where the 
part is submerged in a solvent in order to dissolve the soil. Rinsing is then done with the same 
solvent in order to dilute the soiled solvent with fresh solvent. This may be done in several 
steps to achieve enough cleanliness (recall the fundamental problem of the cleanliness of the 
last cleaning agent the part has contact with). Lastly the part is dried to separate the remaining 
solvent from the part, which is often done by evaporation. (Durkee, 2006; Kanegsberg, 2005) 

Tightening environmental regulations have made the machines, cleaning agents and overall 
processes used for solvent cleaning more affordable and qualitative while at the same time 
decreasing the environmental impact. This means less risk to both personnel handling the 
materials and the environment. (Durkee, 2006) 

Mechanical	  
force	  

Thermal	   Chemistry	  
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The other major overall category of cleaning is aqueous, which is used in a majority of cases 
in the Swedish industry today (Interview D, 2014). Water is in its pure form not hazardous to 
person or nature and is the ideal cleaning agent for water soluble soils such as salts, glycerin 
and water-based or latex paints. These things, however, only make up a small portion of the 
soils that are encountered in industrial parts cleaning. Soils such as oil and grease made up of 
hydrocarbons are not soluble in water, which renders water more or less useless against them. 
Therefore, aqueous cleaning is deployed, using a detergent to dissolve them. An aqueous 
process is commonly used with spray cleaning (Durkee, 2006; Interview D, 2014).  

It is important to note that while solvent cleaning and aqueous cleaning may seem alike, they 
are after all just two different kinds of liquids, equipment and methods used for an aqueous 
process very likely are not usable for a solvent process and vice versa. However, both 
processes, implemented correctly, can be successful in efficiently solving a majority of 
cleaning problems. (Durke, 2006) 

The decision between solvent and aqueous has traditionally been impacted by environmental 
considerations and solvents have carried a sort of stigma with them. The developments of 
both techniques have however now made it so that if no specific external regulatory demands 
exist, the choice is best made in consideration of previously mentioned criteria: the part and 
the soil. With the correct implementation and management, both methods can be used with 
acceptable environmental impact, and thus the quality of the cleaning should be prioritized. If 
it is found that for the specific situation, one will do a better job, it should obviously be 
chosen. If both methods can do the job equally well, secondary factors such as costs, 
environmental regulations and recommendations, impact on the rest of the manufacturing 
process and even personal preference can factor into the decision. For example, capital costs 
are often lower for an aqueous method, while operating costs can be lower with a solvent 
technique (Durkee, 2006; Kanegsberg and Kanegsberg, 2011). 

3.5.2 Cleaning methods 

3.5.2.1 Manual cleaning 
Manual cleaning is the simplest cleaning method, but it also involves amongst the highest 
exposure for the operator. It consists of wiping down the part with some sort of material, 
commonly combined with a cleaning agent and thereafter rinsing it with water. It can be 
useful if only a few parts need to be cleaned or if the parts are too big to fit in ordinary 
cleaning machines. If the volume of parts increase, labor costs rise significantly and it can 
quickly become very expensive. The method produces a relatively high amount of waste as 
the wiping material becomes contaminated and needs to be replaced. (Cleantool, 2014) 

3.5.2.2 Immersion 
The immersion method involves submerging the part in a tub of solvent, which dissolves and 
carries the soil from the surface. As the detail is fully surrounded by the cleaning agent, it 
pours into all parts of it and this method is therefore often used when there are tubes, crevices 
and other complicated geometries that are difficult to reach. It can be used with high 
temperatures and/or ultrasonic inducers, so that all three of the basic cleaning factors 
(mechanical, heat and chemistry) are in play. Sending ultrasonic waves through the cleaning 
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agent creates small gas bubbles that scrub the surface very efficiently and results in a very 
clean detail and the method can therefore be used when very high cleanliness is required 
(Cleantool, 2014; Durkee, 2006). For a more detailed description of the physics behind 
ultrasonic cleaning, see Kanegsberg and Kanegsberg (2011). 

Immersion can be extended with three types of implementations: 

1. Barrel cleaning, which consists of a spinning barrel where a portion of it is submerged 
while fins in the barrel shove the parts forward in the cleaning agent (sort of like a 
cement truck). It is mainly useful for cleaning large amounts of small parts, such as 
nuts and bolts. 

2. Mechanical contact, applying external force using e.g. brushes. 
3. Mechanical agitation, moving the cleaning fluid upon the part using pumps, mixers or 

ultrasonic inducers. 

3.5.2.3 Pressure washing 
Manually using high-pressure beams of water or other cleaning agent, optionally of high 
temperature, to wash parts. The equipment is often portable, taking up little floor space. Can 
be useful for pre-washing and infrequent cleaning of large details. (Cleantool, 2014) 

3.5.2.4 Spray cleaning 
Spray cleaning is mostly used in aqueous systems and is the most popular cleaning method 
currently used (Interview D, 2014). It employs high-pressure nozzles to spray a cleaning 
solution at a part and is regulated through pressure and temperature. The mechanical effect in 
spray cleaning is particularly useful in removing particles, while a properly chosen cleaning 
agent and temperature can efficiently remove other soils. Implementations are often custom 
engineered to a specific manufacturing/assembly line taking part size and geometry, cleaning 
time and subsequent operations into consideration. Spray cleaning can be done in both batch 
cabinet machines, much like loading up a household dishwasher, and in-line machines that are 
advantageously automatized. Spray cleaning machines commonly employ multi-stage 
cleaning and rinsing (again, recall the fundamental rule of last contact) as well as blow-dry 
systems. Modern systems are designed to use as little as possible of expensive resources such 
as water and energy for heat. Nevertheless, energy costs are the lion part of the operational 
costs of such a system. Taking the specific requirements of each part to be cleaned in regard, 
spray-cleaning systems can be used in a high number of implementations such as before 
gluing, painting and assembly operations. Special implementations of this technique exists 
using steam, flowing water baths and CO2 dry ice blasting. (Cleantool, 2014; Durkee, 2006) 

3.5.2.5 Others 
There are a number of other technologies used for industrial parts cleaning that are out of the 
scope of this thesis, but we mention them for the sake of knowledge. Bio cleaning and plasma 
cleaning is commonly used in the semiconductor industry to remove organic materials on 
nano levels. Electrolytic cleaning is commonly used before electroplating. Vapor degreasing 
and salt baths are two other special methods. (Cleantool, 2014; Durkee, 2006) 
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3.6 Measuring cleanliness 
A walkthrough of different measures for achieving cleanliness. 

There are a number of ways to measure cleanliness and some are more appropriate in certain 
situations than others. For simpler testing where non-quantitative testing is enough, methods 
such as visual inspection, tape sampling, white glove treatment and the water break test may 
be used (the water break test may under special circumstances yield quantitative results). 
Where a more comparative test results are required however, laboratory grade methods such 
as gravimetric analysis, microscopy and element analysis are more appropriate, as evidenced 
by their inclusion in the VDA 19 recommendations for inspection of technical cleanliness in 
the automotive industry (VDA, 2010a).  

3.6.1 Visual Inspection 
Visual inspection is the most trivial form of testing for cleanliness and it is suitable only for 
non-critical applications. It is done simply by looking at and inspecting the object with your 
own vision. For this reason the test is both the quickest and the cheapest and it should be done 
as the first step in any cleanliness inspection. If it is immediately clear that the part is grossly 
soiled, there is no reason to perform a more expensive and time-consuming test. The test is 
however very subjective and relies heavily on the operators experience. It can e.g. be 
compared to a chef tasting his food before serving it. For this reason it is very important to 
have references to compare with, even if they are as simple as photographs of clean and 
unclean parts that the inspected part can be benchmarked against. (Durkee, 2006; ISO, 1999) 

A variant of visual inspection involves using a black light (UV-light), which can make 
hydrocarbon-based materials fluoresce under its light. It can therefore be used to identify the 
presence of organic materials — including polymers, many chemicals and bodily fluids — on 
non-polymer surfaces. (Durkee, 2006) 

3.6.2 Tape Sampling 
Tape sampling is also a rather simple method, but it can be effective in the right 
circumstances. The test consists of pressing a piece of tape against the surface of the part 
under inspection. The adhesive will function as a solid cleaning agent and some or all of the 
eventual soil present will be transferred to the tape. It is then visually compared to the look of 
unused tape and if there is too much of a difference, the part can be considered unclean. A 
basic assumption for this test is that the part of the surface that is tested is representative for 
the rest of the surface, as it is seldom feasible to tape the entire surface. (Durkee, 2006) 

3.6.3 White Glove Treatment 
The ‘white glove treatment’ is a somewhat classic test, which plainly consists of dragging 
your hand, outfitted with a white glove, over a surface to see what sticks. If the glove comes 
out dirty, the surface is unclean. The test doesn’t require you to actually use a glove, indeed a 
simple white cloth is most often used instead. It is important to remember for this technique as 
well that there is a risk of making the test in one place when the soil is in another. References 
should be available for comparison. (Durkee, 2006) 
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3.6.4 Water Break Test 
By placing a drop of water on a surface and measuring the contact angle between the drop and 
the surface, one can find out the wettability1 of the surface. The wettability can be used as an 
indicator of the surface cleanliness. If the surface is clean, it will be hydrophilic and the water 
droplet will float out and wet the surface, giving a low contact angle. An unclean surface on 
the contrary will be hydrophobic and in most cases make the droplet keep its form, resulting 
in a high contact angle. (Durkee, 2006) 

For small drops with a known volume, the contact angle can be approximated by measuring 
the diameter of the droplet, which greatly simplifies the test. In this case you may simply take 
a picture of the drop, including a scale, and then measure it with simple computer software. 
(Kuhn, 2005a) 

An unclean result indicates that there are hydrophobic substances, such as oil or grease, 
present on the surface. The test is not entirely reliable as small amounts of soil might not be 
indicated properly by the test. Given the size of a water drop, the test is also done on a very 
small area of the surface, making it subjective, and multiple tests may be required to increase 
the validity. Durkee (2006, p.287) states that he ‘cannot recommend use of any form of the 
water break test’, except to identify soiled parts. 

This is confirmed by the ASTM F22-13 standard, which describes a standard method for 
performing a water break test. It is concluded that since the test is strictly non-quantitative, it 
is only appropriate for usage where a go/no-go decision is enough. (ASTM International, 
2005) 

As an alternative to water, dyne liquids (testing inks) can also be used. Employing a series of 
these inks, each with slightly different properties, can provide a form of quantitative results 
(Kuhn, 2005b). This method is defined by the ISO 82962 standard (ISO, 2003). 

3.6.5 Gravimetric analysis 
Gravimetric analysis is performed by weighing the amount of soil on a component. Most 
commonly, this is done through precipitation of the soil by showering a component with a 
known volume of water (or other liquid). The water sample is then run through a membrane 
filter, which is then weighed. The result is compared to the weight of the clean filter and the 
weight of the soil can thus be deduced. The weight of the soil collected from the component 
can then be used as an indicator of its cleanliness. (VDA, 2010a) 

Alternatively the component itself can be weighed, cleaned and thereafter weighed again. The 
difference in weight between the first and second weighings	  should represent the amount of 
soil removed from the component and can thus also be used as an indicator of the cleanliness 
of the component (Durkee, 2006). 

                                                
1	  Wettability	  is	  defined	  by	  Merriam-‐Webster	  (2014)	  as:	  ‘the	  quality	  or	  state	  of	  being	  wettable:	  	  the	  degree	  to	  which	  something	  can	  be	  wet’.	  
2	  ISO	  8296	  Plastics	  -‐-‐	  Film	  and	  sheeting	  -‐-‐	  Determination	  of	  wetting	  tension	  
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This method includes some preparation including conditioning and drying of the filter in order 
for the weighing to be as accurate as possible. An analytical balance with at least a 1d 
(0.0001g) resolution is used to weigh the sample in order to achieve enough accuracy. 
Depending on the required cleanliness level, further steps can be taken to ensure no external 
contaminations occur after the actual test has been performed. (VDA, 2010a) 

A detailed procedure for performing a gravimetric analysis is available in section F2.5 of 
VDA (2010a). 

3.6.6  Microscopic analysis 
After more or less the same procedure as for gravimetric analysis, i.e. a sample fluid is filtered 
through a membrane filter, that filter can subsequently be used for a microscopic analysis. 
The analysis is performed by counting the number of particles of different sizes using an 
automatic particle counter. Such equipment is basically a microscope connected to a camera 
that sends images to a computer, where advanced software identifies and counts the particles 
on the filter. The process of counting the particles can be done manually as well, but that is 
only feasible where a small number of relatively large particles is expected and is prone to 
errors and thus seldom used. (VDA, 2010a) 

Microscopy may be performed as an extended analysis on a filter after a gravimetric analysis 
has been done. There is however some limitations to both methods that can cause conflicts for 
this procedure. In order for gravimetric analysis to be significantly precise, a certain weight 
threshold must be surpassed. However for the microscopic analysis, it is important that the 
particles do not overlap and thus a limited amount of particles is preferred. It may be difficult 
finding a balance between having enough particles for the gravimetric analysis to work and 
having so few that the microscopy can be successful. Solutions for having too many particles 
include using a larger filter, dividing the sample on multiple filters or using a filter with pores 
big enough to let through particles that are smaller than a critical level. However the latter 
may also mean that there are not enough particles to perform the gravimetric analysis. (VDA, 
2010a) 

There are two principal suppliers of equipment for use in microscopic analysis of particles: 
Carl Zeiss (2014) and Leica Microsystems (2014). Both suppliers offer complete systems 
including light microscopes and/or field emission microscopes as well as the software used 
for the analysis. The systems from both suppliers conform to the requirements of both ISO 
16232 and VDA 19, which means that the results are calculated and the reports are created in 
such a way that they are compatible with the standards and can thus without much problem be 
integrated in the existing quality work of the organization.  

3.6.7 Element analysis 
One of the most analytical methods of cleanliness inspection is the element analysis. Using a 
scanning electron microscope to analyze a surface directly on small parts or indirectly on 
large parts via for example tape sampling, it is possible to produce a lot of information about 
the sample. Most interesting is that you can find out the chemical composition of particles 
down to individual alloys, making it possible to trace the exact source of a particle 
(Kanegsberg, 2001). For advanced usage, it is possible to take advantage of this by producing 
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custom components for testing in unique alloys that can be used as a tracer in a system. When 
particles of such an alloy are found, the source of the particles is immediately obvious. This 
equipment is of course very expensive and this method is therefore mostly appropriate for 
initial cleanliness inspections or where it is difficult to identify the soils present on a 
component, by sending the parts to an external laboratory. (Interview B, 2014) 

3.6.8  The Bresle method 
Salts are a particular problem when applying paints and other related products onto a steel 
surface and this test was designed to be an easy, relatively cheap but still reliable way of 
discovering such substances.  

The Bresle method is defined by ISO 8502-63 (ISO, 2006) and is further utilized in ISO  
8502-94, ISO 11127-65 and ISO 11127-76. It is designed to analyze the presence of salts and 
chlorides on steel surfaces by dissolving the substances into a liquid that is then tested. More 
specifically, a so-called bresle patch with a known area is attached to the surface and a liquid 
is introduced between the patch and the surface. This liquid dissolves any salts on the surface 
and if there are any present, the conductivity of the liquid will increase. Measuring the 
conductivity will thus give you a representation of how much salt is on the surface. Ready-to-
go kits using this method are available for purchase, making it relatively easy to deploy.  

3.7 Preparing the organization 
From a technical cleanliness perspective a component is far from out of harm's way after it 
has been cleaned. In most cases the component has a long way to travel after the cleaning 
process and it is vital that it maintains the required cleanliness level until it is a part of a 
closed system. In a typical manufacturing facility there are numerous contamination sources 
that can recontaminate the component more easily than one might think. Figure 3 shows an 
example of what can happen to a component if a cleanliness perspective is lacking in the 
organization. This part of the thesis will discuss cleanliness from a holistic perspective and 
illustrate how much more than just cleaning that must be considered. 
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Figure 3 – Examples of potential contamination factors (VDA, 2010b, p.19).  

An important part of an organization's cleanliness endeavor is to know how to actually work 
with cleanliness issues in everyday processes. First of all, a complete sterile environment is 
not only very expensive and difficult to achieve, but also rather impractical. Instead focus 
needs to be put on defining what types and sizes of particles that are harmful for a certain 
system during the initial steps of the project. The particles deemed harmful are denoted as 
critical particles. It is generally not advised to adopt values and limits for technical cleanliness 
straight off from other industries, due to the fact that the critical particles may be of different 
natures (VDA, 2010b). For example, in the pharmaceutical industry, microorganisms can be 
critical in the production, but in an assembly process in the automotive industry they are not 
necessarily so.  

Particle contamination on constructional features can cause problems both in the production 
and operation of the components. For example, critical particles in the production can lead to 
badly assembled components due to the fact that particles obstruct the contact surfaces of 
joining parts. In a complete product's fluid circuit system, particle contamination can result in 
leakage or even breakdowns. Particle contamination of critical particles is coupled with 
increased wear of components resulting in shorter lifespans (VDA, 2010b; Interview E, 2014). 

Cleanliness and tidiness in the workplace are of increasing importance for organizations' 
quality assurance programs. Therefore tools like the 5S exist and are widely adopted. Those 
tools are not sufficient in a technical cleanliness perspective though. From that perspective, 
the direct contamination of parts is an everlasting threat. Manufacturing processes sensitive to 
contamination need to be carefully planned and relevant measures need to be taken in order to 
meet the technical cleanliness specifications. With a well-planned and structured production, 
manufacturing is possible even though there is visible contamination in the work 
environment. However, it should be mentioned that the 5S and a general sense of cleanliness 
in the workplace could also help improve the technical areas of cleanliness. Mainly through 
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creating a comprehensive mindset in the workforce, taking cleanliness in regard and 
establishing suitable ways of conduct (VDA, 2010b).  

Literature like VDA 19 and ISO 16232-107 provide information about different measures for 
particles equal to or greater than 5 µm. However, not all of the sizes specified in these 
standards are necessarily relevant for having sufficient cleanliness in all industries. For 
instance, in the automotive industry, which VDA 19 concerns, a particle size equal to or 
greater than 25 µm is generally sufficient for the majority of the components, aggregates and 
systems (VDA, 2010b). For most systems in the automotive industry, single compact particles 
in the range from 200 to 1000 µm are the ones that cause the majority of the malfunctions. 
Compact particles of this size do not travel far in the environmental distances, but rather settle 
in the vicinity of their source of emission. However, displacement between surfaces and 
through contact with personnel is a considerable risk factor that could carry the particles 
longer distances.   

It is important to know that when any alterations are made to the product, there could be 
factors affected by those changes. If physical characteristics are altered, the potential need for 
additional or new assembly processes must be considered so that the product still conforms to 
the cleanliness specification. This is also relevant when for example workpiece receivers, 
packaging or feeds are altered. If a product is relocated within the facility or to a new one, the 
new general conditions must be evaluated, such as the environment and the component 
delivery. Basically, as soon as something is changed in the characteristics of the product, 
manufacturing process, logistics or its environment it must considered from a cleanliness 
perspective to see if any additional measures are needed in order to meet the demands of the 
cleanliness specification (VDA, 2010b).  

3.7.1  Principles of a clean facility 
One thing that VDA (2010b) stresses is that components should be as clean as necessary, not 
as clean as possible. Unnecessary strict demands on the cleanliness will only result in high 
cost without any benefits for the components and aggregates. This is related to defining the 
critical particles and thereafter the cleanliness specification, which in turn will serve as the 
basis for designing a clean assembly facility. The more information that is known about all 
the critical particles, the easier it is to plan and implement adequate measures for preventing 
contamination during assembly (Interview B, 2014). Knowledge about particles that are not 
critical can also be beneficial. Even if these particles exceed the permitted size, they will not 
cause damage to the system and with that knowledge, unnecessary measures and costs can be 
avoided when designing an assembly facility suitable for the needed grade of cleanliness. For 
example, the clothing of the personnel tends to generate textile fibers that are dispersed into 
the air. If it is known that soft textile fibers are non-critical, there is no need regulate 
personnel clothing or investing in expensive air filtering devices (VDA, 2010b; Interview B, 
2014). 
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When starting the endeavor of initiating proper cleanliness work there are two important 
attributes, namely humility and realism. Both technically and economically it is nearly 
impossible to prevent every single critical particle in the environment from contaminating a 
component. Especially in a large facility with manufacturing, assembly and logistics where 
the sources of contaminants are many. Where this is the case, it is important to leave space 
between sensitive components and other particle generating sources (VDA, 2010b; Interview 
E). Most hard particles, e.g. metals, are ballistic in their nature of dispersion, meaning that 
gravity tends to stop them from traveling long distances. Lastly, components should not be 
unpacked until right before they are to be installed, in order to avoid recontamination. There is 
also a need for analyzing the dimensional tolerances of joining parts in cleanliness sensitive 
aggregates. Without careful consideration there is a risk for particle abrasion during the 
assembly process that can be enough to violate the cleanliness specification. If particles are 
generated during the assembly process it can be difficult to remove them without taking the 
aggregate apart.  The same reasoning goes for the design of feeders and clamping devices, 
which should not be allowed to generate particle abrasion (VDA, 2010b). 

One method for determining the cleanliness grade of the environment surrounding a 
cleanliness sensitive component is to lay out a self-adhesive test surface in the vicinity. The 
test surface should have a defined size and should lay exposed for a defined period of time. 
When the period of time has passed the test surface can be analyzed with an automatic 
microscope. Assumptions can then be made on how many particles different processes 
generate and also the general cleanliness level of the environment, represented by the overall 
value of the test surfaces (VDA, 2010b).  

3.7.2  Clean areas 
In the majority of the cleanliness sensitive industries, special measures are concentrated into 
defined spatial areas where components are shielded from different risks of contamination. 
These areas are called clean areas and vary in strictness and sophistication. In very cleanliness 
sensitive industries, a clean area denoted as cleanroom has been developed. This is necessary 
in order to prevent the entry and spread of small particles and microorganisms in the 
atmosphere that could damage the product.  

Clean areas with varying cleanliness grades are an essential part when designing and 
organizing an assembly facility. The cleanliness grade describes how a clean area should be 
designed and also what supplementary measures that are needed. Other factors such as 
personnel, logistics and packaging are also covered by the cleanliness grade. The usage of 
clean areas with different cleanliness grades requires that both staff and management have 
knowledge of the aspect of cleanliness (VDA, 2010b). 

The basic purpose of a clean area is to shield components in a defined spatial area from 
functionally critical contamination sources. The main objective is to control and reduce 
airborne particles in the atmosphere. Nevertheless, entry and internal displacement of 
contamination is also an important aspect in a clean area. This can be avoided through 
specifications and measures aimed towards personnel and the transfer of materials. 
Appropriate rules of conduct can help reduce the internal displacement of contamination to 
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sensitive components. Ascertaining what materials that can be used can in turn reduce the 
emission of particles into the environment. In some cases it can be necessary to determine 
appropriate values of other factors, for example temperature or humidity (VDA, 2010b; 
Interview E, 2014).  

To keep the clean areas as clean as possible, there are some important aspects regarding the 
layout of the manufacturing/assembly area that are important to consider in order to 
counteract critical contamination. The work environment needs to be laid out in an easy to 
clean manner. For example, corners and floor to wall connections should be rounded to 
facilitate cleaning of the clean area. The area should also be placed on an adequate distance 
from sources that can stir up particles in the environmental atmosphere in the factory. 
Examples of such sources are windows, doors, gates and pathways for trucks or personnel 
(VDA, 2010b). 

VDA (2010b) describes clean areas with four different cleanliness grades ranging from zero 
to three. The level of cleanliness increases from CG0 to CG3 and the percentage of potentially 
critical particles in the environmental atmosphere decreases accordingly - given that there is 
no significant amount of particles generated inside the area. A clean area with cleanliness 
grade 0 (CG0) is a so-called uncontrolled zone. It is the lowest of the four cleanliness grades 
and has the fewest cleanliness requirements. A CG0 means that the zone has practically no 
cleanliness-oriented regulations other than possibly the 5S. It is also possible that both 
assembly and potentially hazardous processes such as milling are located within the zone. 

The second lowest level is the cleanliness grade 1 (CG1) and a clean area with this grade is 
denoted as a cleanliness zone. The zone containing cleanliness sensitive operations is 
separated from potentially critical sources, e.g. a milling station. Examples of means of 
separation are floor markings, partitions and ceiling curtains. There are also established 
regulations that emphasize the cleanliness inside the zone. Movement of material and 
personnel between different areas are regulated as well. There are no specific demands on the 
management and filtration of the atmosphere other than standard air conditioning. There are 
barrier zones that separate the clean zones, which normally requires some additional floor 
space (ibid.). 

A clean area with cleanliness grade 2 (CG2) is denoted as a cleanliness room (not to be 
confused with the stricter denotation of a cleanroom). Like the cleanliness zone, a cleanliness 
room also has cleanliness-oriented regulations inside the zone and for material movements 
and personnel to or from adjacent zones. Standard air conditioning is sufficient as well. The 
main difference is that a cleanliness room requires a fixed constructional separation from 
other zones, making it a room in itself. Just like the case with a CG1, a CG2 consumes 
additional floor space due to the necessary separation measures. The barriers in a CG2 zone 
are more effective than the ones in a CG1 zone when it comes to blocking airborne particles 
dispersed from adjacent zones (ibid.). 

The highest cleanliness grade described in VDA (2010b) is cleanliness grade 3 (CG3). It is 
reserved for the clean area type known as a cleanroom. In addition to the strict regulations and 
fixed constructional separation in the cleanliness room, a cleanroom requires an utterly 
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distinct ‘encapsulation’ system with e.g. an airlock separating it from the previous area. 
Furthermore, clean air technology is necessary to control the amount of particles in the 
environmental atmosphere. Both the clean air technology system and the airlocks surrounding 
the zone require additional space. ISO standards for the classification of cleanrooms and clean 
air zones only consider particles smaller than 5 µm. Microparticles like these, which can be 
controlled using clean air technology, are not considered to be a current threat for the majority 
of the processes in the automotive industry. Furthermore, the current clean air technology is 
unable to control and filter out the compact particles generated in an assembly facility. These 
particles tend to be much bigger than 5 µm and normally fall to the ground before entering the 
air filtration systems, leaving the zone contaminated. Therefore the advantages of a cleanroom 
are scarce compared to the disadvantages in such a situation (VDA, 2010b). 

All clean areas have some measures and regulations in common that need to be considered 
and exercised. The zones must have explicit border markings and specific locations for 
entrances and exits. A list of adequate packaging methods should also be provided and this 
list should also contain information about what packing materials are prohibited for delivery, 
supply and dispatch. It should also be clear where or on whom the responsibilities of 
maintaining the desired cleanliness degree and level lays. Instructions on how and when 
cleaning and maintenance should be performed should also be available. In clean areas, wet 
wiping and/or suction cleaning techniques are advised and they are paramount for cleaning 
workstations, operating utilities and floor areas. This is essential in order to avoid 
displacement of critical particles due to direct contact. Sweeping with e.g. brooms are 
absolutely prohibited in clean areas. Sweeping as a cleaning technique can stir up and disperse 
particles into the environmental atmosphere and potentially cause harm to the products. There 
are no general recommendations for the scope and intervals for cleaning of the clean areas and 
therefore this needs to be determined individually. It is important to underline that cleanliness 
specifications must not contradict other regulations regarding safety (ibid.).  

The choice of cleanliness grade of the clean area depends heavily on the dispersibility of the 
critical particles defined in the cleanliness specification. VDA (2010b) created a dispersibility 
diagram (see Figure 4) that shows the ability of different particles to spread in the 
environmental atmosphere. Therefore the diagram can aid in determining a suitable 
cleanliness grade. It should be interpreted as that the combination of particle size and density 
determines how prone the particles are to spreading, thus said combination is the determining 
factor when choosing cleanliness grade.  
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Figure 4 - Airborne particles vs. room concept (dispersibility diagram) (VDA, 2010b, p.37). 

Critical particles above 1000 µm will always result in a cleanliness grade no higher than CG0, 
as can be seen in the striped area of the diagram. In general, particles in the gray area travel 
short distances after they have been dispersed. Because of their characteristics the force of the 
gravity is the major affecting parameter and therefore pulls them down to the ground 
relatively fast. These particles tend to stay on the ground rather than being mobile in the 
environmental atmosphere. Therefore a clean air technology system will not be able to filter 
them out of the clean area, rendering a cleanroom unnecessary. In this case a cleanliness zone 
or cleanliness room is more suitable, with cleanliness grade 1 or 2 respectively (ibid.).  

Particles below the diagonal line and inside of the white area do tend to stay mobile in the 
environmental atmosphere. If these particles are considered critical a clean area with 
cleanliness grade 3 is necessary, in order to filter the air with appropriate clean air technology 
systems (ibid.). 

As can be seen in the dispersibility diagram above there are two diagonal lines, one for 
compact particles and one for fiber-shaped particles. When switching from the former to the 
latter, the white zone indicating the necessity for a cleanroom increases in size. This is due to 
the fact that fiber-shaped particles are more prone to staying airborne than compact particles. 
However, the lines cannot be considered to be absolute boundaries between different 
cleanliness grades since there are many particle and airflow parameters affecting how 
particles tend to spread. Nevertheless, they offer a general guideline (ibid.).  

It is important to note, however, that regardless of how good of a cleanliness grade a clean 
area has, it cannot compensate for mistakes made in earlier steps. If a clean product is 
contained in soiled packaging, not even a cleanroom will make the situation better. Clean 
areas are only meant to minimize the contamination during manufacturing processes and 
therefore rely on that subsequent steps in the supply chain are cleanliness friendly as well. In 
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short, however clean a clean area might be, it will not make the part cleaner than it was before 
it entered the zone - given that there are no cleaning processes inside of the area (ibid.).  

3.7.3 Staff/Personnel 
One major factor that can impact the cleanliness of a product is the personnel. Therefore, 
training of the workforce is necessary in order to raise awareness of the importance of 
cleanliness and establish a proper code of conduct. Knowledge must be spread about the 
significance of clean areas and what rules and regulations are associated with different 
cleanliness grades. Nevertheless, successful implementation of cleanliness thinking depends 
just as much on the acknowledgement of management, including company management. In 
general only trained members of staff should be granted access into clean areas, but on 
occasion, visitors might need to enter and observe. For such occasions there need to be special 
regulations (VDA, 2010b; Interview E, 2014). 

The personnel must be regarded as a high risk for displacement of critical particles. Mistakes 
made, whether they are done unknowingly, by laziness or for whatever reason, can lead to 
more problems than just damaging the products. It can be expensive to try to find the source 
of the problem and there is a possibility that another area could be wrongly believed to be the 
source of the contamination and thus resulting in investments in unnecessary corrective 
measures. The commitment of the personnel and the management is of utter importance in 
order to successfully achieve a required cleanliness level in an assembly facility (VDA, 
2010b; Interview E, 2014). 

In some cases, clothing needs to be regulated for personnel active in certain clean areas. 
Textiles vary a lot in how much fluff they release. If fluff is considered a critical 
contamination source, there is special clothing available suitable for working in such 
environments. Organic particles generated from human hair and skin can also be avoided with 
clothing that effectively covers the entire body. Gloves reduce the transfer of salts and other 
substances on hands to the surface of components. Furthermore, clothing used outside of a 
clean area can trap critical particles that then follow the person into the clean area where the 
particles might contaminate sensitive components. Therefore it is important to have special 
clothing in areas with higher cleanliness grades, clothing that must be worn inside the area 
and must not be worn outside of it (VDA, 2010b). Another benefit with special clothing in 
clean areas is that it visualizes the gravity of cleanliness and raises awareness that there are 
strict cleanliness regulations in place. Rules and regulations regarding clothing must be 
documented and easily available for every clean area. It must be clear what must be worn 
inside the area and what must not be worn. Procedures for what needs to be done if for 
example a glove is dropped on the floor must also exist (a dropped glove must in general be 
discarded) (VDA, 2010b; Interview E, 2014). 

3.7.4 Logistics 
Cleanliness is a theme that is problematic in large parts of many organizations and its 
suppliers. Therefore a holistic viewpoint of the problem is needed, including logistics and the 
supply chain that run through many processes. The organization needs to be sensitized about 
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the problem through every logistic phase. It is pointless to have a rigorous manufacturing 
system for maintaining a certain cleanliness level if this work is impaired in the logistic 
processes of a component, aggregate or product. The logistics need to be suitable for use in 
cleanliness regulated processes and be able to deliver a component with the demanded level 
of cleanliness intact to a certain location (VDA, 2010b; Interview B, 2014). 

3.7.4.1 Packaging 
A prominent part of cleanliness work in logistics is the packaging of a component, aggregate 
or product. The packaging must be able to protect the goods inside from critical 
contamination during transport, storage and other processes in the logistical flow. It is 
important to have a clean method and suitable material when packaging a product. Otherwise 
contamination from the environment might enter and reach the goods or, if the packaging 
itself was soiled from the start, it might contaminate the goods by itself. If there are no 
cleaning stations between every step of a components journey, flawed packaging will render 
any clean area pointless (VDA, 2010b).  

Packaging can be divided into two main clusters: inner and outer packaging. The packaging 
material that is in direct contact with the product is called the inner packaging. The 
component's cleanliness specification, geometry and weight will strongly affect the design of 
this material. Adequately designed inner packaging for a certain product will help prevent 
contamination from: 

● the environment 
● the already soiled packaging mean 
● particle abrasion from the inner packaging itself 
● particle abrasion from the component (e.g. products packed in bulk) 
● corrosion of components. 

There are typically four different methods for the packaging of a product depending on how 
the components are placed: 

1. bulk goods (randomly placed) 
2. layered goods (placed in order and stacked in layers) 
3. separated goods (individually placed in compartments of fixations) 
4. single packaged goods (often large components). 

The choice between these methods can greatly impact the amount of particles generated due 
to either abrasion of the packaging material or the components abrading on each other. In 
general, components with sensitive surfaces are more suitable to pack in a fixed position in 
order to avoid particle abrasion. However, if only the interior surfaces of a component are 
sensitive, e.g. a pipe, then sealable caps to shelter these surfaces would be enough to let the 
component be packed with a cheaper less advanced packing method (VDA, 2010b). 

VDA (2010b) describes various packaging means used in the manufacturing industry and 
these containers have different inner packaging characteristics and are therefore affecting the 
goods differently. Some of them are more suitable for transportation and storage than others. 
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It is quite inappropriate for the same container to be used for transporting soiled goods and 
cleanliness sensitive goods, even if it is cleaned between each time. It is very hard to remove 
all critical forms of contamination from these containers, especially if the cleaning method is 
not standardized or defined. Nevertheless, sometimes a cleaning facility adapted for cleaning 
containers might be needed. It could be beneficial to have a planner that can evaluate different 
packaging means and determine their suitability for each component, aggregate or product 
individually. Here follows a list of different containers and comments about how suitable they 
are from a cleanliness perspective: 

● Small load carriers (SLC): depending on how this type of packaging is used, it can 
have either a decent cleanliness level or a very low one. As mentioned above, it cannot 
be used for both soiled and cleanliness sensitive products. SLCs that have been 
washed with an undefined washing procedure can still contain critical particles, some 
as big as several millimeters in the form of chippings. If the SLCs are only used in a 
closed loop system for cleanliness sensitive products and if the containers are cleaned 
with a defined technique, they are suitable for products with moderate cleanliness 
requirements. For highly cleanliness sensitive products, additional packaging such as 
bags is required. There is a prominent risk of particle displacement from the base of 
one SLC to the interior of a SLC beneath it if they are stacked on top of each other. 
Therefore, lids that seal the edges of the SLCs must always be used if they are to be 
stacked. 

● Mesh pallets: although commonly used in the industry, mesh pallets are regarded to 
have a high contamination potential. Only if they are used together with an additional 
inner packaging, such as a bag, can they be appropriate for containing cleanliness 
sensitive goods. 

● Wooden crates and pallets: theses containers easily disperse critical contamination, 
especially splinters of wood. Therefore they must not be used as an inner packaging 
for cleanliness sensitive goods. 

● Blister trays: as they are specifically designed for a certain product and not used for 
other soiled products, blister trays possess a relatively small risk of particle 
displacement. They are therefore suitable as direct packaging for almost any product 
on the condition that they are cleaned regularly in order to maintain a sufficiently high 
cleanliness level. 

VDA (2010b) further argues that the material the packaging is made out of must be 
considered when choosing the packaging. This has to do with the potential generation of 
particles from abrasion between the good and the packaging. However, the available choices 
of material for a certain packaging solution are rather limited, so in practice, the choice of 
packaging often determines the choice of material indirectly. Here follows a list of common 
packaging materials and the effect they can have on cleanliness: 

● Cardboard: in general cardboard is not a viable option for packaging cleanliness 
sensitive products. The reason for this is cardboard's low resistance to abrasion. 
However, special coated hard paperboard can be allowed as inner packaging material 
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as long as organic fibers and soft particles are not considered critical contamination. 
After usage, cardboard and paperboard should be discarded, preferably recycled. 

● Paper: if organic fibers are not deemed critical, VCI paper can be used for lining 
containers. An even safer and more rigorous solution would be to use VCI foil. 
Standard paper for lining containers must not be used. 

● Plastic: as long as the geometry of the component does not threaten to abrade the 
packaging material, typical thermoplastic resins are a possible solution. If the 
geometry of the component do pose a threat of abrasion, a packaging method that 
holds the component fixated could be used to circumvent the problem with abrasion 
while still allowing for plastic to be used. 

● Metal: in general this is not a suitable option while the metal is in direct contact with 
the component. Any potential abrasion would generate hard particles that could be 
detrimental to the component. 

● Filling agents: old fashioned filling agents like wood shavings, cardboard shreds and 
chips are strictly prohibited. In general filling agents should be avoided, but if 
necessary, solutions such as cushion pads and PE foam film are permitted. 

● Separating layers: separation of two layers of components in a container requires a 
separating layer made out of an abrasion resistant material. For example lightweight 
building board made of polyethylene or polypropylene and coated hard paperboard. 

The outer packaging is the part that is exposed and in contact with the surrounding 
environment. With the outer packaging, it is most important to consider the spread of 
contamination to the external environment. Contamination carried by the outer packaging 
cannot be allowed into a manufacturing environment since that could easily be transferred to 
components waiting for assembly. Packaging that is supposed to enter a clean area has various 
demands on its cleanliness level, depending on the cleanliness grade of the zone. The higher 
the cleanliness grade of the zone is, the higher the demands become on the packaging and on 
any secondary packaging, such as stretch films. There are some characteristics that every 
packaging mean should have, in order to be suitable for cleanliness sensitive products. The 
geometry of the packaging should be designed so that it is easy to clean. An important surface 
property is that it should be resistant to abrasion so that particles are not generated and spread. 
Finally desirable properties of packaging are that it does not tear easily and that it is 
impermeable (VDA, 2010b). 

To ensure that the reusable packaging means maintain the required cleanliness level they must 
be cleaned regularly. For very sensitive products it is optimal if containers can be cleaned 
fairly close in time before its usage, according to a just-in-time principal. This should be done 
every time before the packaging will be used. If it proves to be too complicated or costly 
another solution is to have a storage facility where it is possible to store already cleaned 
containers without harming their cleanliness level. Ultimately, if containers cannot be kept in 
adequate cleanliness levels, single use inner packaging can be utilized between the product 
and the container. To avoid confusion clean containers should be marked as clean (VDA, 
2010b). 
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3.7.4.2 Storage 
The most important thing about storage is to make sure that components can be stored safely 
while maintaining their required cleanliness levels. It is possible to store components outside 
if they are adequately packaged. This means that the packaging must be weatherproof and that 
the storage area should have protective surfaces and barriers that are impermeable to water 
vapor. It is also required that the components are placed on an appropriate base and not 
directly on the ground. In general, whether components are stored outside or inside, the 
storage areas should be separated and explicitly marked with their cleanliness grade. Inside a 
facility, packaged goods do not need to be stored in a special clean area as long as the 
packaging can ensure that the goods keep their cleanliness levels. Nevertheless, if packaged 
goods are stored in a clean area, the outer packaging must of course comply with the 
cleanliness level of the storage area. In addition it could be wise to have a dedicated space 
nearby for unpackaging (VDA, 2010b).  

3.7.4.3 Transportation 
During the transportation of packaged components there are many sources of contamination 
that may end up sticking to the packaging. Therefore, for the crucial parts of transportation 
when components are to enter clean areas there are strict regulations (VDA, 2010b; Interview 
E, 2014). Outer packaging that has been in contact with the environment is absolutely 
prohibited. Those layers of the packaging that risk being contaminated must be taken off in a 
dedicated transfer area right before the clean area. For a cleanliness zone, i.e. a clean area 
with CG1, components should be unpacked right on the border of the zone. Directly after that 
they should placed on a carrier coming from within the zone that then transports it into it. Any 
secondary packaging must also be removed so that the component enters only in its inner 
packaging. The regulations of transportation of goods into a cleanliness room, i.e. a clean area 
with CG2, are stricter than the regulations of a cleanliness zone. Now there is a complete zone 
for unpacking and transferring components into the clean area, bordering it. Secondary 
packaging should be removed just before the transfer into the cleanliness room. Packaging 
means that have been packaged themselves are allowed into the clean area. No secondary 
packaging is necessary if the packaging only circulate between the cleanliness room and the 
transfer area. Additionally a cleanliness room could be connected to a cleaning process that 
transports cleaned components directly into the clean area through an airlock. The strictest 
regulations are naturally found in the transfer system of a cleanroom, a clean area with CG3. 
In addition to a cleanliness room, the transfer area of a cleanroom contains a material airlock 
and also an airlock for the personnel. The transfer of material into the clean area is done in 
two steps. Firstly, secondary packaging is removed right before the entry into the material 
lock. Then remaining packaging is either cleaned with a damp cloth before entry into the 
cleanroom, or the component is taken out of the inner packaging and then brought into the 
clean area (VDA, 2010b). 

When aggregates are assembled they must be packaged before they leave the clean area. This 
is necessary in order to protect them from contamination and keep the cleanliness level of the 
cleanliness specification. If an aggregate is not as sensitive to contamination after it has been 
assembled, it is the cleanliness grade of the clean area that determines the packaging. The 
cleanliness grade also determines where to package the aggregate and how the transfer should 
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be done. VDA (2010b) mentions that steering gears and gearboxes are examples of aggregates 
that are not so sensitive to contamination. If the assembled aggregate is still equally sensitive 
to contamination the cleanliness specification determines what packaging can be used 
regarding the inner packaging. The cleanliness grade of the clean area determines which 
packaging is suitable regarding the outer packaging. If the aggregate requires a secondary 
packaging that is not allowed in the clean area, that should be applied immediately outside of 
the zone.  

3.8 Benchmarking cleanliness levels 
It is mentioned above that it could be unwise to directly use quantitative data of cleanliness 
levels from another industry. However, it could also be interesting to know what the other 
industries consider to be appropriate levels of cleanliness for similar parts, such as gearboxes 
and how they should be handled in the manufacturing process. Zhang, Liao and Farooq 
(2013) write about the sensitive gearboxes in wind turbine generators. They argue that all 
major components of the gearbox should be cleaned in the manufacturing plant and that it is 
important that the individual parts are stored in a clean and dry environment. Before the actual 
assembly, the parts should be inspected to make sure that they are clean and that there are no 
traces of rust present. This will help minimize the so-called built-in contaminants (ibid.). 
After assembly, the gearbox system needs to be flushed clean. The lubricating fluid that is 
being used for that needs to fulfill some requirements specified with values from ISO 4406 
(see Table 2). The fluid added into the gearbox must have a particle cleanliness level of ISO 
4406 -/14/11 or lower. In case that the lubricating fluid does not meet the desired particle 
cleanliness level, a filter has to be added. It is suggested that the filter should be of a type that 
only allows one out of 1000 particles of 5 µm to pass through (denoted as β5(c) ≥ 1000). The 
cleanliness level of the flushing fluid in the gearbox system should be equal or lower than ISO 
4406 -/15/12, which is normally monitored with an on-line sensor (ibid).  

Another group of authors (Needleman, Barris and Lavelle, 2009) also published an article 
about contamination control in wind turbine gearboxes. For transparency purposes it should 
be mentioned that their article was a product of corporate research, in a company in the 
filtration solutions business in addition to existing literature. Since it was published in a peer-
reviewed journal and it contains interesting information that can be used to compare and 
discuss the above-mentioned article by Zhang, Liao and Farooq (2013), it will be used in the 
continuation of this paragraph. Needleman, Barris and Lavelle (2009) argues that the particle 
cleanliness level should be no higher than ISO 4406 14/12/10. This is stricter on all categories 
of particle sizes in comparison to the levels recommended by Zhang, Liao and Farooq (2013). 
Furthermore, Needleman, Barris and LaVellee (2009) also recommends a maximum level for 
particles that are four micrometers or bigger, while Zhang, Liao and Farooq (2013) do not 
recommend any maximum level at all. One thing that the both articles have in common is the 
detrimental effect that contamination has on the longevity of gearboxes. Where Needleman, 
Barris and LaVellee (2009) argue that the parts that are most vulnerable to and affected by 
particle contamination are the bearings. Furthermore, they claim that a rigorous particle 
contamination control, using inline and offline filters and breathers on vents, can increase the 
longevity of the bearings by 2.6 to 3.7 times.  
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Water can also be a critical contaminant that can generate serious problems in a gearbox. So 
called free water and water dissolved in the lubricating oil can be the cause of the following 
problems: corrosion, additive drop out, microbial growth, hydrolysis, accelerated oil oxidation 
and surface initiated fatigue spalling (Needleman, Barris and LaVellee, 2009). It is therefore 
advised to make sure that parts that have been washed with water are completely dry before 
assembly. Regenerable breather driers on vents are effective in order to minimize the 
ingression of water from the surrounding atmosphere (ibid.).  
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4 Empirical findings 
During the course of this study, a number of observations and interviews were 
performed. The findings from those interactions are presented here.  

4.1 The case company, a manufacturer of production equipment 
The current status of the case company. The following is taken from 
Observational study A (2014) as well as ongoing discussions with the company. 

The case company in the study is a large Swedish manufacturer of industrial equipment with a 
leading market position globally. The quality of produced products is currently high and 
several management systems are in place for dealing with some of the common quality issues 
of a manufacturing company. In spirit with the low-hanging fruit principle, it has been 
decided to investigate further possibilities of improving quality and one of the areas of interest 
is cleanliness.  

The organization has dabbled with this area previously, but it is currently not an active 
project. Indeed there is currently very little cleaning happening and no control mechanisms 
are in place. Furthermore, no formal demands are put on suppliers to deliver components with 
certain cleanliness. Components are sourced from a large number of suppliers and in some 
cases, even a single component may have more than one supplier.  

All incoming cast goods are power washed in order to remove the anti-corrosion agent that 
they are treated with prior to leaving the supplier. Other than that, not much in the form of 
cleaning occurs, save for when an operator takes individual action. If an operator feels that a 
component is too dirty, they remedy the situation to the best of their ability using a brush 
and/or isopropyl alcohol. This system is clearly quite arbitrary and might lead to soil being 
missed or not being properly cleaned.  

It is therefore understandable that the organization sees cleanliness as an area of possible 
improvement.  

4.2  Supplier of paint products 
The following is taken from Interview C (2014). 

This organization is a supplier of advanced paint systems for use in almost any type of 
application. Its products are used in a large number of different environments, ranging from 
protected indoor applications to difficult outdoor locations near for example the ocean. As a 
result they spend a considerable amount of resources researching what has the potential to 
cause trouble in the application of its products. 

The absolute majority of quality defects that occur with such paint systems are a result of 
insufficiently clean surfaces when the paint is applied. Contaminants of different kinds 
decrease the adhesive properties of the paint, with decreased protection time as a result.  
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There are three common contaminants on steel with respect to paint: 

1. Salts, most commonly sodium chloride (NaCl), 
2. oils, 
3. and fats. 

Salts in particular can lead to the formation of so called osmotic blistering when paint is 
applied on the surface, a phenomenon that both weakens the protection of the paint and 
lessens the visual appeal of the surface. To make sure the surface is free of salts before the 
application of paint, the Bresle method is commonly used. Oils and fats generally leads to 
issues with adhesion and their presence can be tested for using the water break test.  

As most applications of paint systems call for very thin layers of paint, on the scale of a few 
hundred micrometers, the surface has to be very smooth in order to avoid defects in the 
finished surface. As part of the preparation before painting, parts are therefore often 
sandblasted since this results in a smooth surface. A byproduct of this is that any sorts of 
contaminants are also blasted away, making for a very clean surface. Measuring the 
conductivity of the blasting sand is in this case a method for making sure that surfaces are not 
recontaminated by the cleaning system itself.  

Within the paint and corrosion protection industry, the commonly adopted standard is ISO 
129448, which includes specifications for pretreatment, application of paint, environmental 
considerations and corrosion classes. Similar to other standards, there is no examination of 
what can be considered a proper level of cleanliness for a certain situation.  

Many different factors come into play when applying paint in a high quality manner. The 
geometry of the detail is important and as an example, corners should have a radius in order 
for the paint to be applied evenly on the surface. In addition, high quality cast goods with 
smoother surfaces and less pores increase the probability that the paint attaches to the surface 
in a proper way. Cast goods are most often sprayed with an anti-corrosion agent before 
packing and shipping, obviously to avoid corrosion between the time when the parts are 
shipped and when they are used. This agent is however problematic in combination with most 
paint systems and must therefore be cleaned off in a proper way before paint is applied. 
Again, high quality cast goods makes it easier to remove this anti-corrosion compound.  

Painting of components can be done during different phases of the production/assembly. 
Making a crude dissection, painting can be done either before or after the final assembly of 
the component. Painting components before assembly carries a number of advantages. Single 
components are easier to clean and prepare for painting than an assembly, which may contain 
parts that might not fare well in contact with many cleaning techniques. Painting components 
before assembly also makes it possible to cover more than just the visible outside of the 
component, increasing the anti-corrosion properties of the system. It is however also more 
expensive, both in terms of cost and time, to paint each component separately, making the 
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before/after-decision into a cost/quality-decision. This supplier recommends painting 
components separately for the reasons just stated. 

4.3 Manufacturer of road vehicles 
The following is taken from Interview E (2014) and Observational study B (2014). 

This organization is a national and global leader in its sector, working on components that are 
highly sensitive to cleanliness issues. For that reason, they have worked with these issues for 
quite some time and stands out as one of the most experienced organizations in the Swedish 
manufacturing industry regarding these questions. The work with cleanliness is well 
integrated through several key units that follow procedures and processes created by its 
person responsible for cleanliness issues.  

The organization’s work with cleanliness has been based partly on international standards and 
partly on experience and trial and error. While there is now an increasing interest in these 
questions, they confirm that there is not as much research and knowledge available in this 
area as would be useful. Their work has led to internal standards that specify how cleanliness 
questions should be handled for specific components and processes in the production.  

Within any given production line at organization’s production of its most important 
components, there are a number of sub processes dedicated to cleaning. There are industrial 
washing machines at strategic positions in the production chain, whose purpose is to prepare a 
component or assembly for the next step in the process. There are also washing machines that 
perform a so-called final cleaning, which is performed in order to finalize the product before 
shipping.  

The organization has an internal laboratory dedicated to performing cleanliness inspections of 
components. This laboratory is staffed by at least one full time employed measurement 
technician who continuously perform inspections by means of computer-aided microscopy of 
samples obtained by gravimetric means. A goal is set for the number of inspections of a 
certain component and samples are then pulled at random from the production line to see if 
they meet the cleanliness specifications. Results that do not conform to the required 
cleanliness levels generate an investigation into why the component is of lower quality and 
where in the production chain this happens, so that actions can be taken to mitigate and 
remove the problem.  

As has also been revealed in the literature, the organization’s way of establishing a proper 
cleanliness level for a particular component is highly empirical. A situation analysis is carried 
out by investigating whether the component in question is suspected of creating any problems 
within its system. A cleanliness inspection is then performed to see what level of cleanliness 
the component currently has. If the component works as it should, the currently measured 
cleanliness level or possibly one or two levels lower is chosen as the required cleanliness level 
for that component. However if the component has been known to cause failures, a much 
lower level is set. When subsequent actions to achieve this new cleanliness level have been 
performed and the cleanliness has increased, the required level can be reevaluated. On many 
occasions, making a situation analysis and setting a required cleanliness level is not a result of 
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failures, however measurement of the result of the process is required in order to know if it is 
stable or not and whether it is performing well enough. Setting a requirement introduces 
measurement and by extension you may know that the cleanliness is good.  

The organization explained that their reason for having such an empirical process for 
establishing cleanliness requirements is that there is such a large number of factors that affects 
the cleanliness outcome and so it is impossible to come up with a theoretical method for 
defining such a requirement. Furthermore, there is an almost infinite amount of components 
and combinations of components where such requirements are necessary, making it infeasible 
to create any sort of database or register containing common requirements. 

The organization also indicated that not only the cleaning of components is important in order 
to achieve proper cleanliness. A number of external factors such as storage and transportation 
as well as the placement of truck paths and loading docks are important as the environment 
around the component determines how much dirt it is exposed to. The whole supply chain of 
the component, from supplier to final assembly and delivery to the customer must be 
considered. 

4.4 Supplier of cleaning agents 
The following is taken from Interview D (2014). 

This company sells cleaning agents and related services for industrial washing machines. 
Their products are used by a number of large manufacturers in the Swedish industry and are 
deemed to be of very good quality.  

The company has the possibility to make a difference for a client in two ways: how cleaning 
agents are delivered and what cleaning agents are delivered. 

On the first point, the collaboration with the customer is very important and each usage case 
of the product is seen as unique. It is important to look at the entire process rather than just 
delivering a cleaning agent in the mail. This is done by gathering information about the basic 
presumptions of a customer’s production facilities: 

• What kinds of cleaning facilities do the customer have? 
• What materials have to be cleaned? 
• What kinds of products have to be cleaned? 
• What kinds of soils are present on these products? 

Once this information is available, sample products are subjected to test cleanings in order to 
find out what chemical works best with the product.  

If a cleanliness requirement exists, it must be investigated and confirmed that it is at a 
reasonable level and whether the customer’s facilitates in combination with the cleaning 
products reasonably can be expected to achieve this requirement. This can for example be 
done by making washing trials at the customer’s location in order to find a proper product. 
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A common mistake in the industry is a lack of communication between the producer, the 
supplier of washing machines and the supplier of cleaning agents. The company’s 
comprehensive view of the cleaning process as a whole system means that it prefers to be 
involved in the process of setting up a cleaning system as early as possible. Collaboration 
between the supplier of washing machines and the supplier of cleaning agents is likely to lead 
to a more appropriate system being created for the customer and for a lower cost. This is 
confirmed by Kanegsberg and Kanegsberg (2011) who states that communication between the 
three parties mentioned is critical to achieve success. 

This supplier echoes previous statements that the establishment of a cleanliness requirement is 
highly empirical and often based in the experience of the designer of a component. 
Commonly, an existing component has a set cleanliness requirement and a new component is 
designated a requirement based on the existing one. If the new component is deemed more 
important than the old one, a tighter requirement is set for the new component. It is, however, 
easy to overlook whether the cleaning system actually has the ability to achieve such a level 
of cleanliness.  

When a cleanliness requirement exists, sample cleanings are done of the component in 
different kinds of washing systems, such as blast cleaning and ultrasonic baths, in order to see 
what method is required to achieve that requirement. A large factor in the selection of the 
cleanliness system is what cost the producer can bear in order to achieve the wanted 
cleanliness.  

During the cleaning process, the cleaning liquid becomes dirtier, which leads to a decrease in 
the quality of the cleanings. Mentioned before, this supplier reiterates that a detail can never 
become cleaner than the cleanliness of the cleaning liquid in the last cleaning step. A single 
cleaning step is therefore likely to leave residue on the detail after a short time of use. This 
turns out to be something that is often overlooked by manufacturers with insufficient 
knowledge of cleaning.   

A large factor to take into consideration when looking at cleaning systems is their energy 
consumption. Today, sustainability is important to any large corporation and due to the sheer 
amounts of water and heat used by cleaning systems, they leave a rather large environmental 
footprint. The choice of washing method and cleaning agent can reportedly lower the energy 
costs by up to 60% and the water consumption by as much as 70%. A well-designed system 
can also reduce the need for replacing the cleaning liquids by as much as 75%.  

4.5 Transmission manufacturer 
The following is taken from Interview A (2014). 

This company is a manufacturer of customized transmissions. It delivers its products to 
companies that have a clear specification of technical cleanliness in their orders and to 
companies that do not have such specifications. Their solution is that they clean nearly all 
their products and deliver them with a certain cleanliness level, whether the ordering company 
asked for it or not. As the cleaning of the components is now an integrated part of their 
manufacturing process, it is more efficient for them to clean all parts, even though such 
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requirements have not been made from some customers. This company did not follow a 
standardized process for setting their cleanliness limits. Instead they chose a cleaning process 
suitable for their products and tested what kind of results that they could achieve with that 
process. The results achieved were reasoned to be sufficient for all their customers. 

Cleanliness levels can be tricky in more ways than their definition. In many situations it is 
true that more is merrier and people tend to think this way for cleanliness as well. This is not 
optimal however and it happens that cleanliness levels are requested that are very low just for 
the sake of caution. This increases the cost for the customer while not providing as much 
benefit as believed.  

One interesting thing the company mentioned was that the cleaning of components does not 
necessarily lead to much higher costs. On a larger order the company said that added cost for 
cleaning could be around 0.5 % of the total cost, roughly estimated.  

4.6 Research institute 
The following is taken from Interview B (2014).  

Cleanliness is not the area in manufacturing that sees the most work and research but interest 
is increasing more and more. Much of the data related to cleanliness work is however 
proprietary and confidential as most research is done by internal R&D-departments. 
Benchmarking some of the companies that can be considered to be the gold standard can 
therefore be very insightful.  

It is difficult to generalize a cleanliness concept that can be applicable on an arbitrary 
manufacturing facility. Therefore it is advised that organizations individually begin with a 
situation analysis, assessing their current cleanliness levels on sensitive components, 
assembly areas and other affected parts of the organization mentioned above. Starting off with 
cleanliness work is best done taking a broad perspective. Start with the biggest problem and 
find out what the cleanliness level is today. Look at process and see what parts can be 
improved. If the composition of the contamination is known it is easier to determine which 
contamination sources that are affecting the cleanliness of the product the most.  

Today it is common to have the same contamination limits for one system. Even though all 
components in the system do not necessarily need it, it is done to facilitate the cleanliness 
problem from a holistic viewpoint. This could be interpreted as how juvenile the area of 
technical cleanliness still is. This is confirmed by other organizations that were interviewed. 
Even those who are leading companies in their industry regarding cleanliness still use one 
cleanliness requirement per system. Nevertheless, they express the desire to develop 
procedures so that they can put different demands on different subcomponents in a system and 
do have plans on doing so themselves. This shows that the demands for competence out in the 
industry are high and increasing. Surely the academic world should take action to close the 
gap and be part of the research to expand the knowledge base in the future. 

The institute mentions that there is increasing cooperation between different organizations 
with the institute working as the coordinator. They have formed a group that accepts 
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applications from other organizations that want to join. The companies in the group have in 
common that they wish to join forces and share knowledge in order to further develop their 
technical cleanliness capabilities.  
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5 Analysis and results 
Technical cleanliness is an area of great importance for many manufacturing companies, but it 
is nevertheless a topic where research is behind many other areas in terms of quantity and 
quality. There is also a noticeable absence of literature that can be readily used by 
manufacturing companies to educate themselves about working with cleanliness.  

The cost of poor quality in manufacturing and assembly can be significant. One of the main 
ways to compete is to increase efficiency so that available resources can be used better than 
by competitors. The literature indicates that it is not uncommon that up to 25% of turnover 
can be lost to poor quality costs, which makes working to mitigate such problems vital for the 
survival of the company. All investigated organizations in this study agree that technical 
cleanliness is such a problem. While there is no information available regarding the possible 
costs from problems with cleanliness specifically, the potential severity of such problems, 
including scrapping, rework, lost sales and loss of reputation, testify that significant savings 
can be made from reducing them. It can however be difficult to trace failure events to 
cleanliness related problems, yet they must be eliminated. Working with cleanliness is 
therefore done with the goal of eliminating poor cleanliness as a possibility of future failure 
events, rather than as a response to specific, previous failure events.  

The cost of failure events must however be weighed against the cost of cleaning. It is a classic 
tradeoff decision where an optimum level of cleanliness should be found that is a compromise 
between the number of failure events and the level of cleanliness, making the cost as low as 
possible. For example, it has been mentioned in relation to clean areas that the particles 
created from assembly processes in general are larger than 5 µm and that these particles likely 
fall to the ground before they ever reach an air filtration system. It is therefore doubtful that a 
cleanroom would be sufficiently beneficial to outweigh its cost in the automotive and 
comparable industries.  

There is an infinite amount of combinations of components and ways of cleaning them. 
Identifying what components to clean and how to clean them can therefore be a hassle. A 
basic presumption that should be used is that a component must be clean enough to be used in 
the next production step without problems. For a component being used inside a gearbox, this 
probably means that it should be cleaned. A detail that will be painted or otherwise surface 
treated likely also needs cleaning. On the other hand, a cosmetic detail is probably not 
necessary to clean from a technical standpoint. However there is perhaps reason to clean it 
anyway as the customer may expect the product to have a certain look. Indeed, for many 
people, a good and clean look indicate quality in a way that is not equal to the definition 
presented above. Regardless of the technical impact, cleaning for cosmetic effect can 
therefore be needed. Whether to clean a component or not must be decided on a case-to-case 
basis and primarily with a basic premise in mind: how clean does it have to be in order for the 
next step in the production process to be possible?  

Something that has become crystal clear in this study is that the uniqueness of every situation 
where cleanliness is involved leads to an almost complete lack of quantitative data when it 
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comes to required cleanliness levels. The organizations studied here unanimously proclaim 
that required cleanliness levels must be worked out on a case-to-case basis. This is confirmed 
by the near total absence of such data in the literature. A small number of papers contain such 
data, but it is difficult to use these numbers in other cases. Indeed the numbers in the studies 
differ somewhat, and should perhaps only be used to get an indication of proper cleanliness 
levels. It is concluded that such data, while vital for cleanliness success, must be developed 
through a trial-and-error process on a case-to-case basis. A procedure for this will be 
presented below. 

5.1 Using standards 
When it has been determined how clean a component should be and what method should be 
used to achieve that cleanliness, the procedures for performing the actual cleaning is in truth 
quite straightforward since at this point, existing standards and procedures can be used. There 
are a number of standards related to the cleaning process and inspection process, where the 
ISO 16232 and 12944 series and VDA 19 part 1 stands out as most informative and useful. 
Indeed procedures such as cleaning and inspecting cleanliness is recorded in great detail 
within these standards, so it is recommended to use them when setting up procedures for the 
organization. While these standards are almost exclusively published in relation to preparation 
before surface treatments and most were written with a certain industry in mind, they 
generally abstain from defining specific values and implementations in most cases. Therefore 
the methods can be generalized and applied to most types of parts cleaning. In Table 1, 
standards relevant for parts cleaning are listed and explained. Moreover, many manufacturers 
have established extensive internal standards, detailing their processes and working methods, 
using the international standards as a base and adding customizations suitable for their 
organization. While that certainly is one way to go, creating internal standards is in no way a 
necessity. For example ISO 16232 contains detailed procedures on testing methods that 
should be sufficient for most applications, without enough customization required to warrant 
an internal standard. Instead it is mostly up to the implementer, whose choice is likely 
influenced by the way the organization normally works with such questions. While it has been 
stated here that standards have a lot of information and should be used, it should be noted that 
the value of experience in these questions cannot be overstated and that taking help from 
partners and future suppliers of cleaning equipment is highly recommended.  

Quite a few, if not all, components used in the production of a typical manufacturing company 
are supplied by subcontractors and the demands on these suppliers are steadily increasing. 
This presents an interesting question of where you want cleanliness to be achieved. One 
option is to clean all components yourself, while the alternative is to demand clean parts from 
the supplier. Many companies set cleanliness requirements on the components that they buy 
from subcontractors by including them on every purchase order. Some have even gone so far 
as to create internal standards that describe in minute detail how subcontractors must work 
with cleanliness in order to be eligible as a supplier. Any deviation from these documents 
must be agreed upon before a deal is made.  

This is an interesting concept, as it means that the subcontractor has to take the investment in 
cleaning equipment and processes in order to satisfy the demands of its customers. On the 
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other hand, it might lead to higher prices for the components as the suppliers attempt to 
recover their increased production costs. Moreover, it may severely limit the number of 
available suppliers, as many companies simply do not have the possibility to offer such a 
service. This can reduce competition between suppliers and further drive up the prices. In this 
regard, larger companies have a better possibility to make demands, as large orders of 
components can be attractive enough for the supplier to make the investment, while a small 
company is unlikely to have the same leverage.  

On the same theme, many manufacturers source components from multiple suppliers for 
capacity and redundancy reasons. This often leads to minor differences in the components that 
can be problematic from a cleanliness perspective as it can make it more difficult to predict 
what kinds of soils might be present on them. Remember that the more you know about the 
soil on the component, the easier it is to clean. A process that is customized to remove a 
certain soil may fail to do so if components from another supplier have different soil on them, 
particularly in the commonly used aqueous processes. 

5.2 Taking a holistic view 
Cleaning is really just about moving soil from one place to another. The most important thing 
to do when formulating cleanliness work is to use a systematic approach. From the review of 
the literature and the state-of-the-art organizations it is evident that technical cleanliness is 
much more than just cleaning. It involves the entire organization and spreads through the 
layout of the facility, packaging, storage, transportation, logistics and the supply chain. 
Cleanliness cannot be just one department or section of the organization, every unit has to be 
introduced to the problem and challenges, as well as taught how to work suitably from a 
cleanliness perspective. Workers and management on all levels must be engaged and 
participate in the quest to adapt the organization to a cleanliness sensitive one. A comparison 
can be made with the ISO 9001 standard on quality management systems. A basic 
requirement in this standard is that both management and personnel understand the reason for 
implementing the system, or else it is doomed to fail, as they will not care enough about its 
success. The same implication surely applies here.  

A lot of information and knowledge is encapsulated in state-of-the-art organizations and 
suppliers and it has been made clear by both subcontractors and suppliers of cleaning systems 
that communication is key and that the best results will be achieved by involving all parties 
from the beginning of the cleanliness work. As noted, there are many options for most aspects 
of a cleaning system and working with the suppliers of the system is the best bet to create a 
good one.  

While investigating the case company, which is a global leader in its industry with advanced 
manufacturing systems at its disposal, it became apparent that a technical cleanliness 
perspective was lacking. Several other rigorous quality schemes were implemented and 
worked with, but the technical cleanliness perspective was falling short in areas such as 
cleaning, personnel, storage, clean areas and logistics. The conclusion drawn from this is that 
technical cleanliness is an area that is overlooked. Even though the company has a strong 
position on a global market in an advanced industry, technical cleanliness is not incorporated 
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in many of its daily activities. The fact that there are relatively few academic sources on the 
topic and that all interviews performed also mentioned the small interest of technical 
cleanliness indicates that this is not necessarily a specific problem for the case company, but 
probably also a overall deficiency in many industries.  

Today it is common to have the same cleanliness requirement for every part in a system, even 
though all components do not necessarily need it. This is done because it is easier from a 
management viewpoint. This is interpreted as showing how juvenile the area of technical 
cleanliness still is in many aspects. This sentiment is confirmed by organizations such as the 
road vehicle manufacturer, who is one of the leading companies in their industry, but still uses 
one cleanliness limit per system. Nevertheless, they express the desire to develop procedures 
so that they can put different demands on different subcomponents in a system. This shows 
that the demand for competence out in the industry is high and increasing. Surely the 
academic world should take action to close the gap and be part of the research to expand the 
knowledge base in the future.  

For a company that is completely new to technical cleanliness and wishes to start 
incorporating it into the organization as an endeavor for continuous improvements in the 
quality of their products, there are some especially important factors derived from the 
literature and empirical data. First of all, the critical contamination types need to be defined 
for the system in question. Then it can be decided on what types of cleaning that are most 
suitable and what type of measures that are effective. With this information an adequate 
cleanliness grade can be chosen for a clean area. Then all other areas in the organization can 
be adjusted following what has been written in the literature review and empirical 
presentation. Most importantly, involve both personnel and management and sensitize them to 
technical cleanliness so that the entire organization can work together against a common goal. 

The authors have pressed the point that there are not any real resources for looking up 
appropriate cleanliness levels for different components and situations. Knowledge may exist 
with designers and engineers that have learnt with experience the probable whereabouts of 
required cleanliness levels for common components. However when this is not the case or a 
more objective solution is wanted, both the literature and the companies investigated suggest 
empirical methods for finding out what level of cleanliness should be required. Two such 
methods are presented here. 

The first method is based in a situation analysis performed on the component or system in 
order to find out what factors are in play in the specific case. The kind of contaminations that 
are present and their amounts are determined. This data is then related to the number of failure 
events caused by the component. If the component performs satisfactorily, the measured level 
of cleanliness can be deemed sufficient or a level slightly better may be chosen and this level 
is then set as the requirement for the component. If the component does not perform as 
expected, action is taken to increase the cleanliness of the component. After this is done and 
the behavior of the component is as wanted, a new measurement of the cleanliness level is 
done and the results are used as the new cleanliness requirement.  
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The benefit of this method is that it can be easily deployed into an existing manufacturing line 
and used for continuously improving the cleanliness work, taking the actual, in-use 
production line into consideration. It is also the method that is most described by the state-of-
the-art companies in the study, such as the manufacturer of road vehicles, meaning that its use 
has been validated in real-world applications. Performing the actual cleanliness tests should 
be done with one of the quantitative methods described above. When first performing such 
tests, equipment for the inspections may not be available in-house. Companies working with 
components of such sensitivity is however likely to have one or more suppliers with such 
capability and it might be possible to cooperate with them. Otherwise, since the suppliers of 
cleaning equipment and cleaning agents prefer to be involved early in the setup process, they 
can likely help with such testing as this information is also important for them when working 
on the design of the cleaning system. Lastly, there are external laboratories and technical 
consultants that can perform such cleanliness measures on a consulting basis.  

The second method is what can be called a controlled experiment and is by its nature a more 
scientific way of producing the same results. It can deliver a more exact level, but is based on 
inducing faults, which means that it is more expensive to create the data needed, as it cannot 
be taken from products that are shipped to customers.  

The experiment works by thoroughly cleaning a number of components of the type that is to 
be investigated. The clean components are then manually contaminated with gradually 
increasing amounts of known types of soils. The newly soiled components are then used in 
functional tests to see how they perform. The ‘dirtiest’ component that still fulfills the 
intended function of the system, weighted against the cost and effort of achieving that 
cleanliness, can then be used as the component’s required cleanliness level. 

It is beneficial for both methods if critical contamination types are known beforehand so that 
they can be focused on during the evaluation of the results. If they are known, insignificant 
contamination types can be ignored and not cause any confusion or have an unnecessary 
inflating impact on the cleanliness level.  
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6 Conclusions and discussion 
When beginning this study it was naively believed that finding quantitative data on 
cleanliness levels would be a trivial task complicated only by matching it to this particular 
situation. Instead it has been found that such data does not come readily available but must 
instead be constructed empirically for each component or system. An overview of how this is 
done was therefore created.  

When it comes to achieving that level of cleanliness, a number of different methods are 
available and a number of factors must be considered. This is best done in collaboration with 
suppliers of cleaning equipment and cleaning agents, as this makes it possible to customize 
the system to the specific situation at hand and incorporate expertise from several, hopefully 
knowledgeable, sources. Care must also be taken of the rest of the production system. 
Spending resources on cleaning components is quite unnecessary if the components are just 
going to be recontaminated later in the production chain. Achieving cleanliness is futile if one 
cannot maintain it.  

While costs of investing in equipment and added production costs, such as cleaning agents, 
longer process time and training of staff, will certainly be significant when starting to add 
cleanliness technology into the manufacturing, this will be offset by the decrease in quality 
related product failures. All organizations taking part in the study agree that the total costs 
have decreased after starting to work with cleanliness. Unfortunately, no hard numbers on the 
possible savings were achieved during this study due to the large number of alternatives 
available. 

When the authors chose cleanliness as topic for the thesis, little was known about how few 
academic sources actually existed. The immaturity of the area and the encapsulation of 
knowledge inside a few the state-of-the-art organizations made the search for information 
rather complicated. This gave the impression that an inductive study would be necessary, 
which could be difficult and perhaps on a too high level for two master students. 
Nevertheless, through hard work and networking, information sources relevant to the thesis 
were found, but it is arguable that additional literature sources could have been useful. 
Therefore, criticism against the number of sources feels appropriate. Especially because some 
parts in the thesis rely heavily on only a few, albeit reputable, sources.  

The result of the thesis is still rather satisfactory. The authors did succeed to bring information 
out into the open that before this thesis was kept within state-of-the-art organizations and not 
accessible for outsiders. Therefore, it feels like a contribution to the academic world has been 
made.  

6.1 Suggestions for future research 
While it has been established that cleanliness is most likely a beneficial investment, no 
quantitative data has been provided in this study. The authors suggest that performing a case 
study on a company during its implementation of such principles in order to compare costs 
before and after that implementation would be a good topic for future research. 
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Furthermore, the authors believe that working to remedying the lack of quantitative data on 
cleanliness levels for parts would be useful for the industry. A suggestion is therefore to 
perform an empirical study to develop such data at an industrial company.  
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