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Abstract

This thesis was carried out at Ericsson Network Technologies in Hudiksvall, a unit within 
the Ericsson group. The company is a supplier of fiber optic cables, coaxial pair cables 
and network products for telecom and data communication.  

The purpose of the thesis was to find factors that influence the mechanical characteristics 
for copper-wire products that are insulated with foamed polypropylene. This specific 
insulation material is new to the company and suitable machine-settings are unknown. 
The project was carried out as a Six Sigma improvement project according to the 
DMAIC-cycle. Sex Sigma focuses on process improvements and reducing variation.  

Initially, relevant literature for the area was studied to get a deeper understanding of the 
problem. Some of the literature is summarized in the theory chapter of the thesis. 
According to the DMAIC-cycle, the process was then defined and mapped out. Which 
characteristics to improve were also chosen, in this case elongation for the insulation, 
before and after ageing.  

Factorial experiments were conducted later in the process to find out which factors 
influenced the chosen responses. The results showed that line speed and preheating were 
two important factors for a satisfying elongation. To maintain the elongation after ageing, 
the temperature in the main extruder and the tank position for the cooling bath was 
discovered to be important. 

The suggested factors were adjusted to suitable levels. Factors that did not influence the 
chosen characteristics were adjusted to the most preferable level. For example, a cheaper 
granulate could be chosen when it was discovered that the investigated granulates made 
no difference for the elongation of the insulation.  

To reduce the variation a higher speed is recommended. Unfortunately this results in a 
deteriorated surface for the cable. The surface, which was not in the scope of the project, 
could also be improved with a tank position near the extruder head. 

The measurement method for elongation was changed according to the method proposed 
by UL (Underwriters Laboratories). This resulted in a reduction of the variation between 
each tensile test within a sample.  

Recommendation for additional research is further investigation of the effect from 
different temperatures of the main extruder. Another interesting area to study could be the 
factual changes in the polymer structure from different machine settings. It could also be 
in the company’s interest to test if the findings are applicable to other products.  



Sammanfattning

Detta examensarbete har utförts vid Ericsson Network Technologies i Hudiksvall, en del 
av Ericsson-koncernen. Företaget är leverantör av optofiber, koaxialkablar och nätverks-
produkter för tele- och datakommunikation. 

Syftet med uppsatsen var att hitta faktorer som påverkar de mekaniska egenskaperna hos 
koppartrådsprodukter med isoleringmaterialet uppjäst polypropen. Eftersom det aktuella 
isoleringmaterialet är nytt för företaget, så är de rätta maskininställningarna okända. 
Projektet med att ta fram påverkande faktorer, utfördes som ett Sex Sigma projekt enligt 
DMAIC-cykeln. Sex Sigma fokuserer på processförbättringar och att reducera variation.  

Till att börja med studerades relevant litteratur inom området för att få en tydlig bild av 
problemet. En del av den litteratur som studerats har sammanfattats i teorikapitlet av 
uppsatsen. Sedan kartlades och definierades processen. Det bestämdes också vilka 
egenskaper som skulle förbättras, nämligen brottöjning och brottöjning efter åldring.  

Försöksplanering har används för att ta reda på vilka faktorer som påverkar de valda 
responserna. Resultatet från dessa visade på att förvärme och linjehastighet är två viktiga 
fakorer som påverkar brottöjning. För att behålla brottöjning efter åldring så är 
temperaturen i huvudextrudern viktig samt kylrännans position.  

De framkomna faktorerna justerades till nivåer som gav bra värden på brottöjning och 
brottöjning efter åldring. De icke påverkande faktorerna kunde justeras till godtyckliga 
nivåer som på annat sätt var lämpliga för processen. Till exempel valdes ett billigare 
granulat då de undersökta granulaten gav likvärdiga resultat. 

För att reducera variationen i de undersökta responserna så rekommenderas en hög 
linjehastighet. Detta resulterar dock i en sämre yta på kabeln, vilket i och för sig inte är 
kritisk egenskap. Ytan påverkas också av kylrännepositionen, där en position nära 
extruderhuvudet är att föredra.  

Provmetoden för brottöjning förändrades till den av UL (Underwriters Laboratories) 
rekommenderade. Det här resulterade i en radikal minskning av variation mellan varje 
dragprov inom ett försök. 

Ett förslag på fortsatt forskning är att studera hur temperaturerna i huvudextrudern 
påverkar responsen. En fördjupad undersökning av de faktiska förändringarna i 
polymerens struktur kan också vara en intressant fortsättning. Det skulle också kunna 
vara i företagets intresse att försöka applicera resultatet på andra produkter  
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1. Introduction

This section presents the author’s view of quality, a short company presentation, problem 
discussion and purpose and limitations for the thesis.  

1.1 Quality definition  

To compete with the rest of the world, Swedish companies need to constantly improve 
products, services and processes. Quality improvement needs purposefulness, endurance 
and knowledge. (SIQ, 2005) 

The word quality origin from the Latin word “Qualitas”, which means character 
(Bergman & Klefsjö, 2001). There are several definitions of quality and one common 
view is that quality only has to do with the fulfilling of predetermined specifications. The 
famous quality guru Joseph Juran has defined quality in one short sentence: “fitness for 
use”. Bergman & Klefsjö (2001) have defined quality as:  

“The ability of a product or a service to satisfy, or most preferable, exceed the 
customer’s expectations.” 

   (Translated from Bergman & Klefsjö, 2001 p.21) 

The author agrees with the quotation above and believes that it is the most suiting way of 
describing quality. Some organizations create their own definitions of quality, often   
with a specific focus on the customer. According to Foster (2004) there are many 
different perspectives on quality within a company depending on different functional 
areas. These perspectives need to be recognized by the senior management and form a 
starting point for alignment in strategies and improvement in quality communication. 

1.2 Company Presentation 

Ericsson is a worldwide provider of telecommunications equipment and related services 
to both mobile and fixed network operators. More than 40 % of all mobile calls 
worldwide, are made through Ericsson’s systems. The company offers end-to-end 
solutions for all major mobile communication standards (Ericsson, 2005b).  

“To be the Prime Driver in an all-communicating world.” 

   (The Ericsson Group Vision) 
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Ericsson Network Technologies is a division of the Ericsson Group and provides 
products and systems for telecommunication and power networks. The company’s 
portfolio of highly technological products consists of cable solutions for 
telecommunication networks, systems for integration and protection of fiber optic, copper 
based and mobile technologies, products and systems for power distribution, and fusion 
splicers. Ericsson Network Technologies have approximately 700 employees worldwide 
and offices in Sweden, China, Brazil, UK and USA (Ericsson, 2005b).  

“To be a leading supplier of cable and cable related products in the telecom sector.”  
   
   (The Business Segment Telecom vision) 

Visions play a big part in the improvement work for a company. The vision explains the 
question: What do we want to become? A vision should contain a clear picture of the 
direction of a company’s striving, and when the goal is reached. Many companies that 
have succeeded in their quality improvements have also stated in their vision, that quality 
is important. (Bergman & Klefsjö, 2001). 

Neither The Ericsson Group Vision nor the Business Segment Telecom visions have 
stated that quality is important. The Ericsson Group Vision is better in describing the 
direction of the company’s striving, than the Business Segment Telecom Vision. Leading 
supplier and cable related products doesn’t give a clear picture of the direction for the 
company.  

1.3 Quality at Ericsson Network Technologies 

There are many tools available to improve the quality in a manufacturing company. TQM 
(Total Quality Management) is a popular approach, which many companies have 
adopted. Another approach when dealing with poor quality is to use the improvement 
program Six Sigma. The improvement tools in a Six Sigma program are not new, but the 
way of packaging the tools and the focus on cost-reduction are. (Foster, 2004)  

In 1994 Ericsson started a quality improvement program according to the quality 
improvement paradigm (QIP), and in 1995 Ericsson Network Technologies received the 
Swedish Quality Award from the Swedish institute for quality. In 1996 the first initiative 
for working with Six Sigma within the Ericsson group started. One year after, the first 
Black Belt training was held. Ericsson Network Technologies launched their first Six 
Sigma project in 2002, since then five successful projects have been carried out (Norlund, 
2005). The Six Sigma Program has continuously been improved and adapted to fit the 
mission and vision of the company. (Ericsson, 2005a) 
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A quality policy should be supported by the strategy of the company. Activities regarding 
quality have to be clarified, both to the customers, the suppliers and the co-workers. 
Bergman & Klefsjö, (1995) have stated some elements that a quality policy should 
include:

Identification of the customers and their importance for the company 

Important quality dimensions for the company 

The company’s process thinking and the work with continues improvements 

The view of the co-workers 

Since Ericsson Network Technologies is an ISO9001 certified organization, their quality 
policy has been developed to fulfill the specifications of the standard. One requirement is 
that the quality policy should be known and understood by every co-worker. With the 
quality policy below, the company makes this possible. The policy is communicated 
through the managers and connected to every co-workers daily work.  

Every co-worker is responsible for: 

Meeting customer requirements 
Meeting goals   
Continues improvements  

   (The ECA quality policy) 

1.4 Problem Discussion 

This master thesis considers the implementation of a new insulation material for thin 
copper-wire products. The problem will be approached as a Six Sigma improvement 
project according to the improvement cycle DMAIC.  

Some tests with the new material have been carried out and the most important step of the 
production is the extrusion process, where the copper-wire is insulated. The insulation is 
important for the electrical and mechanical characteristics of the cable. The company 
wants thinner cables that reach the UL specifications. To make thinner cables with the 
same electrical characteristics, the insulation has to be foamed. There are two ways to 
foam insulation, chemical or mechanical. This study will focus on chemical foaming. 
Besides the electrical characteristics, the cables have to stand some mechanical tests, 
these tests includes tensile strength, elongation and crush resistance. To fulfill these 
different demands, the company has to switch insulation material. The new insulation 
material is PP (Polypropylene). Differences compared with the material used before, PE 
(Polyethylene), is better mechanical characteristics of the finished product. PP is a much 
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stronger material and will stand the mechanical tests better. The problem with PP is a 
smaller process window that makes it more difficult to establish an optimized and robust 
process. A stable process is necessary to not fail in the electrical characteristics for the 
cable.  

1.5 Purpose and delimitations 

The purpose of this thesis is to identify the variables influencing the chosen characteristic 
variables and then optimize the process in a robust and repeatable way. At the beginning 
of the project many variables were identified, which later was narrowed down to just one 
variable, elongation. If the purpose is fulfilled, the company has a new product family 
ready for the market.  

The project has a limited time of 20 weeks to be conducted, because of that only one of 
the planned products will be studied. The product is an insulated 0,40/0,76 cable, which 
is a conductor with the diameter 0,40 mm with an insulation outside up to 0,76 mm. The 
0,40/0,76 cable is one of the best-selling products in the segment and if the purpose is 
fulfilled, the result may be possible to apply to other products. Another limitation is the 
availability of the production line for conducting Design of Experiments, which will be 
the most common used quality tool in this project. The first priority will be to find 
influencing variables, the next step is to optimize these to fulfill the quality characteristics 
and make a stable and repeatable process.  



5

2. Methodology  

This section presents the methodology chosen for this master thesis. First research 
strategy and data collection are discussed, then reliability and validity, and last research 
approach. In each section are the choices made in this project discussed. 

According to Patel & Davidson (1994), methodology describes everything that has to do 
with the activities involved in a research. The reader should be able to evaluate the 
reliability and generalization of the results. Holme & Solvang (1991) gives another aspect 
of methodology and means that everything helping the researcher to solve the problem 
and to achieve knowledge is methodology.  

2.1 Research Strategy 

To differentiate among research strategies you have to identify the research question for 
the specific research. Normal questions is: “who”, “what”, “where”, “how” and “why” 
(Yin, 1994). The research question for this thesis is: 

“How do the input variables in the extrusion process influence the chosen quality 
characteristics?” 

When questions like “how” and “why” are asked, case studies, experiments or histories 
are favored research strategies (Ibid). Using experiments as research strategy requires that 
the experiments are randomized and controlled by the researcher in a way that the 
influence from noise variables is eliminated. The experiments must be repeatable with the 
same result. These experimental conditions are hard to achieve outside a laboratory 
environment (Eriksson & Wiedersheim-Paul, 1999). 

A case study strategy focus on data with few objects studied in many aspects. The studies 
often contain historical data (Ibid). A case can be an individual or a group of individuals, 
an organization or a situation. Case studies sometime involve many different cases (Patel 
& Davidsson, 1994). The data collection in a case study can involve observations, 
interviews and literature studies. It is hard to make generalizations out of a case study, 
which is weakness of this research strategy (Yin, 1994).  

Suitable research strategies in this project are either experiments or case study. This 
project will be carried out as a case study, considering the complexity of the extrusion 
process, which can’t be fully understood with only experiments as research strategy. The 
many sources of information that will be used and the hardness to attain a laboratory 
environment, also makes the case study more appropriate.  
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2.2 Data collection 

2.2.1 Secondary and primary data 
The purpose of collecting data, regardless how it’s done and the quality of the data, is to 
get relevant information concerning the research question (DePoy & Gitlin, 1999). 

To collect information the researcher can use: existing documents, observations, 
interviews and questionnaires. Existing documents are secondary data, while the others 
are primary data. Secondary data is already gathered by earlier investigators and is made 
available through source search. Primary data has to be collected by the researcher. No 
method is better then the other, the most suitable method for the moment, is chosen. It’s 
important to chose material supporting our ideas as material in disagreement with our 
ideas, this to not get a biased picture of the studied event (Patel & Davidsson, 1994). 

Both primary and secondary data have been used during this improvement project. 
Examples of primary data are factorial experiments and interviews conducted throughout 
the project. Internal reports and data automatically collected by a production monitoring 
system, are examples of secondary data.  

2.2.2 Quantitative and qualitative data 
According to Eriksson & Wiedersheim-Paul (1999) the quantitative data can for example 
be quantified in number of pieces or in SEK. Qualitative data is more undefined and can 
for example be comfort at work. Secondary or primary data can be used in case studies.  

In this project the data is of both qualitative and quantitative character. Most data is 
qualitative and comes from interviews and discussions with involved personnel at 
Ericsson Network Technologies in Hudiksvall. Quantitative data has also been collected, 
mostly in the measure and analyze phase of the DMAIC improvement tool, when 
factorial experiments were conducted.    

2.2.3 Documents 
Because it’s easier and less expensive, secondary data should be used in the first place. 
The collection of secondary data begins with a source search. One purpose with this is to 
give an orientation of the studied area and to understand how earlier researchers have 
approached similar problems (Ibid.). 

Developing a unique and personal search approach that suits the person conducting the 
research is important. The researcher then adapts the studied problem and method suiting 
the personal approach. There are several different sources for documented information: 
Own knowledge, personal contacts, Internet, papers and bibliographies. It’s economic to 
first use own knowledge and personal contacts and then use Internet, papers and 
bibliographies (Ibid.). 
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According to Yin (1991) and Patel & Davidsson (1994), the documents relevant for the 
research, should be analyzed critical with questions like: What purpose did the author 
have with this document? Under what circumstances did the document occur?  

For this case study all sources for documents discussed earlier have been used. To start 
with as suggested own knowledge and personal contacts at Ericsson Network 
Technologies, then available papers and bibliographies from the company and last 
documents available on Internet and at the library of Luleå University. To find electronic 
sources relevant for the extrusion process, the Internet based search engine Google and 
existing documents on the Ericsson intranet have been used. To find bibliographies 
relevant for Six Sigma theory and the DMAIC improvement tool, the search engine at the 
library of Luleå University have been used. Initially, the author had a wide search 
approach, which was narrowed continuously throughout the project.  

2.2.4 Interviews and Surveys  
Interviews can have different levels of standardization and structure. In interviews with a 
high level of standardization, the questions and the order of the questions are 
predetermined. If the interview has a low level of standardization, the interviewer can 
formulate the question during the interview and chose in what order to ask the questions. 
Level of structure means how much freedom the respondent has, answering the questions. 
If the question only can be answered yes or no, it has a high level of structure. Interviews 
of unstructured character and with low level of standardization are according to Patel & 
Davidsson (1994) used if the researcher wants to do a qualitative analyze of the results.   

In this project were people involved in the product development process interviewed first. 
The purpose with these interviews was to get a deeper understanding of the problem, and 
to get a necessary theoretical background concerning the process. These interviews were 
unstructured and with a low level of standardization. This choice was made because of 
the complex nature of the production process. A longer interview with Färlin, R, Black 
Belt at Ericsson Network Technologies, was conducted. The purpose with this interview 
was to get a view of earlier improvement projects conducted at Ericsson. Färlin, R has 
also been the supervisor for this master thesis and a nice help in planning and conducting 
Design of Experiments.  

2.2.5 Observations
According to Patel & Davidsson (1994) observations are useful when gathering 
information about an event in its natural environment. Structured observations follow an 
observation scheme where different kind of behaviors are noticed. Tests and experiments 
can also be treated as observations. It is important to differentiate a factual behavior and 
interpretations of a behavior when using observations for data collection. 
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2.3 Validity and reliability 

2.3.1 Validity 
Validity deals with the question; does the measurement instrument really measure what 
we want to measure? (Eriksson & Wiedersheim-Paul, 1999) DePoy & Gitlin (1999) mean 
that the internal validity for the investigation is the ability to make the right conclusions 
according to the research question asked. If the investigator incorrectly concludes factor x 
to cause event y, when the actual cause is unknown factor z, the investigation has failed 
to deal whit threats to the internal validity.  

To deal with the internal validity, statistical analyzing of the data has been used. For 
example factorial experiments, residual analyze and hypothesis testing. To make the right 
conclusions of the results achieved in the project, all personals involved in the 
investigated process were interviewed continuously during the project. The outcomes of 
these interviews were documented right after the interviews. Most of the interviews were 
conducted unstructured with low level of standardization.   

Concerning external validity of a case study, Yin (1994) formulates the question; are the 
findings from the study able to generalize beyond the immediate case study? Probably are 
the findings from this project possible to apply outside the case study. A hold back could 
be noise factors like different material batches and a questionable testing method. It may 
also be possible to generalize the results to other products of the same line.  

Reliability 2.3.2 
Reliability is the possibility for a later investigator to conduct the same study all over 
again and achieve the same result and findings. The most important factor to make this 
possible is to document all procedures followed. The purpose with god reliability is to 
minimize the errors and biases (Yin, 1994). Depoy & Gatlin (1999) argues that to 
minimize the risk for lack of reliability, the procedures, the measurement tools and the 
methods for analyzing data must be well defined and adequate for the investigation. 

To secure the reliability a diary was made during the project with steps and brief 
notations and findings. Also notes during the interviews were taken. The used DMAIC 
process improvement methodology is good for the reliability of the study, because of the 
documentation of all phases and the need of a well-defined schedule, with predetermined 
activities.  

2.4 Research approach 

2.4.1 Positivism or Hermeneutics 
Today we have two ways to approach a research; hermeneutics, which strives for 
understanding, and positivism, which describes and explains (Eriksson & Wiedersheim-
Paul, 1999). Positivism believes in absolute knowledge and means that humans only got 
two sources for knowledge, our senses and the power of deduction. You should always 
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use critical analyzing and never speculate or trust authorities or traditions. Hermeneutics 
use interpretations to understand other people’s behavior to gain knowledge about 
something. The interpretations are influenced by the researchers own believes and 
thoughts (Thurén, 1991).  

There are three ways to make conclusions for a positivist, through induction, deduction or 
a combination of these two, hypothetic-deductive. An inductive approach is based on 
empirical studies and a deductive approach is based on logical thinking and deduction. A 
deductive researcher makes, out of already established theories and principles, 
conclusions about a certain case. If the theory is empirical approved it’s a hypothetic-
deductive approach. If the researcher instead uses an inductive approach, theories are 
formulated from an empirical study, see figure 2.1 (Patel & Davidsson, 1994). 

Theory

Hypotheses

Observations

Generalization

Observations 

(Measure, Interpretation)

Inductive approach Deductive approach

Reality

Figure 2.1 Inductive and deductive approach. Source: Wiedersheim-Paul & Eriksson 
(1999, p. 218). 

This study is mainly based on a positivistic approach, because of the statistical tools used 
in the DMAIC-project. When using statistical tools, it’s important to have a critical view 
when analyzing the result, otherwise it’s a risk for bias and incorrect conclusions of the 
statistical material.   

A major part of the theory concerning Six Sigma and the DMAIC improvement tool, 
have been collected in a deductive way. Some of the theory concerning cable extrusion 
has been taken from already established theories, but because of the lack of relevant 
theory, much was discovered from an inductive perspective. 
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3. Theoretical frame of reference 

3.1 Product and production description 

3.1.1 Background  
Cables can be divided into three groups depending on the design of the conductors. The 
first group is pair-cables, which consists of two conductors with a transmitter and a 
receiver. The second group is coaxial-cables, which consists of one or more coaxial-tubes 
with a metallic tube inside, and a conductor inside of that one. The metallic tube and the 
conductor are called inner- and outer-conductor. The two conductors are separated with 
air or polyethylene. The third group is optical cables, where the information is 
transmitted with light pulses through optical fibers. The investigated cables in this thesis 
are pair-cables (Sieverts telekabelhandbok). 

3.1.1.1 Pair cables 
The diameter of the conductor and the quantity of pairs within a cable are standardized. 
Common diameters are 0.4, 0.5, 0.6 and 0.7 mm. The number of pairs differentiates from 
1 to 2400. The conductor is insulated with paper or a polymer material. (Sieverts 
telekabelhandbok).

3.1.2 Product description  
The end product in this improvement project consists of thin insulated copper wires with 
diameters of 0,4 mm, sheathed with a polymer. The number of insulated copper wires 
within the product differs according to the customer-specifications, see figure 3.1.  

Figure 3.1. Examples of pair cables. Halogen free screened symmetrical cable with four 
pairs (left) and screened symmetrical pair cable with 21 pairs (right). 

The two cables above are examples of typical end products in this project, they differ 
somewhat from each other but both cables consist of insulated conductors, number one 
and two in the figures. The outside layers of the cables typically consist of wrapping 
plastic foil, braid Cu tinned cover and a sheath of FRPE. 

The part of the cable studied in the DMAIC-improvement project is the insulated Cu 
conductor, number one and two in figure 3.1. This part of the cable consists of a solid Cu 

5
6

1

3
4

2
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wire that is tinned or Ag-plated with a foamed polypropylene layer outside. Outside the 
foamed layer is a skin layer. Sometimes an inner skin is applied directly on to wire 
(Figure 3.2). 

Inner skin (not visible) 

Copper wire 

Foamed layer 

Outer skin 

Figure 3.2. A schematic figure of an insulated copper wire. 

The skin layers and the foamed layer are made of polypropylene. The foaming ratio for 
the insulated conductor is 40 %, which means that 40 % of the foamed layer is gas and 
the rest is polypropylene. The copper conductor wire is made of solid copper with or 
without a cover of tin or silver, the cover stands for one percent of the wire diameter.  
The conductor material is delivered with a diameter of 2,7 mm which is drawn down to 
the final conductor diameter, in this case 0,40 mm.  

3.1.2.1 The insulation materials  
The material used for the foam layer is described by the supplier in the description for the 
material as a “copolymer for high performance applications.” They also claim that the 
material “is designed for computer and instrument cable insulation and fully stabilized 
for thermal ageing and copper contact.” Ericsson Network Technologies has a good 
relationship with the manufacturer and the choice of this specific material was easy to 
make. 

The material used as skin layer is purchased from two to different suppliers. Both 
materials are suitable as insulation material, but differentiate somewhat from each other. 
One material has a melt index of 5,5 g/10 min and the other material has a melt index of 
3,0 g/10 min. Other physical properties are nearly similar for the two materials. The 
material descriptions were studied and the first supplier describes their material as “a
fully stabilised solid PP copolymer block for applications requiring superior mechanical 
properties at elevated temperatures. The material is suitable both as primary insulation 
and as the skin layer in foamskin constructions.” The other supplier describes their 
material as “a high melt strength polypropylene compound developed for thin wall 
insulation use in communications cables. The material has been formulated to provide 
excellent long-term ageing performance in both air core and especially in the more 
demanding grease filled cable applications.” Both materials are suitable as skin layer. 
Which one to use will be decided in the factorial experiments conducted as a part of the 
analyze phase in the DMAIC improvement cycle.  
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3.1.3 Important characteristics for an insulated copper wire

Capacitance  
The capacitance is an electrical characteristic of the insulated conductor and is measured 
in the SI-unit farad. The capacitance of a cable can be divided into capacitances between 
different conductors and between conductor and ground. A constant diameter is important 
for the capacitance of the cable. And if the insulation material is foamed, the foaming 
ratio is an important factor. The ratio has to be constant along the cable for a stable 
capacitance. A problem that could arise if the capacitance vary a lot, is overhearing. 
Overhearing means that the transmitted signal in one conductor “leaks” to another 
conductor (Sieverts telekabelhandbok). 

Crush resistance  
Crush resistance is a mechanical test. The insulated conductor is exposed with a continual 
increasing force between two plates. The distance between the plates is narrowed down 
with a constant speed until the insulation is penetrated. The test generates the necessary 
force to penetrate the insulation. The insulated conductor have to stand a certain limit 
before the insulation is penetrated, specified by the certification organization UL 
(Svededberg, M).   

Elongation and Tensile Strength  
Elongation and tensile strength are two mechanical characteristics of the cable. The two 
characteristics are tested in a tensile testing machine. The characteristics are tested both 
before and after ageing. The limits that the insulation has to reach for these 
characteristics, are also specified by UL (Svedberg, M). 

3.1.4 Cable extrusion  
The process of cable extrusion is a continues transportation and transformation of 
polymer granulates or powder into a melt. A rotating screw does the transportation and 
transformation, which works like an Archimedean screw fitting closely into a cylindrical 
barrel. The granulate is fed into the extruder from a feed hopper. The extruder ends up in 
a die that applies the melt on to the copper wire. The channel depth of the screw 
decreases from feed zone to the die, shown in figure 3.3. A consequence of the 
decreasing channel depth is an increasing pressure. Heat is transferred from the barrel to 
the melt along the extruder (Kurs i extruderingsteknik, 2002)  
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Figure 3.3. The different parts of an extruder. Source: Freely after Klason & Kubat 
(p226, 2001) 

There are three zones in the extruder, feed zone, melting zone and pump zone, shown in 
figure 3.3. In the feed zone, the granulate is compressed between the barrel and the 
screw.  A solid bed is formed which is transferred further through the extruder. The 
melting zone, also called compression zone, does most of the melting. The granulates in 
contact with the barrel starts melting and a thin film between the solid bed and the barrel 
wall is formed. Next zone, the pump zone, does the final transportation of the Polymer. 
The screw depth is constant and the main task for this zone is to supply the die with 
homogenous material with constant temperature and pressure (Ibid.).  

Important parameters in an extrusion process are the speed of the screw, the pressure and 
the temperature in the barrel. A special effect arising in the extrusion process is die-swell. 
Die-swelling occur directly after the passage through the die and is caused by the elastic 
characteristics of the polymer. These elastic characteristics are hard to determine, and the 
die must be designed with this effect in concern to meet the cable specifications (Ibid.). 

The friction between granulate, barrel and screw contributes much to the temperature of 
the melt. Sometimes cooling is needed because the risk for thermal breakdown of the 
polymer (Ibid.). 

When higher production capacity is needed in a one-screw-extruder, the screw speed is 
increased. With higher speed the friction is increased. This result in a risk for overheated 
melt and thermal breakdown (Terselius, 1989). This problem can be solved with another 
kind of screw. Also depending on what material to extrude, different screws can be used, 
see figure 3.4 (Kurs i extruderingsteknik, 2002).  
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Nylon screw

P.E screw

PVC screw

Figure 3.4. Different screws adapted for different materials. Source: (Kurs i 
extruderingsteknik, 2002). 

3.1.5 Foaming in polymer extrusion with chemical blowing agents (CBA)  
The chemical agent is mixed with the polymer, either as admixture or as powder before 
the extrusion begins. Sometimes the polymer already contains the agent and no addition 
is needed. The amount of agent and the melt temperature determines the degree of 
foaming. There are both organic and inorganic agents. Typical amounts of the CBAs' are 
between one and five % of total weight. This mixture makes it possible with a maximum 
foaming degree of 60 %. (Reiner & Scheid, 2001) 

CBAs' either decompose endothermic, needing energy to react, or exothermic which is 
setting energy free. When the CBA decompose, a small bubble is formed. An example of 
bubble formation can be studied in picture 3.1. The time and temperature in the barrel 
should be adjusted so that decomposition rate is known and no post foaming effects takes 
place. One problem with the CBAs' is that higher concentrations may cause deposits on 
extruder components, like the screw. This mainly happens with exothermic powders 
(Ibid.). 

1. Skin layer

2. Foam layer (bubble formation)

3. Area of removed conductor

Picture 3.1. A cross-section example of bubble formation. Source: Own. 

The picture above is a cross-section of an extruded insulation wire. The conductor is 
removed (3) and the bubbles (2) are visual inside the skin layer (1).  
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3.2 Polymer theory 

3.2.1 Chemical structure 
A polymer is an organic compound where carbon is present together with other elements, 
for example oxygen, hydrogen or nitrogen. The molecule chain is long and consists of 
repeated smaller molecules, monomers. The chemical reaction for these molecule chains 
to be formed is called polymerization (Klason & Kubát, 2001). The monomers for 
polyethylene and polypropylene are shown in figure 3.5.  

Figure 3.5. The repeated monomers for polyethylene and polypropylene. Source: 
Kompendium, Polymera Material (p. 47). 

Most of the polymers for commercial use are copolymers (Terselius, 1989). In 
copolymerization more than one kind of monomer is used when forming the molecule 
chain. The properties of the copolymer are determined by the sequence length of each 
containing monomer. Copolymerization is a common method for changing the properties 
for a polymer product, for example melt temperature. There are different kinds of 
copolymers (Klason & Kubát, 2001), three examples are shown in figure 3.8.   

Randomized copolymer  AABBBAABAABAAABAABBB 

Alternating copolymer  ABABABABABABABABABAB 

Block Polymer   AAAAAABBBBBBAAAAAA…. 

Figure 3.6. Different kinds of copolymers. Source: Klason & Kubát (2001, p.14) 

3.2.2 Molecular chains 
The polymers are divided into three different categories: thermoplastics, thermosetting 
polymers and rubber materials. Polypropylene and Polyethylene are two examples of 
thermoplastics. Thermoplastics consist of either branched or linear chains and rubber 
materials and thermosetting polymers consist of crosslinked chains, shown in figure 3.6 
(Ibid.). 
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Figure 3.7. Linear, branched and crosslinked chains. Source: Klason & Kubát  
(2001, p.15) 

Thermoplastics soften at high temperatures and are formed under high pressure because 
of the high viscosity for the melt. Thermoplastics can be re-melted and reshaped 
unlimited times, the only limitation is chemical ageing (Ibid.). 

3.2.3 Crystallinity 
Many polymers are able to crystallize, take crystalline form, but are impossible to 
crystallize to 100 %, and are for that reason called semi-crystalline. Two examples of 
semi-crystalline polymers are polypropylene and polyethylene. The opposite condition 
for a polymer is amorphous. The using range for an amorphous polymer is under the Tg-
temperature (glass-transition temperature) (Klason & Kubát, 2001). When a semi-
crystalline polymer reaches and exceeds the Tg-temperature it’s still useable. This 
condition exists because the material is a two-phase system. The crystalline part of the 
polymer will keep the material together and if the crystalline part is big, the material can 
be used up to temperatures near the Tm-temperature (melting temperature). Tg-
temperatures for polypropylene and polyethylene are shown in figure 3.5 (Polymera 
material).    

3.2.4 Viscosity 
Viscosity describes a specific fluids internal resistance to flow. The viscosity for 
thermoplastics depends on temperature, pressure and shearing rate. The viscosity is in the 
range of 102-106 Pas. This can be compared with water that has a viscosity of 1 mPas and 
syrup which has 100 Pas (Klason & Kubát, 2001). 

The thermoplastics consist of long molecule chains that affect the ability to flow. Higher 
shearing rates gives better molecule orientation with lower viscosity as result. With a 
higher pressure the viscosity is increased. The relation between high pressure and high 
viscosity is more obvious with temperatures near the Tg than with higher temperatures 
(Ibid.).    
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3.2.5 Processing 
The mechanical properties for the final polymer product are influenced by; inner 
tensions, orientation, crystallinity, termichal and mechanical breakdown, physical ageing 
and the choice of working method during the production (Ibid.).  

The orientation for a molecule chain of a melt in rest is shown to the left in picture 3.2. 
The chains are then straightened when the melt is extruded through a small die and are 
orientated as shown to the right in picture 3.2. If the melt is cooled down fast, the chains 
are “frozen” in that position. The orientation has a big influence on the mechanical 
properties and along the orientation direction the tensile strength is increased and the 
elongation decreases (Ibid.). 

Picture 3.2. To the left, molecule chains in rest. To the right, orientated chains. Source: 
Klason & Kubát (2001, p.50) 

If a thermal breakdown takes place, the covalent bonds between the atoms in the 
molecule are broken. This will decrease the mechanical properties for the material. The 
risk for a thermal breakdown depends on the material, sometimes the breakdown is sped 
up with high temperature and mechanical shearing (Ibid.).  

The molecule weight influences the ability to work up the polymer. Polymers with high 
molecule weight offer better mechanical properties. Melt flow index is a measure of the 
ease of flow for a polymer. A polymer is melted and the weight of the polymer flowing 
through a capillary of specific diameter with a certain pressure is measured. Higher melt 
index means lower molecule weight (Klason & Kubát, 2001). A material with high 
molecule weight needs a higher working temperature (Polymera material).   

3.3 Testing method 

Tensile test is a fundamental method for testing a material’s mechanical properties. A 
tensile test is easy to perform and economical. The test is performed in a tensile testing 
machine and the specimen is attached between grips and then stretched until it breaks. 
The rate of separation is uniform and the values for elongation and tensile strength are 
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measured continuously during the separation. With the values, a diagram over the load 
and the elongation are made. The specimen ruptures where the curve ends. 
(Termoplasters mekaniska egenskaper, 2001). The testing machine used in this project is 
Instron 4301 and used software is Instron IX Automated Material Tester version 8.08.00. 
A schematic picture of tensile tester is shown in figure 3.9. 

Figure 3.9. A schematic figure of the tensile testing machine. 1. Grips, where the 
specimen is attached. 2. Moving head. 3. Loading cell. 4. Extensometer 

The curve for a ductile polymer in figure 3.10 shows how the tensile test works. The 
Load is first increased until deformation instability in the thinnest part of the specimen 
occurs. Through plastic flow a “neck” is formed and the load decrease. The area where 
the neck is formed is molecular orientated, and becomes much stronger. The load is then 
increased again until the specimen ruptures (Terselius, 1989).  
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Figure 3.10. Different tensile curves for different materials. Source: Termoplasters 
mekaniska egenskaper (p74, 2001). 

The appearance of the curve depends on the separation speed and the temperature where 
the test is performed. With lower temperature, the material becomes more brittle and the 
curve looks more like the one for a stiff polymer. Increased speed generates the same 
effect to the material. (Polymera Material). 

A computer software is used to collect the data from the tensile test. In this case the 
software Series IX Automated Material Tester version 8.08.00 were used. The program is 
delivered with standard test methods. The user can specify own test methods, if desirable 
(Instron, 2006a). The force needed to separate the specimen to the point where it breaks 
for a uniaxial force, is called tensile strength. The tensile strength is calculated with the 
formula:  

tensile strength = 
Area
Load  (MPa)   (3:1) 

where Load = breaking load, N and Area = cross-sectional area, mm2 (Instron, 2006b). 

The strain can be expressed as the ratio of the change in length to the original length. If 
the original length is L0 and the length after the separation is L (Instron, 2006b). Then the 
elongation is: 

00

0

L
L

L
LLe     (3:2) 
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3.4 TQM Total Quality Management 

Organizations worldwide are today working with the concept TQM (Total Quality 
Management). Many organizations are successful in their implementation of TQM, but 
some are not. To succeed with a TQM implementation, the senior management 
commitment and endurance are important. Many organizations that have failed their 
TQM initiative don’t work with the whole concept. Instead just a few improvement tools 
are chosen, with hope that this will solve all the problems (Klefsjö et. al., 1999). 

The failure may be a result of the unclear definition of TQM and because no common 
definition exists. According to Klefsjö et al. (1999), the purpose with TQM is to increase 
customer satisfaction with fewer resources. This is done by creating a culture that shares 
common values. To create this culture, techniques and tools that suit the purpose are 
chosen (Figure 3.11).  

Figure 3.11. The three components of TQM. Source: Bergman & Klefsjö (2001, p.391) 

If an organization wants to implement TQM and change the culture, old patterns in 
behavior needs to be changed. All activities need to undergo a critical analyze to change 
believes and behaviors. Six Sigma is one technique involved in TQM and the approach 
used in this improvement project (Ibid.). 
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3.5 Six Sigma  

This section presents relevant theory about the Six Sigma methodology, background, its 
framework and pitfalls. The most common tool, the DMAIC improvement cycle, is also 
discussed.  

3.5.1 Background 
To compete with the rest of teh world, organizations need to become more effective and 
efficient. The time for developing new products must be reduced, quality has to be 
improved with increasing production while costs have to be reduced. To meet those 
needs, a Six Sigma approach can be effective (Breyfogle, 1999). What differentiates Six 
Sigma from other improvement methodologies are the packaging of quality tools and 
philosophies, the focus on cost reduction and the organization (Foster, 2004).  

Six Sigma was first initiated by Motorola to cut the company’s costs in 1982. The CEO at 
that time wanted to cut the annual costs in half. This focus on costs gave a reason for 
Motorola to improve product design with help of analytical techniques. This was the start 
for Motorola’s Six Sigma program (Foster, 2004).  

Magnusson, Kroslid & Bergman (2003) gives a technical definition of Six Sigma: 

“Technically, sigma is a letter in the Greek alphabet. It is written as , and used both as a 
symbol and a metric of process variation. Process performance equals 6 sigma when 
variation in the individual process or product characteristic gives no more than 3.4 
defects per million opportunities. “ 

The traditional view says that a quality characteristic is acceptable as long as the value is 
between upper and lower specified limit (see figure 3.12) (Bergman & Klefsjö, 1995) 

Figure 3.12. Traditionally view on variation. Source: Bergman & Klefsjö (1995, p. 171) 
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The difference between Six Sigma and other improvement methodologies is the focus on 
reducing variation. Variation results in costs for the organization itself or its surrounding, 
suppliers and customers. The costs of variation can be described by “The loss function”, 
shown in figure 3.13. The cost increases as the value moves away from the target. 
(Magnusson, Kroslid & Bergman, 2003)  

Fig. 3.13 Six Sigma view on variation, The loss function. Source: Montgomery (2005, 
p.17). 

Many organizations today, are working with improvement projects. Because of its large 
range of improvement areas, Six Sigma is preferred by a majority of the companies, to 
reduce variation. Six Sigma can be used in ongoing improvements, but also in 
breakthrough improvement projects. The focus on variation reduction assumes that the 
mean first has been improved to a satisfactory level (Ibid.). 

According to Pyzdek (2001) the main effort in the Six Sigma methodology is to reduce 
process variation and consistently meet or exceed customer expectations and 
requirements. But, to attain breakthrough improvements, which are needed for the 
company to grow and adapt to a changing environment, some waste and variation has to 
be allowed when developing new products. It’s important for the managers to understand 
this paradox.  

3.5.2 The Six Sigma Organization 
The Six Sigma framework consists of four elements: Senior management commitment, 
stakeholder involvement, training scheme and measurement system. Stakeholders include 
customers, employees, owners and suppliers. Senior management commitment and 
stakeholder involvement are important, because without these, training scheme and 
measurement system are meaningless (figure 3.15). Launching a Six Sigma initiative is a 
strategic decision and must be taken by the senior management. (Magnusson, Kroslid & 
Bergman, 2003).  
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Figure 3.14. The Six Sigma framework including the four main elements with the 
improvement projects in focus. Source: Magnusson, Kroslid & Bergman, (2003, p33). 

The more a Six Sigma project is characterized as breakthrough improvement (figure 3.15 
breakthrough model) the more commitment from senior management is needed. The 
senior management commitment should among other things contain formulating the 
company’s Six Sigma mission statement, monitor projects and listen to project reports, 
select and follow up Black Belts and regularly review the progress of the Six Sigma 
implementation (Ibid.). Pyzdek (2001) argues that Six Sigma improvements have a strong 
technical ingredient, and expertise at different levels is needed. The expertise is ranging 
from understanding basic quality tools to in-depth understanding of mathematical theory 
and advanced statistical analyses. To differentiate these personnel with various levels of 
knowledge, names are borrowed from the martial arts. Those with most technical training 
and understanding are called “Black Belts” and those with a basic understanding are 
called “Green Belts”. 

The Black Belts play the most important role in the Six Sigma organisation as their daily 
efforts make the Six Sigma projects successful. In Figure 3.16 a typical Six Sigma 
organisation can be viewed. The common used guideline for organizing a Six Sigma 
organization is one Black Belt for every 100 employee, 20 Green Belts for one Black Belt 
and 20 Black Belt for one Master Black Belt (Magnusson, Kroslid & Bergman, 2003).    
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Figure. 3.16. The Six Sigma hierarchy with position and responsibilities. source: 
Magnusson, Kroslid & Bergman, (2003, p39). 

3.5.3 Sources for improvement projects 
There are many sources for improvement projects. Foster (2004) mentions some: Voice 
of Business, Voice of Customer, Voice of Employee, Financial data and strategic 
direction. Which projects to choose are determined by a COPQ-analyze (Cost Of Poor 
Quality). The final decision to launch a Six Sigma project is taken by the Champion.    

3.6 The DMAIC improvement cycle and used tools in the project 

The common tools used in a Six Sigma improvement program are not new, but the way 
they are packaged and deployed within a company are. The letters in DMAIC stands for 
Define, Measure, Analyze, Improve and Control (Foster, 2004). The range of 
improvement areas, using the DMAIC-cycle, is very wide. It can be used to improve 
critical-to-quality characteristics as: critical to customer, critical to process and critical to 
compliance. The improvement-cycle has also been successful with problem-solving and 
general decision making, it’s a systematic and easy-to-use methodology (Magnusson, 
Kroslid & Bergman, 2003).    

3.6.1 The phases   
In the Define phase are the problem and the goals for the project defined. A business case 
is made. The critical characteristics to improve are chosen. The baseline for the process is 
also determined, common used tools are Pareto charts and flowcharts. The Measure
phase is used for identifying possible factors influencing the chosen y’s. A measurement 
plan is made. One common used tool in this phase is cause-and-effect diagrams. The 
activities in the Analyze phase involve learning to know the chosen y-variable. This is 
done by normality plots and histograms. Control charts are also common tools. This 
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phase also includes identifying x's influencing the y. Useful tools are Pareto charts, 
correlation analysis, regression analysis and factorial experiments. The fourth phase, 
Improve, concerns improving the process with knowledge from earlier phases. If this 
phase is reached, some influencing factors have been found. Every possible solution 
that’s found, should undergo a cost/benefit analysis. Control is the last phase in the 
DMAIC improvement cycle. The improvement should now be verified with control 
charts where the predictability and the performance of the y-variable are confirmed. 
Often the process need some time to become stable (Ibid.).  

Which tools recommended to be used in each phase are different from one author to 
another, and based on the character of the improvement project. Magnusson, Kroslid & 
Bergman (2003) have collected 49 useful tools in the seven-times-seven toolbox. These 
are categorized in to seven groups with seven tools in each group. These tools can be 
viewed in supplement F. Master Black Belts and Black Belts in an organization should be 
able to master most of these tools. The tools used in this project are mainly based on this 
approach and are chosen from the seven-times-seven toolbox.  

3.6.2 Cause-and-effect diagram 
Cause-and-effect diagram is a common tool in improvement projects. It’s also known as 
Ishikawa diagram after its originator or as a fishbone diagram. This tool is used to come 
up with new ideas like in a brainstorming session but in a more balanced way. It’s often 
used as input to a regression analyze or Design of experiments (Breyfogle, 1999). A type 
of cause-and-effect diagram where a certain process is studied, is the x-y mental model. 
The diagram has an input of x-variables, both noise and control variables and an output of 
a y-variable (Magnusson, Kroslid & Bergman, 2003). 

3.6.3 Control Charts 
To check if a quality characteristic is predictable, a control chart is useful. Control charts 
are often presented in pairs, with one chart for the mean and one for the variation. The 
sampling size is a cost and production issue. The charts are presented with control limits 
which are not the same as specification limits. The control limits are statistically 
calculated and located 3  from the centre line. There are situations when a control chart 
with only one sample is possible. For example when the production rate is very slow or 
when repeated measurements are used instead of replicates. For individual observations 
are I- (individual observations chart) and MR- (Moving range) charts the most common. 
The I-chart is made for location and the MR chart is used for variation. The normality 
assumption should be fulfilled. Alternatively when having individual observations, a 
EWMA control chart can be used, which is very insensitive to the normal assumption 
(Montgomery, 2005b). For a sample size larger the one, usually an X-bar chart is used for 
location and a s- (standard deviation) or R-chart (sample range) is used for variation 
(Magnusson, Kroslid & Bergman, 2003). 

Montgomery (2005b) means that control charts are very useful to find unusual sources 
for variation. Samples falling outside the control limits are a signal for unusual sources, 
and an investigation should be made to find the causes behind. Before a control chart is 
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made, the investigator has to check for autocorrelation in the data, this can be made with 
the autocorrelation function.  

3.6.3 DOE, Design of experiments 

3.6.3.1 Background 
DOE was first used as a tool in the agriculture industry to improve barley growth for the 
Dublin Brewery. It has then been adopted for industrial use, and among companies using 
Six Sigma as improvement methodology today, Design of Experiments is the most 
commonly used tool. It’s also one of the most powerful tools identifying high 
improvement opportunities in areas where other tools aren’t possible to use (Magnusson, 
Kroslid & Bergman, 2003). 

According to Montgomery (2005a) is a process characterized by an input that is 
transformed by different variables into an output with one or more observable response 
variables. The process variables can be controllable or uncontrollable. A general model of 
a process is shown in figure 3.17. 

ProcessProcess
Inputs Output

x1 x2 xp

z1 z2 zp

…

…

Controllable factors

Uncontrollable factors

y

Figure 3.17. General model of a process. Source: Montgomery (2005, p.2). 

There are many strategies to conduct experiments, a common approach used by engineers 
is best-guess. Best-guess means that experimenters use their own knowledge about the 
process to improve it. The disadvantage with this method is when an acceptable result is 
achieved immediately. The test is then stopped, and the optimal combination is never 
found. An experimental strategy like this can also continue for a very long time without 
finding any satisfying result. Another strategy is one-factor-at-a-time. This approach 
starts with setting all factors level at a baseline, and then vary one factor and hold the 
other factors constant. The response is then studied. The major disadvantage with this 
approach is the lack of interaction effects. The best approach when dealing with several 
factors is a factorial experiment (Ibid.). 
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There are many benefits using DOE in an improvement project for example improve 
process yields, reduce variability, reduce development time and most of all reduce costs. 
Different kinds of applications for DOE exist, for instance when a researcher wants to 
characterize or optimize a process (Ibid.). 

3.6.3.2 The experiments 
Design of experiments helps the researcher to improve the process with fewer 
experiments. With this approach, yield can be improved and variability can be reduced. 
The results have to be analyzed objectively and with statistical methods to gain 
knowledge about the process. Two aspects have to be considered when performing 
design of experiments; the design of the experiment and the analysis of the data 
(Montgomery, 2005a). 

When performing a two level factorial experiment, a high and low level is chosen for 
every factor. The experimenter then varies all factors together, so all possible factor 
combinations are tested. If two factors are tested at two levels, it’s called a 22 factorial 
design. The exponent stands for the number of factors and the base is the number of 
levels. The number of runs to be performed doubles for every new factor involved in the 
experiment. When the number of factors is increased to more than four or five, it’s often 
unnecessary to run all possible combinations, instead fractional factorial experiments can 
be used. This approach is used when high-order interactions are negligible, which often is 
the case. These kinds of designs are often used in the beginning of a project, when the 
number of factors is large (Ibid.). 

There are three basic principles to follow when using an experimental design; 
randomization, replication and blocking. Randomization means that the individual runs of 
the experiment should be performed randomly. This guarantees that errors or 
observations are independently distributed variables, which statistical methods requires. 
Replication means an independent repeated run for every factor combination. If the 
experimenter runs the replicates after each other it’s not replicates, it’s duplicates. If these 
duplicates are treated as replicates, there is a risk for identifying wrong factors as 
significant. Replication aims to estimate experimental error and giving a true sample 
mean. Blocking is used to reduce the influence from nuisance factors, for example 
different batches (Ibid.). 

Sometimes totally randomization is undesirable or impossible. For example in industrial 
applications randomization can be to expensive or difficult, if a factor level have been 
changed it may take a long time before the system returns to a steady state. In these cases 
it may be preferable to plan the run order for the experiments.(Minitab help, 2006) . 
Often under these conditions a generalization of the factorial design is made called split-
plot design. In industrial factorial experiments with many factors it is often necessary to 
use split-plot designs. The factors that are hard to change are considered as whole plot 
factors and the factors that are easy to change are considered as subplot factors. If 
uncontrolled variables are present and these vary as the whole plot factors are changed 
then the effect from the whole plot factors will be completely confounded with the effect 
from the uncontrolled variables. If possible, it is best to assign the factors we are most 
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interested in to the subplot, as the whole plot treatments are confounded with the whole 
plots. (Montgomery, 2005a) 

To illustrate the results from a 2k factorial design experiment, a regression model can be 
made. For example for a 22 design the regression model could be written as in equation 
3:3.  

211222110 xxxxy     (3:3) 

where y is the response, is parameters whose values are to be determined from the 
analyze, x1 represents factor A, x2 represents factor B, x1x2 represents the interaction 
between x1 and x2, and  is representing a random error term. The variables x1 and x2 are 
on coded scale with –1 representing low level and +1 representing high level (Ibid.). 

Often when analyzing the results in a computer-software, the ANOVA-table can be 
studied to find significant factors, this under the condition that the experiment is 
replicated. Otherwise, normal distribution plots given from the software can be studied to 
estimate active factors. The ANOVA-table also shows the level of significant for the 
model (Ibid.). 

3.6.3.3 Center Points 
A two-level factorial experiment is conducted with the assumption of linearity in the 
factor effects. The system works rather well even when perfect linearity doesn’t exist and 
is described by equation 3:3. Sometimes a first-order model isn’t enough to describe the 
response and a second-order model is needed, this can be tested with the addition of 
center points. Center points can also be used as an estimate of error. A second-order 
model can be described by equation 3:4 (Montgomery, 2005a). 
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In a 2k design center points are added at points xi = 0 ( i = 1,2,…,k). The center points 
consist of nc replicates and are assumed to be quantitative. The runs should rather be at 
the beginning, the middle and the end of the experiment, then totally randomized (Ibid.).  

3.6.3.4 Residual analyze and variance 
To check for normality, a normal probability plot over the residuals could be made. If the 
underlying error distribution is normal, the residuals should follow a straight line. The 
residuals for observation j in treatment i are calculated with the equation 3:5 
(Montgomery, 2005a) 

ijijij yye ˆ                 (3:5) 

where ijŷ is the estimated value of the corresponding observation ijy .
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The residuals should be unstructured and not containing any obvious patterns. Common 
defects in the residual plot are points very much bigger than the others. Such points are 
called outliers, and must be investigated carefully to find out what causes the difference. 
Often is the outlier caused by a calculation mistake or a data coding error. The 
investigator should not regard such a point without a good reason. If the cause behind an 
outlier isn’t investigated, the investigator may end up with two analysis; one with the 
outlier and one without (Ibid.).  

If the variance of the data is non-constant and increases with the magnitude of the 
response, it may be an effect of measurement inaccuracy. The error or the background 
noise is a percentage of the response value. Nonconstant variance can also be an effect, 
when the data follows a nonnormal distribution. In nonnormal distributions the variance 
tends to be a function of the mean. The approach to deal with nonconstant variance is to 
apply a transformation (Ibid.).  

3.6.3.5 Box Cox Plot 
The Box Cox Plot is a powerful tool to find out the most suitable power transformation to 
apply on response data. Most transformations can be described by the power 
transformation by the function,  = fn(µ ), where  is the standard deviation, µ is the 
mean and is the power. Lambda, , is 1- . If the standard deviation associated with an 
observation is proportional to the mean raised to the power, then transforming the 
observation by 1- , gives a scale satisfying the equal variance condition of the statistical 
model. The lowest value showed in the Box Cox Plot is the value of lambda that gives the 
lowest residual sum of squares in the transformed model. Transformations have most 
effect on data where the ratio between maximum and minimum response is greater then 3 
(Design Expert, help function).   
.
3.6.4 The Normal Distribution  
Montgomery (2005a) means that the normal distribution is a continues distribution and 
one of the most important and used distributions in statistics. If x is random variable, then 
the probability distribution can be defined as: 

2

2
1

2
1)(

x

exf x    (3:6) 

The mean of the distribution is µ ( ) and the variance is 2 > 0 (Ibid.). 

The normal distribution plays a central role in the analyze of experiments,  because 
sample runs differing as a result of experimental error, often can be described by the 
normal distribution. A normal distribution curve is symmetric, shown in figure 3.18 
(Ibid.).  
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Figure 3.18. The normal distribution curve. Source: Engineering statistics handbook, 
http://www.itl.nist.gov/div898/handbook/eda/section3/eda364.htm 

The notation y ~ N (µ, 2) is often used for representing a normal distribution with mean 
µ and variance 2. A standard normal distribution is a normal distribution with µ = 0 and 

2 = 1 and is denoted as z ~ N (0, 1) (Montgomery, 2005a). A normal distribution can be 
standardized with the operation:  

yz      (3:7)

3.6.5 The Central Limit Theorem 
A random variable can be assumed to follow a normal distribution as the sum of n
independently distributed random variables increase, this regardless of the individual 
distribution for the variables (Montgomery, 2005b). The definition for the Central Limit 
Theorem is shown in figure 3.19.  

If x1, x2, . . ., xn are independent random variables with mean µi and variance 2
i  and if y

= x1 + x2 + . . . + xn, then the distribution of 

n

i
i

n

i
iy

1

2

1

approaches the N (0, 1) distribution as n approaches infinity. 

Figure 3.19. The central limit theorem. Source: Montgomery, (2005b, p66) 

http://www.itl.nist.gov/div898/handbook/eda/section3/eda364.htm
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The approximation gets better as n increases. The approximation will still work with 
small n, n < 10, but in some cases the approximation needs a large value for n to be 
adequate, n > 100 (Montgomery, 2005b).  

3.6.6 Hypotheses test 
A statement about the parameters of a probability distribution or the parameters of a 
model is called a statistical hypothesis. With a certain opinion about the distribution, a 
null hypothesis H0 and an alternative hypothesis H1 is formulated. For example if the 
investigator thinks that the mean-value for two different populations are equal, the 
hypothesis could be formulated as (Montgomery, 2005b): 

H0 : µ1 = µ2
H1 : µ1 µ2

where µ1 is the mean for the first population and µ2 is the mean for the second population 
(ibid.).  

If the variance for the two populations is unknown, the additional assumption that the 
random variable is normally distributed must be made. The normal assumption is 
necessary for the formulation of the statistical test. The test variable, 0t , is (ibid.): 

(3:8) 

where s is the estimated standard deviation and x is the mean of the random variable with 
n observations. H0 is rejected if (Ibid.): 

(3:9) 

where 2/a is the upper percentage point of the t distribution with n-1 degrees of freedom 
(Ibid.).  
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4. Result and analysis 

4.1 The DMAIC improvement project 

Following section presents the results for each phase in the DMAIC improvement 
project. The result is analyzed continuously through the text.

4.1.1 Define 
In the define phase is the choice of improvement project motivated, a project charter 
made, characteristics to improve identified and a process map made (Magnusson, 
Kroslid & Bergman, 2003).     

Choice of improvement project 
Criterias important to consider when prioritizing different Six Sigma projects are process 
performance, cost saving potential, impact to customer, technical complexity, 
organizational complexity and availability of human resources. (Magnusson et al., 2003)  

The chosen project has poor process performance and good cost saving potential which 
makes the project worthwhile. The cost saving potential connected to the project mostly 
stands for the risk of losing customers. The saving potential is calculated from some of 
the products in the product assortment. If all products were included, the saving potential 
would be even higher. The calculated saving potential on yearly basis is approximately 
1,5 MSEK.  

Project Charter  
After decided what improvement project to launch, a project charter was constructed. In 
the charter the team setup is determined, a project plan made, with dates for each phase to 
be finished. The scope and the goals for the project are also presented.  

The project charter was set up with guidance from a template used in Magnusson et. al 
(2003). The charter consists of a Business Case with possible gains and background to 
the project, a scope with possible constraints, a project status table with time limits for 
each phase and the goals for the project. The project status table is revised as the project 
proceeds. The project charter is shown in supplement A. 

Identify the ys 
Some of the customers to Ericsson Network Technologies demand that the cables are 
approved by UL (Underwriters Laboratories), which is an independent, not-for-profit 
product-safety testing and certification organization. To be approved by UL certain 
specifications need to be fulfilled.  

Initially interviews with involved personnel were held to make sure that no background 
information was overlooked. After a meeting with Nilsson, Skärgård and Svedlund 
(2005), three critical-to-quality variables were identified. The variables are customer 
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requirements according to demands from UL, and are measured after production. The 
variables are mechanical and two are measured both before and after ageing. Elongation 
at fracture and tensile strength are measured in a tensile test. Crush resistance is measured 
with a testing method invented at Ericsson Network Technologies. The limits for 
elongation and tensile strength before ageing is, 150 % respectively, 20,7 MPa. The 
limits after ageing is 70 % left of the original values.  

Two other variables that are important for the finished product are capacitance and 
diameter, these were not investigated, since it’s considered easy to maintain the target 
values today.  

Later it was found out that only one of the three identified variables actually was critical 
for the quality, as the other two already fulfill the specifications. When this was found 
out, the scope was narrowed and only the critical variable, elongation after ageing, was 
investigated.  

Process Mapping 
A tool often used in the define phase is process mapping, which is important for a greater 
understanding of the process. First a process overview with the whole process from 
supplier to customer was made. Then a more detailed map, with all the operations 
included was made. The Process Maps can be studied in supplement G. An overview of 
the production line with chosen variables in the factorial experiments was later 
constructed (supplement J). The detailed process starts with the wire drawing operation 
and ends with the take up. Between these two operations, the critical extrusion process 
takes place, where most of the product characteristics are established. The take up takes 
the finished insulation wire up on drums.  

The maps were made with assistance from Skärgård, F and Färlin, R. At this stage in the 
DMAIC-process it’s suiting to make a capability analysis for the process. In this case 
there was no established process, and a capability analyze couldn’t be made.  

4.1.2 Measure 
In the measure phase of the improvement project, possible influencing variables are 
identified and a measurement plane is made (Magnusson, Kroslid & Bergman, 2003).    

Identified Xs for selected Ys 
To identify the Xs influencing the selected Y, a meeting was held with Skärgård, F and 
Svedlund, M. There are two types of influencing variables; control variables and noise 
variables. The control variables can be controlled by the operator, in opposite the noise 
variables are not able to control, too costly to control or not desirable to control. An 
Ishikawa diagram or a cause and effect diagram is common to illustrate the relationship. 
Alternatively an x-y mental model can be used, which in this specific situation was to 
prefer, when the causes already was broken down to factors (supplement H). The x-y 
mental model was made after a brainstorming session with Skärgård, F and Svedlund, M. 
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The model contains in total 26 identified x-variables. Two potential noise variables were 
identified, air humidity and difference between batches.  

Which variables to choose as input variables in a factorial experiment, were decided in 
accordance within the improvement group. It was hard to distinguish the controllable 
variables from the uncontrollable, when some variables may not be desirable to control. 
They are not desirable to control because they affect other quality characteristics that are 
necessary to hold stable. For example, the foaming ratio is a quality characteristic which 
is desirable to hold constant to not exceed specification limits for diameter and 
capacitance. Factors that influence the foaming ratio is for example; temperatures in the 
extruder, screw speed and preheater. Some of these factors were allowed to be varied 
during the experiments, to not exceed the specification limits for diameter and 
capacitance. These uncontrolled factors were automatically changed by the machine. 

Develop a measurement plan  
Not much production data was available for the studied products, when the project was 
started. To determine baselines for the chosen characteristics, new data had to be 
collected. The product had only been produced as an X-order, which means that the 
product isn’t ready for volume production, it’s still in the developing stage. A 
measurement plan was made for the next X-order. A sample size of 25 was decided to be 
used, one sample fore every drum. Three measures per sample were made, and a mean 
for every sample was calculated.  

4.1.3 Analyse 
In the analyze phase is data gathered according to the improvement project. Objectives 
are defined, the independent variables are identified and sources of variation are 
analyzed (Foster, 2004).    

Get to know the y’s 
When the measurement plan had been conducted, the two characteristics elongation and 
tensile strength before ageing and after ageing were analyzed. The X-order last for about 
two hours, with one sample for every produced drum, in total 25 samples. From every 
sample, three specimens were cut off and tested with the Instron tensile testing machine. 
25 samples were also put in an ageing oven for 10 days at 100 ºC, to be tested later. The 
specimens were prepared according to UL's testing method, which says that the insulation 
layer have to be carefully separated from the copper wire.   

The specifications for the quality characteristics elongation before ageing and tensile 
strength were fulfilled. The average for elongation before ageing was 900 %, and the 
specified value is 150 %. The lowest individual value was 803 %, which is way over the 
specification limit. There is no upper specification limit for elongation. For tensile 
strength the specified lower limit is 20,7 MPa, the lowest individual value from the 25 
samples was 21,7 Mpa. For both elongation and tensile strength after ageing, the 
specified lower value is 70 % of the original value. The mean value for tensile strength 
after ageing was 20,5 MPa or 90 % of the original value. The mean value for elongation 
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after ageing was 189 % or 21 % of the mean value before ageing. This means that the 
only characteristic that doesn’t fulfill UL’s specifications is elongation after ageing.   

The data were short-term which isn’t optimal, but for practical reasons no further data 
could be collected. The data will at least give some kind of feeling for the product and 
process. Short-term means that the data was collected during a short period of time. 
Probability plots for the characteristics can be studied in supplement B. The plots showed 
that a normal distribution could be assumed for tensile strength, but not for elongation. 
The variation within a sample was large and a better testing method could be necessary. 
Data collected during a longer period of time, will probably result in a larger variation 
between the samples. With a larger variation between the samples, the variation within 
each sample is less important.  

Control charts were made to check if the y-variables are stable and predictable. As 
mention earlier the normal assumption for elongation was not fulfilled. According to 
Montgomery (2005b), EWMA charts are more insensitive to the normal assumption, and 
could be used to data that not fulfill the normal assumption completely. Control charts for 
elongation can be viewed in supplement C. The response variable tension strength seems 
to follow a normal distribution and I & MR charts were made, see supplement C. Before 
the construction of the charts took place a check for autocorrelation was made, see 
supplement C. Because no lag length was specified, the default length of n/4 for series 
with less than or equal 240 observations was used, in our case six lags. No obvious signs 
of autocorrelation could be found in the autocorrelation function, except for tensile 
strength before ageing with a positive autocorrelation at lag 1 and 2. The correlation is 
considered as moderate and will probably not distort the use of control charts. The 
control chart for unaged elongation gives no alarms, but the chart shows an obvious 
trend. The elongation increases until sample 16 and then turns down. The chart for tensile 
strength shows the same trend, but not as obvious. The two charts for the %-value left 
after ageing, show no pattern and gives no alarm either.  

It’s hard to make any conclusions out of these control charts because the data is short-
term. Another factor that makes the data unreliable is the large variation between 
specimens within a sample. It looks like the process is pretty stable with no alarms, but 
this is not correct as all the values for elongation left in % after ageing are under the 
specification limit of 70 %. There are also some trends in the data, almost all samples of 
elongation increases until sample 16 and then decreases until sample 25. This indicates 
that the process is not really stable, although all samples are way over the lower 
specification limit of 150 % for elongation before ageing. The trends may be a result of 
the natural fluctuations in the extrusion process. If the data had been collected with day-
intervals instead, the trends would probably not be a problem. 

The measurement system can be questionable because of the large variation within each 
sample. Interviews with different people involved in the process were conducted, to 
understand what causes the variation. The common view was that the variation derives 
from the process and not from the measurement tool. To see if the variation is caused by 
the operator when preparing and conducting the measure, two different operators 
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conducted the measures with the same variation. Another testing equipment was tested to 
check if the variation is caused by the tensile testing machine. Both equipments generated 
large variation. The focus for the project at this stage was to find a satisfying mean, and 
not to reduce variation. Whit this in mind the project was taken to the next step with 
factorial experiments.  

Design of Experiments  
As can be viewed in supplement H, the outcome of the process depends on many 
variables. A correlation analysis of the variables was done to see if the variables can be 
reduced somehow. The speed of the three screws correlates with the line speed and with 
each other. This is not surprising when it’s necessary to hold a constant cable diameter 
and with increasing line speed, the screws have to generate more material and therefore 
runs at higher rpm.  

A meeting with the project group was held to decide what variables to choose in the first 
factorial experiments. The meeting was conducted as a brainstorming session and two 
alternatives emerged. One alternative was to conduct the experiments with the real 
product and the other to conduct the experiments with only skin-layers. If the real product 
is used, the experiments will be very time-consuming with much loss of production time. 
To adjust each experimental setting and wait for the process to be stable, would take a lot 
of time. When the machine is bottleneck in the production, the time is an important factor 
to consider. The variables could also be reduced radically with a product consisting of 
only skins. With this in mind the alternative with only the skin was chosen to begin with.  

The experiments were conducted with the assumption that most of the elongation derives 
from the skin-layers and not from the foam-layer. The purpose with a foam-layer is to 
increase the capacitance (Skärgård 2005). 

The “skin” product used in the experiments, had the same diameter as the skin layers of 
the real product, this in effort to somehow imitate the real product. Chosen variables to 
investigate in this the beginning experiment were speed, preheater, water temperature, 
type of granulate and die size. These variables were chosen due to earlier experiments 
and studied literature of the subject. Speed and preheater were variables that have been 
discovered in earlier experiments and water temperature and die size in studied literature. 
Type of granulate was interesting to test, as two different suppliers offered a suiting 
material and one of the materials is half the price. The variable speed includes both the 
screw speed and line speed. As explained before, with higher line speed follows a higher 
screw speed, even though the correlation is not linear. Preheater is a value of the 
temperature of the copper wire before entering the extrusion head, the value is in % and 
not in º C. It’s difficult to measure the temperature of the wire because no such equipment 
exists. The temperature was estimated with the help of papers that could sense the 
temperature of the cable. Water temperature is the temperature of the cooling bath that 
the insulated wire goes through after it’s extruded. The last variable was die size, which 
is a measure of the opening which the copper wire goes through in the extruder head, 
when the skin is applied. In total five variables were used in the first factorial experiment.  
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High and low level for the investigated variables were chosen with earlier experiments 
taken into consideration. Low level for line speed was 500 m/min which is a bit lower 
then the lowest speed tested before. High level was 950 m/min, a bit higher then the 
highest speed used before. The preheater can take a value between 0 and 100 %. As low 
level 20 % was chosen, and as high level 100 % was chosen. High level for cooling bath 
was set to the maximum capacity of the machine, 80 ºC, and low level was set to 20 ºC. 
Low level for “die size” was set to the same as used before, which is the lowest level 
possible to attain, 0,59 mm. High level was set to 0,62 mm which was the largest die size 
that could be used still remaining the right dimensions of the product.  

Factorial experiment 1 
A 25-1 design with center points and one replicate was used. More replicates would have 
been desirable, but wasn’t possible to perform. With no replicates the ANOVA could not 
be studied, and it’s not possible to estimate a regression formula. Complete 
randomization couldn’t either be attained, because of the lack of available production 
time. A fully randomized design would take several days, this test took 8 hours. A 25-1

design gives information about both main effects and two-factor interactions. Center 
points were chosen to be used to check for linearity. The design is shown in table 4.1.  

Whole-Plot Factors Subplot factors Responses
RunOrder Whole Plots C = Watertemp D = Granulate E = Die Size A = Speed B = Preheater Elongation 

before ageing
Elongation after 
ageing

1 + + - + + 1 619 1368
2 1 + + - - - 112 85
3 + + + + - 101 84
4 2 + + + - + 64 57
5 + - + + + 1 121 328
6 3 + - + - - 111 82
7 + - - + - 64 55
8 4 + - - - + 56 51
9 Centerpoint 0 - - 0 0 51 50
10 Centerpoint 0 - + 0 0 78 60
11 Centerpoint 0 + + 0 0 94 75
12 Centerpoint 0 + - 0 0 67 60
13 - + - - + 55 59
14 5 - + - + - 68 69
15 - + + + + 1 711 1410
16 6 - + + - - 40 35
17 - - + + - 84 73
18 7 - - + - + 58 61
19 - - - - - 88 67
20 8 - - - + + 1 427 1083

Table 4.1. The 25-1 design for the first experiment. 

Because the water temperature, granulate and die size are hard to change, these are 
considered as whole-plot factors. The center points had to be run at the middle of the 
experiments because the water temperature is hard to change several times. This lack of 
randomization is not good if the data is time-correlated and the result of the experiment 
was studied with this kept in mind. For each run a sample was taken from the drum 
produced and from that sample, five specimens were tested in the tensile testing machine. 
These five specimens were considered as duplicates and the mean from these were 
analyzed. Run 1, 5, 15 and 20 had satisfying elongation before ageing.   
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The data software Design Expert was used to analyze the result. To begin with the normal 
plot was studied to find active factors. Factor A = speed, factor B = Preheater and the 
interaction AB seemed to be active. The effects are pretty reliable as these factors were 
varied as subplot factors and not as whole plot factors. A residual analyze was performed 
and the Box Cox Plot showed that a log transformation was recommended. The same 
active factors were found after the transformation, but they were more obvious, shown in 
figure 4.1.  
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Figure 4.1. Effects for elongation before ageing. 

To attain as much elongation as possible and to reach the specification limit, both speed 
and preheater need to be at a high level at the same time. Samples were also placed in the 
ageing oven for ten days to find out how much of the original elongation that was left. 
The specimens were prepared in the same way as the un-aged specimens.  

The normal plot for the aged specimens was almost similar as for the un-aged, with the 
same active factors. The same transformation was applied to the response variable. Three 
out of the four observations approved before ageing were also approved after ageing, in 
other words more than 70 % of original elongation left. The observation that wasn’t 
approved after ageing (obs. 5) had 29 % elongation left. No special cause for that 
observation could be found, except that among the four approved observations before 
ageing, it had the least elongation. The other observations had between 76 and 84 % 
elongation left.  

The levels for the other factors varied in the experiments, could be set to the most 
preferable level. The cooling water should be at room temperature as the variation in 
elongation seems to decrease with colder water. And the cheapest granulate could be 
chosen, as no difference was observed between the two tested.  
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In these first experiments the temperatures in the extruder were held constant, and the 
effect from different temperatures has to be investigated. A further investigation of the 
factor-levels for speed and preheater are needed. A higher speed could be interesting as 
higher speed means lower production costs. Unfortunately it’s not possible to adjust the 
preheater to any higher value, without reconstructing the machine.  

Factorial experiment 2 
A new factorial design was planned, this time to investigate the temperature zones in the 
extruder, and once more speed and granulate, in total five factors. It was not possible to 
include the temperatures in the first experiment because of limited machine time. Another 
reason to not include the temperatures in the first experiment, was the risk of missing 
important two-factor interactions.   

The temperatures in the extruder, which consists of six zones, were in the design divided 
into three different factors. The two zones in the beginning of the extruder as one factor, 
the two zones in the middle as a second factor and the final two zones as a third factor. 
This time higher levels for speed were chosen. The two granulates were investigated 
again to see if different temperature levels were more or less preferable for the two 
different granulates. Once again, Center points were included in the design to check for 
curvature. The 25-1 design is shown in table 4.2. 

High level for speed was set to a level higher then the high level used in the first 
experiment, and low level a bit lower then high level in the first experiment. There was 
no idea to set the speed to any lower level, because of the degeneration for the elongation. 
The levels of the temperatures in the extruder were chosen with the recommendations 
from the material supplier, experience from other materials and temperatures used in 
earlier experiments, taken into consideration.  

At first these specimens were tested in the same way as in the first factorial experiment, 
with the same large variation between the specimens within a sample. With large 
variation it’s a risk to eliminate real effects, especially as the variation in factor levels 
between each experimental setting, was small. The testing method, as mentioned earlier, 
was questionable and an investigation was started. The author noted that some of the 
specimens slipped between the grips (see figure 3.9, s.21). In some cases half the 
specimen slipped and in others it was fixed during the separation. In the case where the 
specimen slipped, the elongation was about 20-40 % more than in the case with no 
slipping. This indicated that some of the variation derived from the measuring instrument 
and not from the process itself.  

UL (Underwriter Laboratories) recommends for each standard, which method that should 
be used for testing. The common view at Ericsson Network Technologies is that the same 
method as UL’s is used. To investigate this, a closer look at UL specifications was done. 
The specification UL 444, which consists of different standards for communications 
cables refers to another standard, UL 1581. This standard says which testing method that 
should be used. For our standard the specification says; if a tubular specimen is used, it 
should be placed between the grips with 25 mm bench marks outside of and between the 
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grips. The specimen should be straight but not under tension. The distance between the 
bench marks is measured during the separation manually or with an extensometer.  

The method used before differs some, because it doesn’t take the slipping between the 
grips into consideration. Only the distance between the grips is measured, and not the 
actual elongation of the specimen. If the method proposed by UL is used, the slipping is 
not a problem. The distance between the marks is not affected by the slipping and the 
specimen ruptures when the ultimate elongation is reached. The testing machine at 
Ericsson is equipped with extensometers and these where decided to be used to measure 
the elongation in future experiments.  

The new testing method was used to measure elongation for the experiments in the 
second factorial experiment. The variation within a sample was decreased radically with 
the new testing method. The average standard deviation with the method used before was 
170, and with the new method 22. The result from the second factorial experiment is 
shown in table 4.2. 

Whole-Plot factors Subplot factors Responses
RunOrder Whole Plots E = Granulat B = Temp, fZ -Z1 A = Speed C = Temp, Z2, Z3 D = Temp Z4-Z10 Elongation before 

ageing
Elongation after 
ageing

1 + - - - + 886 783
2 + - - + - 952 815
3 + - + + + 1109 968
4 1 + - + - - 1060 971
5 + + - - - 933 823
6 + + + + - 1045 987
7 + + - + + 1047 897
8 2 + + + - + 1060 969
9 Centerpoint + 0 0 0 0 1064 960

10 - + - + - 31 32
11 - + + - - 992 825
12 - + + + + 1023 907
13 3 - + - - + 866 736
14 - - - + + 951 888
15 - - + - + 1023 959
16 - - + + - 1077 978
17 4 - - - - - 822 731
18 Centerpoint - 0 0 0 0 1023 900

Table 4.2. Factors in the second 25-1 factorial experiment. 

Granulate and temperature at feeding zone and zone one of the extruder were treated as 
whole-plot factors as these are hard to change. The only significant factor for elongation 
before ageing was speed. The same factor was also active for elongation after ageing. The 
elongation before ageing was not very interesting as the response for all experimental 
settings except for run 10, was way over the specified 150 %. Run number 10 only had 
31 % elongation. The interesting response was how much of the original elongation that 
was left after ageing. The special cause behind the low value for run number 10 was the 
machine condition. The machine had been stopped during the lunch-break and didn’t run 
long enough, before a sample was taken. The material was not worked up properly.  



41

The ratio between elongation before ageing and elongation after ageing was calculated. 
This response was then analyzed in Design Expert. The normal plot for the material can 
be studied in figure 4.2. 
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Figure 4.2. Effects for Factorial Experiment 2. The response is % elongation left after 
ageing. 

The residuals seem to follow a normal distribution with no obvious pattern. The 
interaction between factor B, temp feeding zone, and factor E, granulate, had most effect. 
But also factor A, speed and the interaction between factor D and E had great impact. The 
interaction plots for BE and DE are shown in supplement E.  

The interaction plots showed that the two materials are different, and should be processed 
with different machine settings. One of the granulates gives a higher response, when the 
temperature is low at the beginning of the extruder and high at the end. The other 
material is not sensible for different temperatures in the extruder. This could possibly be 
explained by the difference in melt index for the two materials. The material with lower 
melt index needs a little bit higher temperature in the extruder.  

Once again both granulates gave satisfying elongation, and the low-priced material could 
be chosen. Depending on which material chosen, the extruder temperatures should be 
adjusted to suit the material. 

Factorial Experiment 3 
The project team was now ready for a factorial experiment with the real product. The 
findings from the earlier experiments were applied to this experiment. As mentioned 
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earlier, the real product is much harder to process and the experiments are more time 
demanding. A factorial experiment with the real product involves more depending 
variables which makes the experiments more complex, and the analyze of the 
experiments harder. Anyhow, the group found it necessary to conduct factorial 
experiments with the real product.  

Chosen factors to include in the design were; speed, preheater, temperatures in the 
skinextruder, temperatures in main extruder, tank position and line elongation. In total 
seven factors were included.  

The first four factors had been observed as significant in the two earlier factorial 
experiments, and are wanted to be optimized if possible. The last two factors haven’t 
been investigated earlier, and are included in the design when they are expected to 
influence the ”real” product, but not skin-product. 

A 27-3 design were chosen with no replicates. As for the earlier experiments, the time 
available for conducting the experiments made it impossible to replicate the design. The 
seven main effects are aliased with three-factor interactions and two-factor interactions 
are aliased in groups of three. The cheaper granulate was chosen to be used in this 
experiment. Three responses were investigated; elongation before ageing, elongation 
after ageing and % left of original elongation. The experimental design and the responses 
can be viewed in table 4.3. 

The levels for the already confirmed significant factors were adjusted for a further 
optimization of the responses. The low level for speed was set to 900 m/min which is the 
same as the high level in the first experiment. High level for speed was set to 1300 
m/min, which is the highest tested speed. The maximum level for preheater is 100 % and 
has been tested earlier. To see if the machine needs a reconstruction to get a satisfying 
elongation, the capacity for the preheater was adjusted into a level higher then the 
ordinary maximum level. This level was chosen as high level in the experiment and low 
level in the experiment was the ordinary maximum capacity of the machine. The levels 
for temperatures in the skinextruder were adjusted in a way that should optimize the 
response % left of original elongation further. The levels for the “new” factors, tank 
position, line elongation and temperatures in the main extruder, were chosen on the basis 
of earlier experiments. Recommendations from the material supplier were also taken into 
consideration. 
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Whole-Plot Factors Subplot factors Responses
RunOrder Whole Plots A B C D E F G Elongation 

before ageing
Elongation 
after ageing

1 + + - - - + + 755 702
2 + + - + - - - 749 686
3 + + + + + + + 765 748
4 + - - + + + - 686 671
5 + - + - - + - 615 562
6 + + + - + - - 699 662
7 + - - - + - + 699 616
8 1 + - + + - - + 698 638
9 Centerpoint 0 0 0 0 0 0 0 772 685
10 - + - + + - + 750 645
11 - + - - + + - 725 607
12 - + + - - - + 775 656
13 2 - + + + - + - 726 645
14 - - + + + - - 704 633
15 - - + - + + + 669 592
16 - - - - - - - 675 557
17 3 - - - + - + + 680 623
18 Centerpoint 0 0 0 0 0 0 0 731 606

A = Speed
B = Preheater
C = Temp. E3, Z1
D = Cooling pos.
E = Temp. E3, Z4
F = Temp. E1, Z6-Z9
G = Line Elongation

Table 4.3. Factors and responses in the third factorial experiment. A 27-3 design were 
used. 

In the first and second experiment, speed was treated as a subplot factor. This was not 
possible in this experiment because of the complicated foaming process of the polymer. 
Factor B, preheater, was first treated as a subplot factor, but because of its influence in 
the foaming process, it was then treated as a whole-plot factor. Surprisingly all runs gave 
approved elongation both before and after ageing. It was expected that some of the runs 
would have resulted in a not approved product, since all products made before had not 
been approved. Earlier experiments with the real product have resulted in at most 50 % 
left of original elongation. In these experiments all specimens gave over 80 %. The 
reason behind the radically increased elongation is hard to say. One difference between 
these experiments and those made before, is different granulate for the skin-layer. 

A factor that was not planned to be varied was temperature at zone one to five in the main 
extruder. These temperatures were forced to be lowered to be able to produce the product 
as the speed was increased in the runs with high level of this factor. If the same 
temperatures would have been used as in earlier experiments, the extruder would not 
produce enough material. The higher temperatures in the main extruder used before, may 
have caused thermal breakdown which radically worsened the mechanical characteristics 
of the material. This unplanned factor means that low level of speed correspond to high 
level of temperature in zone one to five in the main extruder and high speed corresponds 
to low level of temperature.  

The effects from the different factors were investigated in the software Design Expert. 
The half normal plot of the effects can be studied in figure 4.3. The only significant factor 
was preheater. It’s a bit surprising that speed wasn’t a significant factor, but that may be 
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an effect of the different temperatures in the main extruder. This conclusion is also 
strengthened by the fact that the two center points gives differing response, despite 
exactly the same settings except temperature in the main extruder, see supplement I. This 
indicates that a lower temperature in the main extruder improves the elongation. It is 
possible that higher speed also increases the elongation.  
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G: G= Line Elongation 
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Figure 4.3. The effects for the factors in the third factorial experiment. 

The response elongation left after ageing is more interesting and was also investigated in 
Design Expert. The center points were excluded because of the unplanned varied factor 
temperature zone one to five in the main extruder. The effects are shown in figure 4.4.  
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Figure 4.4. The effects for the response elongation left after ageing, in the third factorial 
experiment.

Factor A, speed, seems to be the only possible significant factor. A residual analyze was 
made to check for abnormalities and one run, number six, is a possible outlier. The group 
tried to find a special cause for this run but no reason behind this outlier could be found, 
except that the variation for the five tested specimens for this sample was large, the 
largest for all runs. This may be the cause behind the outlier. If the outlier is excluded the 
half normal plot looks like in figure 4.5.  
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Figure 4.5. The effects for the response elongation left after ageing, when the outlier is 
excluded. 

Now we have three significant factors instead of just one. All three factors should be at 
their high level to get as much elongation left after ageing as possible. Factor A may as 
well be temperature in the main extruder as speed. A new residual analyze was made and 
showed no abnormalities.  

The positive effect of speed and tank position may be caused by higher cooling speed 
which affects the crystallinity of the polymer. Higher cooling speed means lower 
crystallinity which gives better elongation. Why factor F, temperatures in zone six to nine 
in the main extruder, is active, is harder to say.  

The residual analyze showed that speed should be at high level to reduce the variation, 
shown in figure 4.6. This effect may also be caused by noise influence, because of the 
different temperatures used for high and low level of speed.  
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Figure 4.6. The influence from factor A, speed, on variation for response elongation left 
after ageing. 

A response that was not planned to be tested is surface. The surface itself is not important 
for the mechanical characteristics of the cable, but may be important for the customer’s 
experience of the product. The surface was tested by three different people and graded in 
a scale out of five. Best surface, grade five, and worst surface, grade one. A mean from 
the three people’s grade was calculated for every run. The effects of the different factors 
are shown in figure 4.7.  
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Figure 4.7. The effects of the factors for the response surface. 

Two factors are active A, speed, and D, tank position. The speed should be low and the 
tank position should be at high level to generate the best surface.  

4.1.4 Improve  
Different factors have been found that influence the chosen response. Factors for 
reducing the variation have also been found. Next phase is improve, which concerns the 
implementation of the solution that has been found. In the text below are important 
responses and factors discussed.  

Elongation  
The elongation has been improved from about 30-50 % to at least 80 %. The specification 
limit 70 % is reached with good margin.  

Line Speed 
Line speed seems to be an important factor to improve the elongation. It’s also an 
important factor to improve how much of the elongation that is left after ageing. Higher 
speed gives better elongation and also reduces the variation. The screws are not able to 
produce enough material when speed gets too high, which is a limitation for improving 
the elongation. Maybe different screws could solve this problem.  

Another problem with higher line speed is the surface. As shown in figure 4.7 line speed 
is the most influencing variable concerning the surface of the cable. The importance of 
the surface needs to be discussed.  
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The last factorial experiment showed that high speed is good for the variation. Is this an 
important factor or is the surface more important? As mentioned earlier were the 
temperatures varied with the speed in the last factorial experiment. This makes it hard to 
come to a certain conclusion about the speed in the last experiment. Earlier factorial 
experiments have shown that line speed is very important for the elongation. It is 
recommended to be set at least at 900 m/min, which was the lower level in the last 
factorial experiment.  

Temperature zone 6 to 9 in the main extruder 
These temperatures are important to keep the elongation after ageing. High temperatures 
seems to increase the percentage left of the original elongation.  

Tank position  
The tank position is important to maintain the elongation after the cable has been aged. 
The closer the tank is to the extruder head, the better elongation left after ageing. This 
may be hard to change when the tank position is automatically controlled to reduce the 
variation in capacitance and diameter of the cable. Maybe the range for the position could 
be narrowed and changed to be closer to the head.   

Preheater 
The preaheater is important for the elongation. This was confirmed in the first factorial 
experiment. It was also stated that the effect from the preheater is nonlinear and has to be 
as high as possible to generate a satisfying elongation.  

Testing method 
The testing method has been improved during the project and the standard deviation 
within a sample has been improved from 170 to 22. This improvement makes the result 
from the tension test more reliable.  

4.1.4 Control 
In the control phase the improved y is verified. The control phase has not been completed 
fully. Three orders with some of the proposed changes have been conducted. All three 
orders were approved in line with the specifications.   

This phase was not accomplished fully in this improvement project. Some of the 
proposed changes have been made and then tested at production. The process isn’t stable 
yet but the mean for the chosen characteristics has been improved. A hypothesis test was 
performed to verify the improvement. A commonly used -level is 0,05 and this level 
was chosen for the test. The material can be assumed to be normally distributed. The 
result can be viewed in table 4.4 and figure 4.8.  

Confidence intervall 
Mean value before changes Mean value after changes Lower limit Upper limit P-value

0,21 0,87 -0,7223 -0,5942 0,000

Table 4.4. Elongation left in % before and after the proposed changes. 
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The hypothesis test showed that there is a significant change of the response elongation 
after ageing, since the p-value is under the -level. The 95 % confidence interval didn’t 
include zero, which indicates that there is a significant difference in the mean value for 
the two distributions. It could be stated that the elongation after ageing have been 
improved.  
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Figure 4.8. Elongation left in % before and after the changes. 

The chosen characteristics to improve for this project were elongation and elongation left 
after ageing. These two variables have been improved and are easy to maintain. Some 
other problems have arisen during the project. For example the start procedure is not 
acceptable. The time for the process to get stable with acceptable capacitance and 
diameter is too long and generates too much scrap. As mentioned in the define phase 
capacitance and diameter are important for the electrical characteristics of the cable.  
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5. Conclusions

This section presents the conclusions from the DMAIC project. The conclusions are made 
from the analysis and with the purpose of the thesis taken into consideration. 

The elongation of the insulation for a PP-insulated copper cable depends mainly on line 
speed and preheater. Speed and preheater should be as high as possible and was identified 
in the first factorial experiment. The effect of the preheater was then confirmed in the last 
experiment, which was conducted with the real product. The speed was not confirmed, 
which probably depends on the not constant held temperature in the main extruder. The 
water temperature, granulate sort and die size could be set at arbitrary levels. As a 
suggestion the water temperature could be at low level, 20 ° C, to reduce the start up 
time. For economical reasons the cheaper granulate could be used.  

Elongation in % left after ageing, mainly depends on speed, tank position and 
temperatures in the main and the skin extruder. High speed and a tank position near the 
extruder head are positive. High speed may also be good for the variation. The levels of 
temperature in the skin extruder depends on which material that is used. For the cheaper 
skin material the author recommends to set the temperatures in the beginning of the 
extruder low, and the temperature zones at the end, high. The temperatures in the main 
extruder should probably be low to generate better elongation left after ageing. There is a 
limitation for the speed at the point where the screws in the extruders are not able to 
supply enough material for the cable. This could be solved by using other screws.  

The surface of the insulation, which is not a critical characteristic, depends on speed and 
tank position. Lower speed and a tank position near the extruder head generates better 
surface.  

The specified testing method from UL is recommended to be used. The testing method 
used before was haphazard and generated a large variation for the response value.  
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6. Discussion 

In this part of the thesis the empirical study and the used methodology are discussed. The 
possibility for thesis generalization and proposals for future work in the studied area will 
follow.  

6.1 Methodology and empirical study 

The purpose with this master thesis was to find causes behind the mechanical 
characteristics of an insulated copper wire with the help of Six Sigma methodology. Used 
data have mainly been primary. The data that has been collected during factorial 
experiments conducted in this project have been measured with calibrated measuring 
device. To avoid bias the same operator has measured elongation for all the conducted 
experiments.  

The measuring method has been improved during the project and the variation has been 
reduced. Still, the measuring method causes a small variation, which isn’t optimal for the 
repeatability of the investigation.  

Many factors have been varied in the factorial experiments conducted in this project. 
Some factors have been harder to vary then others. In the last experiment it was 
discovered that the preheater generates different temperatures of the wire at different line 
speeds. A higher line speed gives approximately a conductor temperature, five °C over 
the temperature at lower line speed with the same preheater effect. This may have been 
the case in the first factorial experiment, when the interaction between line speed and 
preheater was active. The lack of complete randomization of the experiments means a 
risk for misinterpretations of the result. There is almost impossible to randomize 
experiments in industrial applications, and some factors have been treated as whole-plot 
factors. To deal with the lack of randomization, the most important factors have been 
treated in subplots, if possible. The reliability of the results have also been discussed 
within the project team and with some external sources to secure the analyze. The runs in 
the experiments should have been repeated, to guarantee the reliability of the results. This 
was not possible with the time limit set for the experiments.  

When conducting factorial experiments it’s preferable to hold all uninvestigated factors 
constant. This has not been possible for all runs. For example, when the line speed is 
varied, the screw speed in the extruders has to be adjusted to generate right amount of 
material. If the screw speed wouldn’t have been adjusted, the responses would not have 
been possible to compare.  

It is always a risk for bias, when using different sources to collect data for a case study. 
There is also a risk for misinterpretations of the sources, both written and spoken. To 
eliminate that risk, different persons with insight to the problem have been interviewed, 
and conclusions from those interviews were then drawn. During the project, the author 
has received a lot of advice from people working with the process at different levels, both 
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people within the company and the material supplier. Since these people are experienced 
the author felt a need to take their comments into consideration. This has maybe led to 
the wrong conclusions sometimes and therefore a delay in the project schedule. For 
example, the temperature recommendations that were given by the supplier were later 
proved to be wrong.  

6.2 Thesis generalization 
Are the conclusions from the project possible to apply to other situations, or are they only 
valid for the studied situation? The author thinks that the results are applicable to other 
products in the same line. Maybe not the exact machine settings, but the findings which 
factors that influence the process. The findings could also be valuable for other similar 
machines in the factory, with a similar process.  

6.3 Future work 
A proposal for future work is to investigate the effect from the temperature in the main 
extruder. In the last factorial experiment it was stated that the temperature have a big 
influence on elongation and that it should be lowered to get a satisfying elongation after 
ageing. Exactly how different temperatures influence the elongation and is it possible to 
make a regression model, are important questions to be answered. The measuring method 
needs to be improved even more, before a regression model can be made.  

Another suggestion for future work is to test if the findings are applicable to other 
products and machines within the factory.  

For a deeper understanding of the problem, a scientific investigation of the changes in the 
polymer melt resulting in different response values should be conducted. A deeper 
understanding could possibly make the conclusions from this study more understandable, 
and easier to apply to other products.  
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Supplement B. Normality tests for Elongation and Tensile Strength 
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Supplement C. Autocorrelation function for Elongation and Tensile 
Strength 
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Supplement D. Control Charts for elongation and Tensile Strength 
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Supplement E. Interaction plots for Factorial experiment 2  
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Supplement F. The seven times seven toolbox
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Supplement G. Process Maps 
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Supplement H. X-y mental model for the extrusion process 
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Supplement I. Factorial experiment 3, design and unplanned varied 
factors 
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Supplement J. Chosen factors in the experiments 
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