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Sammanfattning 
Under de senaste åren har flera klagomål framförts från kunder på grund av att 
jackscrews har gått av. Problemet uppstår huvudsakligen vid hopsättning och 
testning av motormekanismerna. Det största problemet verkar vara att 
jackscrews inte befinner sig i rätt läge vid monteringen. Jackscrews har även 
svagheter i plasten. Frågan är: ”Är det möjligt att förbättra jackscrews generella 
styrka och på så sätt förbättra kassationsnivå?” 
 
Det här projektet är ett Sex Sigma projekt ett sådant projekt följer den så 
kallade DMAIC-strukturen, DMAIC erbjuder ett systematiskt sätt finna orsaker 
till variationer i processen. DMAIC står för Definiera (Define), Mät (Measure), 
Analysera (Analyse), förbättra (Improve) och kontrollera (Control) och 
projektet följer den strukturen steg för steg. 
 
Definiera 
Syftet med projektet är att se om det är möjligt att förbättra styrkan hos 
jackscrews och om det är värt det. Vi ska försöka öka styrkan och undersöka 
vad som orsakar variationer i styrkan och försöka kontrollera den. Jackscrews 
ska produceras med sådan kvalitet att de inte går sönder vid montering eller 
senare hos kund. 
 
Mät 
Kassationsnivån och trasiga prover från produktionen räknades och 
analyserades. Slutsatsen var att den svaga punkten i jackscrews är i en 
dimensionsövergång mellan huvudet och nacken. Vi valde att använda oss av 
en mätmetod som mäter den generella styrkan eftersom den ansågs kunna ge 
tillräckligt relevant information. Metodens uppvisade tillräckligt låg variation i 
repetitions och återupprepnings test för att kunna användas i fortsatta studier. 
 
Analysera 
För att finna de optimala maskinställningarna genomfördes ett antal statistiskt 
planerade experiment. Två responser analyserades dels kompressionsstyrkan 
hos produkten men även processens variation. Två faktorer kunde påvisas ha 
signifikant påverkan på dessa responser, hålltiden samt verktygstemperaturen. 
En mer grundlig analys av den svaga punkten visade att det nya 
formsprutningsverktyget var felaktigt tillverkat i det området. Verktyget 
skapade en brottanvisning i dimensionsövergången, verktygstillverkaren hade 
missat att skapa en utjämnande radie. 
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Förbättra 
Faktorn hålltid och verktygstemperatur undersöktes vidare genom 
uppbyggandet av en responsyta. Denna visade att en ökning av hålltiden och en 
höjning av verktygstemperaturen skulle öka den generella styrkan med ca 10%. 
Ett antal jackscrews tillverkades och användes i produktionen av 
motormekanismer. Kassationsnivån för våra jämfört med nuvarande 
inställningar jämfördes. Resultatet visade en signifikant förbättring. 
 
Kontrollera 
Kontrollfasen hade ännu inte genomförts när den här rapporten skrevs. Om 
resultaten från testerna under förbättringsfasen överrensstämmer med 
verkligheten skulle projektet innebära minskad kassation p.g.a. trasiga 
jackscrews med omkring 60 %. Den totala vinsten av våra förbättringar 
uppskattas till $80001 årligen. 

                                                 
1 All economical numbers are in australian dollars. 
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Abstract 
Over the last few years, several concerns from customers have been raised due 
to broken jackscrews. The problems with broken jackscrews mainly occur 
when the motor mechanisms are being assembled and tested. The alignment of 
the jackscrew is probably the most important factor for this problem. However, 
it is also obvious that the jackscrews have weaknesses. The question is: “Is it 
possible to improve the general strength of the jackscrew in order to reduce the 
reject rate and the number of customer concerns?”  
This project is a Six Sigma project a Six Sigma project follows the so called 
DMAIC-structure. DMAIC offers a systematic approach to find causes to 
variation in the process. DMAIC stands for Define, Measure, Analyse, Improve 
and Control and the project follows that structure step by step.  
 
Define 
The purpose of the project is to find out if it is possible to improve the strength 
in the jackscrews and if it is worth it. We will try to increase the strength, find 
out what is causing the variation in strength and a way to control it. The 
jackscrews should be manufactured with such quality that they do not break in 
production or with the customer.  
 
Measure 
Reject rates and broken samples from production were measured and analysed. 
The conclusion was that the weak spot of the jackscrews is in the joining area 
between the head and the neck. We chose to use a measuring method that 
measures a general strength, since this was accepted as good enough. This 
method also passed the gauge repeatability and reproducibility test (Gauge 
R&R).  
 
Analyse 
A number of designed experiments were conducted in order to find the optimal 
machine settings. Two responses were analysed, the median compression 
strength of the jackscrew and its standard deviation. Two factors could be 
proven to have a major impact on these responses. These two factors were hold 
pressure time and mould temperature. 
The Measure phase had shown the jackscrews have a weak spot. A further 
investigation of that area showed that the new tool was wrongly manufactured. 
The construction of the joining area was too sharp and acted as a stress 
concentrator. The toolmaker had missed to give that area a smoothening radius. 
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Improve 
The two significant factors were further investigated in a response surface 
experiment. An increase in hold pressure and an increased mould temperature 
would increase the general strength by about 10%. The optimum settings were 
then used in the production of a number of jackscrews. Motor mechanisms 
were assembled with these jackscrews and the reject rates from our settings and 
the current ones were compared. The result showed a significant improvement 
in the reject rate.  
 
Control  
The Control phase was not completed when this report was written. If the 
results from the tests in the improve phase turn out to be realistic, then the 
project would decrease the reject rate due to broken jackscrews by about 60%. 
The total profits from our improvements are estimated to be $8000 annually. 
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1. Introduction 
 

1.1 The company 
Headquartered in Esslingen, Germany, Schefenacker is a leading manufacturer 
of mirrors, lighting products and sound systems. They manufacture a full range 
of mirrors for passenger cars and light truck applications. Schefenacker 
operates in all major markets and supplies all key automotive manufactures. 
The turnover is US $ 1 billion (2001) and they have about 7000 employees 
worldwide.  
(Overview of SVSA 2003, SVSA) 

1.1.1 Shefenacker Vision Systems Australia 
SVSA holds 30 % of the original equipment (OE) market putting the company 
in a world leading position in exterior mirrors. This position makes SVSA able 
to set the standard for passenger cars and light commercial vehicles. SVSA are 
located in Adelaide and have got 782 employees (December 2002). The 
company was originally founded as Rainsford Metal Products in 1944. In 1986 
Britax International purchased the company and renamed it to Britax RVS.  In 
the year 2000 it was purchased by Schefenacker International and renamed 
SVSA. The three main products manufactured in Adelaide are passenger 
vehicle interior and exterior rear view mirrors, Light Truck rear view mirrors 
and motor mechanisms (MM) for electric mirrors. The company has over the 
last decade been awarded several times for their performances as a world-
leading manufacturer. Many of the awards are related to their outstanding 
quality work. (ibid.) 
 

1.2 The motor mechanism product 
Today almost all rear view mirrors produced for the automotive industry are 
powered ones. Such mirrors have three major parts: the scalp, the actual mirror 
glass and the actuator. The actuator is located between the mirror glass and the 
scalp and is also the heart of the system and is called “motor mechanism” at 
Schefenacker Vision Systems Australia, SVSA. 
SVSA manufactures several types of motor mechanisms. The company 
provides the automotive industry with both fully assembled rear view vision 
systems and just the actuators. The actuator by itself is better suited for export 
since it is small and compact and also the most complex part of the mirror. 
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1.2.1 The jackscrew product 
The jackscrew is a small part made out of plastic, which is used in the motor 
mechanisms to move the mirror glass. The jackscrew could be seen as the main 
part in the gear, which transfers the rotating force of the motor to a linear 
movement. The worm on the motor rotates the jackscrew, which will move up 
or down and push or pull the mirror glass. Two motors are working in each 
mirror to cover all the needed angles. 
 
The different kinds of actuators being produced at SVSA serve the same 
function and have the same basic construction. The different areas of the 
jackscrew are all assigned names; these names are displayed in figure 1 below. 
They do not always use the same type of jackscrew though since the size of the 
jackscrew is dependant on the size of the actual mirror.  
 

 
 

Figure 1. A 3D picture of a jackscrew with names 
 
The jackscrews investigated in this thesis are manufactured in an eight cavity 
cold-runner moulding tool. At the beginning of each batch the process 
controllers conduct a compression strength test on all cavities from one shot i.e. 
eight jackscrews.  
 

1.2.2 The assembly facilities 
The rotary tables and the assembly line are automatic assembly facilities which 
do both testing and assembly work. Before the motor mechanisms are loaded in 
the rotary table they are manually pre-assembled. The rotary table will then 
complete the assembly work and conduct several tests. The assembly line 
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works in a similar way but is older and needs a lot more space and manual 
assembly work. 
 

1.3 Problem discussion 
Over the last few years, several concerns have been raised due to jackscrew 
heads breaking off. The problem almost only occurs when the motor 
mechanisms are being assembled and tested on the Rotary tables and at the 
assembly lines. The Rotary tables and the assembly lines are two different 
types of combined assembly and test facilities. It is when the adaptor plate is 
assembled to the motor mechanism that the jackscrew heads break. That 
happens when the jackscrew heads are not properly aligned in the previous 
station according to production engineer Keith Price. But the bad alignment is 
still not the only cause of the problem. 
 
Broken jackscrews from the production were collected and sent to the material 
supplier, DuPont. DuPont analysed the jackscrews at their technical centre in 
Australia, it showed that in every broken jackscrew from the production there 
was a void to be found in the head, which extended down into the neck. They 
concluded that if there is no void or if the void ends above the neck i.e. in the 
head, the jackscrew will less likely break in production. How the voids are 
caused and how they can be eliminated or at least controlled are still not known 
and more knowledge must be gathered. At the beginning of every new material 
batch, the process controllers conduct a compression strength test on the 
jackscrews. An analysis of the data collected by the process controllers at the 
beginning of each batch shows that 6.9% of the jackscrews do not pass the 
specification limit. However, the connection between the reject rates and the 
specification limit could be questioned.   
 
According to engineer Jan Poldervaart, (11/8/03) the jackscrews have been 
getting weaker over the past year and the reason behind that is still unknown. 
However the tool that this project will focus has only been in production since 
the end of June 2003. When the jackscrews break in the production the 
operators simply scrap the motor mechanism. The scrap is sent away and the 
motor mechanism is demounted and some parts are recycled. This problem has 
also caused rejects in the field, which could cost SVSA through warranty and 
quality penalties and lost reputation according to engineer Christie Tamblyn. 
 
The use of designed experiments is not widely spread at Schefenacker and no 
earlier research of the production of jackscrews has been documented. When a 
new product is introduced and the machine settings are investigated, 
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Schefenacker have used their moulding technicians experience. The only 
research available in this area is the one the material supplier does on thin 
walled parts.  
 

1.4 Purpose and boundaries 
The purpose of the project is to find out if it is possible to improve the strength 
in the jackscrews and if it is worth it. The jackscrews should be manufactured 
with such quality that they do not break in production or at the customer. This 
could be done through both design changes and mould process changes. If the 
mould process is in control and the strength of the jackscrews is improved but 
any the result can not be seen in the production in terms of less rejects due to 
broken jackscrews, we will not consider the rejects as a moulding process 
problem any longer. We will try to increase the strength, find out what is 
causing the variation and a way to control it. We will focus on tool number 
five, the eight cavity cold runner tool, since the four cavity hot runner tool is 
obsolete and about to be discarded. We will start to concentrate on jackscrew 
26 Yellow and in case of time and success it could be expanded to jackscrew-, 
22 Orange, 24 Delta Green and 33 White.  
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2 Method 
 

2.1 Chosen methods 
This project and our research has been conducted as a Six Sigma project, since 
the structure of Six Sigma offers a systematic approach to find possible 
solutions to a certain problem. The use of designed experiments makes it 
possible to find interactions between investigated factors are found; it is also a 
fast and economic method to optimise a process. The measurement system 
analysis is of great importance in Six Sigma, and ensures the validity of the 
measurements. The problems with broken jackscrews are very complex and 
since Six Sigma covers a broad spectrum it ensures that most parts of the 
problem is investigated. 

2.2 The scientific method 
Science is usually defined as systematic and formulated knowledge and the use 
of that knowledge according to Brown, R.H., Carter, A.R.,Davie, R.S. and 
Ogilvie, G.J., (1997). Zikmund (2003) describes scientific method as a set of 
prescribed procedures for establishing and connecting theoretical statements 
about events, for analysing empirical evidence, and for predicting events yet 
known. According to Zikmund (2003), there are no exact procedures 
recommended for the scientific method, but most discussions of the scientific 
method include references to “empirically testability”. Empirical means 
verifiable by observation, experimentation, or experience. Brown et al. 
describes the scientific method as a process of logical step-by step progression, 
which entails curiosity about some phenomena, gathering of facts about it, 
formulation of a hypothesis, testing of the hypothesis and acceptance of the 
hypothesis and the phenomena. 

2.3 The generating of theories 
In the theory of science there are two ways of working when attacking a 
problem. They are the inductive and the deductive ways of reasoning. The 
inductive reasoning is the logical process of establishing a general proposition 
on the basis of observation of particular facts. The deductive reasoning is the 
logical process of making conclusions from a specific instance based on a 
known general principle or something known to be true. (Brown et al., 1997 
and Zikmund, 2003) This project will follow a deductive way of reasoning. 
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Reliability  
Reliability in measurements is when similar results are obtained over time and 
across situations. Zikmund (2003) explains more widely that reliability is the 
degree to which measures are free from error and therefore yields consistent 
results. To obtain greater reliability in this project we investigated two different 
methods for measuring the strength of the product. All designed experiments 
are made as replicates, this to increase the reliability of our results. And like 
every six sigma project this project has a final control phase where the true 
impact of the project is measured over a longer period of time.  

Validity  
The purpose of conducting measurements is to measure what is intended to 
measure. However this obvious goal is not always that simple to obtain. Albert 
Einstein once said: “ Not everything that can be counted counts, and not 
everything that counts can be counted”. (Zikmund, 2003). To ensure a high 
validity of a research and its results, a measurement system analysis has to be 
conducted. All measurement systems used in this research are analysed and 
their results are valid, see chapter 5.4. 
 
Brown et al. (1997) also points out the importance of carefully attending to the 
procedures when gathering facts. Otherwise false data may be collected and the 
observer may influence results.  
 
The concepts of reliability and validity should be compared according to 
Zikmund (2003). Shooting targets in figure 2 illustrate the relation between the 
reliability and validity for a gun. 
 

Low reliability 
and low validity 

High reliability 
and high validity 

High reliability but 
low validity 

Figure 2. Reliability and validity on target.  
After “Reliability and validity on target”  W.G. Zikmund, 2003, Business Research Method. 
p 304 
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Sensitivity  
The sensitivity of a scale is an important measurement concept, particularly 
when changes in a process are under investigation. Sensitivity refers to a 
measurement systems ability to accurately register variability in stimuli or 
responses. A dichotomous response category such as void or no void will not 
detect small changes. A more sensitive measure, with numerous items on the 
scale, may be needed. (Zikmund, 2003) 

Creative and critical 
A common problem when conducting research, according to Brown et al., is 
that the researcher instinctively wants to show that the hypothesis he or she has 
formulated is valid. However, research is by nature uncertain in its outcomes. 
Testing of a hypothesis requires great caution and the test must be critical. It 
should aim to show the hypothesis to be false, if it is possible. Brown et al. also 
says that it is important to stay critical but it should not hold up creativeness. It 
would otherwise be difficult to make progress in the research.  
“It is far better to be wrong than to be intellectually timid – fortune tends to 
favour those who choose a likely winner to investigate, rather than those who 
try to back every horse in the race”. (Brown et al. (1997), p. 10)
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3 Theory 
 
This project and our research has been conducted as a Six Sigma project, since 
the structure of Six Sigma offers a systematic approach to find possible 
solutions to a certain problem. The problems with broken jackscrews are very 
complex and since Six Sigma covers a broad spectrum it ensures most every 
parts of the problem is investigated. 
 

3.1 Six Sigma 
Six Sigma is one of the latest inventions on the endless road to perfection in 
manufacturing that started in the late 1940’s. Juran and especially Deming are 
usually the people that are given credit for founding the modern quality 
thinking, mostly because they helped the Japanese industry recover after World 
War II. They taught quality to the Japanese by insisting that the top 
management should attend classes, not only the quality engineers. Management 
support was and is the key word in any successful quality work. Deming 
mainly taught them statistical process control (SPC) and his ideas for quality 
management are still present today.  
(Bergman & Klefsjö, 1995)  

3.1.1 What is Six Sigma? 
Six Sigma is both a statistical expression and a quality improvement 
methodology. Every process has variations and the variability of the process 
can be measured in standard deviations (sigma is another word for standard 
deviation) from the average.  
(Montgomery, 2001a) 
 
Six Sigma is not a new miracle tool to achieve higher quality. Six Sigma can be 
seen as a methodology or an umbrella under which a set of “old” tools are 
gathered. The idea with Six Sigma is to make the quality improvement work 
more effective. The guidelines for using these tools are described as the 
DMAIC strategy. DMAIC is an acronym for Define, Measure, Analyse, 
Improve and Control. Under each step, Define, Measure etc. there is a number 
of tools suitable to use. The tools used in this thesis are described in chapter 
2.3, pages 8-10. The work under DMAIC is concentrated to describing the 
process, define the customers and their needs, collect essential data, analyse the 
data, improve the process and see if the implemented improvements were a 
success.  
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A quality engineer at Motorola, Bill Smith, developed the Six Sigma 
methodology in the middle of the 1980’s. Smith had statistical knowledge and 
he studied the variations in the various processes within the company. The 
conclusions he drew from his study were that too much variation in any process 
resulted in poor customer satisfaction and ineffectiveness in meeting the 
customer requirements. And that all variations have costs that must be paid for, 
in general with a lower profit as a result. Motorola showed some scepticism 
about Smith’s results at first. Motorola had a real problem with dissatisfied 
customers, because their newly bought products failed only after a short time of 
usage. The big issue at this time was if they should concentrate their efforts in 
detecting defects or build quality when designing products and processes. At 
the same time Motorola received reports from foreign competitors that they 
were making flawless products that needed no rework during the manufacture 
process. Motorola began to improve their quality by focusing on product design 
and processes. This was the starting shot for what now is known as Six Sigma.  
(Motherway, 2002)   
 
“The Motorola Six Sigma concept is to reduce the variability in the process so 
that the specification limits are within six standard deviations from the mean.” 
(Montgomery, 2001a, p. 23) 
 
Six Sigma became more widely spread when Motorola won the Malcolm 
Baldridge National Quality Award in 1988 (The Malcolm Baldridge National 
Quality Award was established 1987 by the US National Institute of Standards 
and Technologies). It was not the quality level itself, as much as the 
economical numbers that got people’s attention. According to McClusky 
(2000) Motorola saved US$ 2 billion over a four-year period, when they started 
working according to the Six Sigma methodology. Nowadays Six Sigma is a 
brand name, and Bertsch and Williams (2003) claims that financial analysts 
recommend investors to buy stocks in companies with a Six Sigma committed 
management. Meaning that the company receives a bonus effect from their 
quality level, not just the cost savings and profit increases but also makes 
increases the value of stocks.   

3.1.2 What distinguishes a Six Sigma Company?  
Most companies have a performance level at 3 to 3.5 sigma, 3 sigma means that 
the company has a quality level of 99.73%, it may sound good but it equals 
2700 defects per million opportunities (DPMO) and McClusky (2000) claims 
that the cost for covering the defects is 5-10% of the sales. These companies 
rely on inspections for detecting defects, do not think in process terms and do 
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not gather data on a regular and systematic basis. But the biggest issue 
according to McClusky (2000) with these companies is that the management 
believes that a quality level of 99% is quite good.  
 
McClusky (2000) states that in a Six Sigma company the management believes 
that 99% quality is totally unacceptable. This belief ensures that quality 
improving projects get all the support they need to be a success, that the leaders 
have the courage to take tough decisions, takes a step away from conventional 
ideas and have a long-term focus. What distinguishes companies who have 
adopted the Six Sigma methodology from others is their heavy process focus, 
they measure their performance in customer satisfaction, and their processes 
are capable, meaning they do not produce defects and they have a systematic 
approach to collect and analyse data. Six sigma is defined as 3.4 DPMO, the 
quality level is 99.99966% and the cost for covering the defects is only 0-5% of 
the sales.  
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3.2 PDSA cycle (Plan-Do-Study-
Act) 

Bergman & Klefsjö, (1995) says 
that the PDSA cycle is a problem 
solving cycle Deming more or less 
invented with inspiration from 
Walter A. Shewhart. This cycle is 
used to identify probable causes of 
systematic variation, and solve the 
problems they cause. This way of 
continuous improvement and 
problem solving is very similar to 
DMAIC that is used in the Six 
Sigma methodology. See 
comparison in figure 3. 

 
 

 
Figure 3. DMAIC vs. PDSA a 
comparison.  
From (Ebbe Skarin, 2002 Årsnas Q)

Plan 
When there is a problem the most important thing is to find the root cause. Big 
problems have to be broken down into smaller problems, which are easier to 
handle. All decisions about production changes should be based on facts.  
 
“In god we trust, all else bring data” (unknown) 
 
There are some good tools among the seven quality tools to gather data about 
problem causes e.g. cause and effect diagrams, failure mode effect analysis 
(FMEA) and design of experiments. When the necessary data are collected the 
data has to be analysed to find the root cause/causes. The data analysis can be 
done by using pareto diagrams, check sheets and scatter plots. (Bergman & 
Klefsjö, 1995) 

Do 
When the root cause is found a workgroup with responsibility to implement the 
suggested improvements has to be formed. It is important that all people in the 
group have full knowledge about the problem and the improvements. (Bergman 
& Klefsjö, 1995) 
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Study 
After the implementation of the improvements an evaluation of how well or 
bad they actually turned out must be done. Many of the tools used under Plan 
are used again. When the improvements are proved to have a positive effect on 
the quality, it is important to maintain this new higher quality level. This is 
mostly done with statistical process control. (Bergman & Klefsjö, 1995) 

Act 
When a problem is successfully solved, the new quality level must be made 
permanent. Also the knowledge gained from the problem solving work must be 
preserved, so the way of solving problems also can be improved. (Bergman & 
Klefsjö, 1995) 

3.3 DMAIC 
DMAIC stands for Define, Measure, Analyse, Improve and Control and is the 
common strategy for all Six Sigma projects. DMAIC can be seen as a roadmap 
where there is different pit stops to pass.  

3.3.1 Define 
The purpose of the Define phase is to identify the customers and their needs 
that are critical to quality (CTQ), form a project team, define the project scope 
and map the current process. Tools that are used during this phase are process 
flow charts and cause and effect diagrams.  

Process flow chart 
A process flow chart is done so the project team can see the whole process, 
both value-adding processes and non-value-adding processes. It is an easy 
method that is very illustrative, different kinds of processes within the process 
are sketched as different symbols, one meaning manual work another means 
delay, etc. (Bergman & Klefsjö, 1995) 

Cause and effect diagrams 
Cause and effect diagrams are also called fishbone diagrams or ishikawa 
diagrams after their Japanese inventor Karou Ishikawa. With this tool all 
probable causes to a certain effect are displayed and their relationships are 
mapped. This is a help in identifying problem areas where data can be collected 
and analysed. (Ishikawa, 1986) 

3.3.2 Measure 
Depending on whether it is a new or old process investigated during the project, 
a method and what kind of response (Y) to measure the performance of the 
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process has to be developed (new). If it is an existing process, evaluate the 
accuracy and variation of the measurement system and also determine the 
current process performance. Most importantly identify the input variables that 
cause variation in the process performance. Benham (2003), Montgomery 
(2001b) and GE-DMAIC all claims that to ensure that the measurement system 
is adequate to measure the Y, a gauge R&R study must be done. The project 
team should then gain consensus on any actions needed regarding the 
measurement system. It is important to build up an understanding of the 
measurement system, which includes operators, gauges and environment. 
Common tools used during the measure phase are boxplots, cause and effect 
diagrams, data collection, FMEA, histograms, pareto diagrams, process flow 
charts and run charts. 

Data collection 
Bergman & Klefsjö (1995) stresses that since all decisions are to be based on 
facts, the data collection is one of most important steps in quality improvement 
work. When deciding how to collect the data, it is important to spend some 
time thinking over the problem. The collected data needs to enlighten the 
problem, and the data must provide suitable facts. Data collection could be 
done by just measuring some parameter e.g. strength, or counting faulty 
products or faults. Ishikawa (1986) says that a simple check sheet is the easiest 
way to do this.  

Failure Mode Effect Analysis (FMEA) 
FMEA is a tool that investigates how often a certain problem occurs, how 
severe the problem will affect the customer and how likely it is to discover the 
problem. Occurrence, severity and likeliness are given a number from 1-10 
where ten is bad and one is good, by multiplying these three numbers a risk 
priority number (RPN) is calculated. The RPN tells how important it is to solve 
this specific problem, the higher RPN the more urgent it is. (Bergman & 
Klefsjö, 1995)   

Boxplot 
The boxplot is a graphical display that simultaneously gives information about 
the variability of the data, location of the average or median, departure from the 
symmetry and if the data has any points far from the bulk of the data, so called 
outliers. The box plot displays the three quartiles, the minimum and maximum 
points, the bulk of the data that contains 50% of the data points is represented 
by a rectangular box, aligned either horizontally or vertically. At both end of 
the box there is a line that extends to the extreme values, the whiskers. 
(Montgomery, 2001a) 
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Histogram 
When the suitable data are collected it needs to be displayed in an illustrative 
way. The histogram is also a type of column chart like the Pareto diagram. If 
the data contains a big amount of points it is not possible to display every 
single point, it is usually better to group them in a uniform way. When this is 
done the histogram can provide useful information about the nature of the 
distribution of the data, the tendencies and the variation. (Bergman & Klefsjö, 
1995) and (Montgomery, 2001a) 

Pareto diagram 
When working with continuous improvements there are usually several 
problems that need to be solved. Bergman & Klefsjö (1995) says that to receive 
the best result it is usually easiest to solve one problem at a time. The Pareto 
diagram is used to illustrate what type of problem has the biggest occurrence, 
and therefore needs to be solved first, i.e. in what order the problems are to be 
solved. Ishikawa (1986) illustrates the Pareto diagram as a type of column chart 
where the types of problems are plotted against their occurrence. The heights of 
the columns are related to their frequency. The most frequent problem to left on 
the x-axis and the others in descending order to the right.  

Run chart 
Most processes vary over time and to illustrate this and find the causes to 
variation a, run chart is a good tool to use. Selected data of the product e.g. 
dimension, strength et.c. or even better data from the process are plotted against 
time. Both Bergman & Klefsjö (1995) and Ishikawa (1986) states that a 
process, which is in control, a stable process, will not have a systematic 
variation over time. The process will remain inside the control limits.  
 

3.3.3 Analyse 
In all quality work it is not enough to define the problem collect and display the 
suitable data. The data also needs to be analysed so the sources of variation are 
identified. Mostly there is more than one cause of variation, but there is usually 
a root cause more important than the other causes, this root cause has to be 
identified and eliminated later on. 

Analysis Of Variance (ANOVA) 
When there are more than two levels of a single factor it can be statistically 
analysed with the ANOVA. The ANOVA separates the variation of the 
different levels into two component parts. The total variability of the data is 
described by the total sum of squares. The total sum of squares can be 
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partitioned into a sum of squares of differences between the means and the 
grand mean of the different levels of the factor, and a sum of squares of 
differences of observations within the sample from the sample mean. The 
differences within a sample can be due to random errors. So the total sum of 
squares can be described as the sum of the sum of squares within the sample 
added to the sum of squares of the error. The ANOVA provides the information 
of which level of the investigated factor gives the highest yield of the process. 
(Montgomery, 2001b) 

Scatter plot 
The scatter plot is useful for identifying the relationship between two variables. 
Data is collected in pairs, and one y-value is plotted against the corresponding 
x-value. This tool makes it easy to see what kind of relationship there is 
between the two variables, positive, negative or no relationship at all. A 
positive relationship means that when the x-value increases the y-value also 
increases and vice versa, it is the opposite for a negative relationship. 
(Ishikawa, 1986) 

3.3.4 Improve 
The root cause that was found during the measure phase must now be 
eliminated, the process is also to be optimised. A number of solutions to solve 
the problem with the root cause are generated and the one that best addressees 
the root cause is chosen. To optimise the process a designed experiment is 
usually conducted, the input variables are set to achieve the optimum output.    

Design of experiments 
Design of experiments (DOE) is an objective method for improvements. See 
chapter 3.5 for a comprehensive description. 

3.3.5 Control 
The final phase of the DMAIC roadmap is control. After implementing the 
improvements, evidence is needed to prove that the process is in control and is 
more capable than before the improvements. If the process is more capable than 
before it is important to keep and maintain this new higher quality level. 
Statistical process control and especially control charts mainly do this.      

Control chart 
A control chart is a graphic display of a product or process characteristic 
quantity plotted versus time or sample number. The average of the values 
plotted form a centre line, this centre line together with the two control limits, 
the upper and the lower, form the boundaries for the in control state of the 
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process. The control limits are usually set a distance of three sigma from the 
centre line. The process is not automatically in control even if it is inside the 
control limits; a systematic behaviour can indicate that the process is not in 
control. Western Electric have developed eight different tests of systematic 
behaviour, these are widely used and recognised. (Montgomery, 2001a) and 
(Ishikawa, 1986) 
 

3.4 Injection moulding at Schefenacker 
At Schefenacker there are numerous moulding machines, the machine focused 
on in this report is an Arburg Allrounder 270M 25 ton. Arburg 270M is a 
typical reciprocating screw injection moulding machine, see figure 4. 
According to Kennedy (1995) and Rees (1994) this machine that a screw to 
plasticise the pellets by added and friction heat, the screw also acts as a piston 
that feeds the melted plastic through the barrel.  
 

 

Feed zone Compression 
zone 

Metering 
zone 

Nozzle 
Check 
valve 

Nozzle heater 

Barrel heater 

Screw 

Screw 
stroke 

Screw 
rotation 

Back 
pressure 
 
Injection 
force 

Filling (Throat) 

Hopper 

 
Figure 4. Reciprocating screw injection machine.  
From Rees (1994) p. 20 
 
 
The feeding is done in two ways, the first is when the screw is rotating and the 
second when the screw moves axially and acts as a piston that pushes the melt 
in front of itself and into the mould. This type of moulding machine is 
nowadays so common that it has simply become just “injection moulding 
machine”.  
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Moulding technician Simon MacPanas, (29/08/03) Schefenacker says that this 
moulding process starts with plastic pellets of an acetal resin, Delrin 500P, that 
are mixed with 10% of yellow Delrin 500P master batch. The mix is sucked 
from a bin to a drier, where it is dried for at least 2 hours, often longer. From 
the drier it is transported via pipes to the hopper, the hopper has a volume of 50 
litres.  
 
The hopper looks like a funnel and it is used to feed the pellets evenly and at 
the right place through the filling throat into the barrel.  
 
In a reciprocating screw injection machine says Rees (1994), the barrel consists 
of three different zones, the feed zone, the compression zone and the metering 
zone. The shape of the screw flights forces the pellets against the heated inside 
wall of the barrel. The pellets melt gradually when the screw forces it forward 
to the mould. The melting is due to the contact with the heated wall and more 
important due to the heat that is generated by friction between the pellets and 
the wall and between the pellets themselves. When reaching the end of the 
barrel all pellets are melted and the melt is homogenous (no unmelted and no 
degraded material). 
 
The three zones of the barrel have different purposes. In the first, the feed zone 
the pellets are transported away from the hopper and into the heated part of the 
barrel. In this section, the screw is designed to be a conveyor and not to force 
the pellets against the wall. In the second zone, the compression zone, the 
pellets are melted and the melt homogenised. (ibid.) The melting process that 
started in the end of the feed zone is here completed. Here the screw is 
designed in order to efficiently force the pellets against the wall and generate 
friction heat. In the last zone, the metering zone the homogenous melt is 
transported to the front of the screw (ibid.).  
 
According to the datasheet provided from the machine manufacturer, Arburg, 
the Arburg 270M has a screw with 20 mm diameter and a screw 
length/diameter ratio of 25, this equals a screw length of 500 mm.  
 
The screw rotates through the whole moulding cycle, except when the screw 
moves axially forward, so it is a continuous process, as indicated by Rees 
(1994). To inject material into the mould the backpressure generated by a 
hydraulic cylinder is increased from 10 Bar to 1250 Bar; this is the injection 
pressure. The increasing of pressure moves the screw forward and injects the 
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plastic into the mould. The length of backward travel, the stroke of the screw, 
determines the amount of plastic injected.  
 
From the data sheet provided by Arburg, the maximum stroke of the Arburg 
270M is 100 mm, and this specific process uses a stroke of 28,65 mm. To 
prevent plastic from leaking backward from the tip to the screw flights, a check 
valve is placed at the end of the barrel. (Rees (1994)). 
 
The amount of plastic injected into the mould is called a shot. The shot size or 
injection volume is an important parameter in injection moulding. A too small 
shot results in partly filled mould, which results in scrap. A shot that is too 
large may trigger the tool to open, if the clamp force is not large enough. As a 
result the products get flashes, plastic that escapes via the parting line of the 
tool. Rees (1994) and Kennedy (1995) suggests that one way to avoid the risk 
of having too small shots is to use an oversized shot, the redundant material 
forming a cushion.  
 
A cushion is material ahead of the screw tip and behind the nozzle that does not 
enter the mould, so the screw never bottoms out the barrel when injecting 
material into the mould. This means that the plastic is under constant pressure 
in the mould until the injection force is removed. There are some other possible 
problems when using a cushion. One is if the clamp force is not large enough to 
hold the mould halves closed. If the shot size is too large it is easy to over pack 
the parts and they will act like a wedge when cooled, states Rees (1994). If the 
machine has an opening force that is too small it may be impossible to separate 
the mould halves because of the wedge, causing down time and a loss in 
productivity. 
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3.4.1 The moulding cycle 
From DuPont, Delrin Moulding 
Manual, it is indicated that the 
moulding process can be illustrated 
as a cycle with five different stages, 
see figure 5. 
The first stage of the moulding cycle 
starts with the mould open and the 
tool halves separated the former 
product is ejected and the tool 
closes. During this stage a shot is 
ready in the barrel. In the second 
stage, the melt is injected. The 
material filling stops just before the 
mould is completely full, this is 
called the injection phase and the 
time of this phase is called the 
filling time. According to Kennedy 
(1995) the screw is not rotating in 
this phase it just acts as a piston that 
pushes the melt into the mould. 

Figure 5. The moulding cycle for  
Delrin. 
From (DuPont Moulding Manual, p.26) 
 
 
 
 
 
 
 
 
 

 
The next stage is called the packing or holding phase. At this stage the pressure 
is maintained in the feed system but the screw is not moving forward. The 
pressure allows the last percent’s of material to enter the mould, and 
compensates for the material shrinkage when it cools down. The duration of 
this stage is called the packing time or holding time. 
The fourth stage is when the screw starts to rotate and move backward to 
prepare a new shot. During the screw retraction time the product solidifies. The 
packing pressure is reduced and the material is now totally solid in the mould. 
After this the cooling phase starts, but when moulding a crystalline material 
this is actually unnecessary since the product is solid at the end of the holding 
phase. The short cooling time is just a short safety time. The cycle starts over 
again, the mould opens and the product is ejected.  

3.4.2 The moulding tool 
The tool used when moulding the jackscrews is a tool of Schefenacker design, 
and from the drawings of the tool and visual inspection it can be seen that the 
tool has eight cavities. Each cavity produces one jackscrew per shot. Rees 
(1994) states that when there is more than one cavity, the melt flow needs to be 
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balanced so the material reaches all cavities at the same time and with the same 
pressure. This particular eight-cavity tool uses an H-patterned cross section. 
The tool is a 2-plate tool, which means that the plastic enters the cavities from 
the parting line. Rees (1994) indicates that a 2-plate tool is more simple and 
economical than a 3-plate tool.  
This tool is self degating which means that when the two tool halves separate 
the small connection between the jackscrew and the gate breaks. When the melt 
enters the tool from the nozzle it first passes via the sprue to the runner, in this 
case a cold runner. The cold runner technique is the earliest in plastic 
moulding, but it is still widely used (ibid.).The most distinguishing difference 
between a hot runner and a cold runner is that in the cold runner a new runner 
must be moulded in every cycle and ejected when solid with the products. In a 
hot runner the runner stays in the tool and is reused, the material in the cycle 
before is a part of the material in the next product. 

 
 
Figure 6. Moulding scrap 
 with description. 
 
 

From the sprue the melt flow 
divides and changes direction and 
spreads evenly through two runners 
at a 90° angle from the sprue. The 
runners also divide in two at a 90° 
angle so now it is four runners. The 
last section of the tool before 
reaching the cavities is the gate; 
every one of the four runners 
distributes material to two gates. 
The size and shape of every gate has 
a great impact on the finished 
product. The moulding scrap 
contains the sprue, the runners and 
the remains of the gate see figure 6.

Sprue Gate 

The gate is a so-called submarine gate; the gate connects to the cavity on the 
shoulder of the jackscrew. The vestige, the mark left on the jackscrew from the 
gate is very small and almost invisible.  
The gate dimension is a very critical parameter in the moulding process. A gate 
that is too small will freeze off before the cavity is fully packed, and the mould 
shrinkage tends to be greater in larger sections than in smaller. If this is the 
case, the mould shrinkage will suck material from nearby smaller sections into 
the larger section. This will result in a void in the larger section, and possibly 
also a void in the smaller section. A void in a small section will decrease the 
strength of the part more than a void in the larger section, especially if a force 
is applied. When moulding a part with a wall-thickness that is not uniform, it is 
almost impossible not to get a void in the larger section; Kennedy (1995) says 
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that as long as the void size is controlled and not extends into the small section, 
it may not be a problem. 
The cavities where the jackscrews are moulded are two mirrored concavities on 
both tool halves. One half on the moving plate and the other on the stationary 
plate. Since the bottom part of the jackscrew is threaded, there is a thread insert 
in every cavity on both tool halves. 
The cooling system consists of a number of cooling channels running through 
the tool. In these cooling channels there is a consistent flow of water.  

3.4.3 Important variables in moulding  
There is a group of variables called thermodynamic variables, in this group we 
have the well-known quantities: pressure, temperature and volume. And there is 
also a group of mechanical variables: speed and time. When talking about 
injection moulding it is possible to be more specific about the variables. The 
most important variables in producing high quality products by injection 
moulding are according to DuPont, Delrin Moulding Manual.  
 
Melt temperature 
Mould temperature 
Hold pressure (level, time) 
Injection volume 
Injection speed 

Melt temperature 
The melt temperature is a material specific parameter, and when a properly 
selected temperature in the machine is chosen the injection unit can deliver a 
homogenous melt (no unmelted and no degraded material) to the mould. The 
injection unit must have a design so it is possible to have thermal stability at the 
melt temperature, in order to avoid degradation. Degradation happens when the 
temperature is too high or when the material stays heated for too long and will 
generate gases; this causes bubbles in the melt, mould deposit and yellow and 
brown marks on the parts. The time a material stays heated is called the 
residence time or hold up time (HUT). The HUT is linked to the amount of 
material in the cylinder, the shot weight and the cycle time. The HUT can also 
be approximated by a formula containing current screw stroke, maximum 
screw stroke and the cycle time (Equation 1). A melt temperature that is too 
high will not affect the physical properties of Delrin though. According to basic 
physics a melt temperature that is too low can not add the heat required melting 
all material and there will be unmelted material in the product (ibid.).  
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ould temperature   
hen moulding a crystalline material such as Delrin, the mould shrinkage and 

he post-moulding shrinkage are highly dependent upon the mould temperature 
.e. the tool surface temperature and the wall thickness of the part. The mould 
hrinkage may be lower when having a low surface temperature but the post-
oulding shrinkage is much higher. The optimum mould temperature is just 

elow the crystallisation temperature, for Delrin 155°C, but this is obviously 
ot economically possible since the cycle time would be too long. Another 
spect of mould temperature is that a surface temperature that is too low causes 
 poor surface finish of the parts (ibid.) 

old pressure (level, time) 
he hold pressure is marked by a decrease in the melt flow into the mould, and 

n conjunction with this a lowering of heat entering the mould. This indicates 
he start of the cooling process since the mould is cooler than the melt. The 
ooling process causes the pressure to drop inside the cavities at different 
oints of the material. The level of hold pressure depends on the static pressure 
oss between the product and the sprue i.e. the gate. A hold pressure level that 
s too high increases the orientation of the molecules and therefore weakens the 
aterial. On the other hand if the hold pressure level is too low, the applied 

old pressure will not be sufficient enough to compensate for the mould 
hrinkage. Generally speaking a high holding pressure level results in long 
olding pressure time. 
he hold pressure time is the parameter that affects the adding of material that 

s needed to compensate for mould shrinkage. Having a hold pressure time that 
s too short can cause small voids in the centre of the products. The hold time is 
etermined by the weighing method: a number of parts moulded under different 
old pressure times are weighed and the weights are plotted against the holding 
ime. The correct time is where no change in the part weight can be noticed 
ibid.).The holding time is a parameter that the material supplier (DuPont) can 
rovide guidelines for. 

njection volume 
he injection volume can be calculated by multiplying the part weight with the 
umber of cavities, add sprue and runners and divide the sum by the density of 
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the material at the moulding temperature, and for safety reasons add the 
cushion volume. An injection volume that is too small causes short shots and 
under packed products, and a too large injection volume causes over packing 
and flashes, according to Kennedy (1995). 

Injection speed 
When moulding thin-walled products such as the jackscrew a high injection 
speed is necessary so the cavities are filled before the material solidifies. 
According to this it is understandable that the injection speed affects the 
injection time. 
 

3.4.4 Moulding material, DuPont Delrin 500P  
Delrin acetal resin is a thermoplastic polymer made by polymerisation of 
formaldehyde, Delrin is semi-crystalline material with a high crystalline 

structure and therefore acts as a 
crystalline material. Delrin 500P is a 
medium viscosity POM 
(polyoxymethylene) homopolymer. 
Since Delrin acts as a crystalline 
material the molecules arrange 
themselves in an ordered manner when 
solidifying. The parameters that 
characterises a crystalline polymer is 
Tg, the glass transition temperature and 
Tm the melting temperature, see figure 
7. When Tg is reached the molecules 
starts to move inside the material,

Tm 

Figure 7. Pressure-Volume-Temperature 
diagram for Delrin 500P.  A, B, C and D 
refer to different steps of the moulding 
process. 

 at Tm all crystals are destroyed and 
all molecules move freely.  

 
Above Tm Delrin behaves as highly viscosity liquids and can easily be injection 
moulded. The viscosity determines the ability to flow through thin sections and 
how high the injection pressure has to be. For Delrin 500P, Tg = -60°C, Tm = 
178°C and the optimum processing temperature is 215°C. When studying 
figure 7 there is a very significant change in volume when the temperature 
almost reaches Tm, and this is how a crystalline material acts to temperature 
increase. (DuPont, Delrin Moulding Manual)    
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The moulding cycle for a crystalline material such as Delrin can be described 
as follows.  
First the material is heated from room temperature and atmospheric pressure 
(point A) to the processing temperature (point B). As seen in figure 7 this 
results in a volume increase, almost 25% for Delrin. 
 
The material is injected and compressed into the cavities, simultaneously the 
volume decreases to point C. Immediately after the material enters the mould 
the crystallisation starts, at this time the hold pressure is constant and additional 
material is injected via the gates to compensate for the shrinkage (≈14%) 
caused by the temperature difference. If the hold pressure would decrease 
during this phase voids inside the part and other material defects would occur. 
The gates are open during the whole moulding cycle, or at least until the 
material is solidified and no further material can pass through them.   
At the end of the crystallisation (point D) the product is solid and can be 
ejected, no further cooling is needed. But there is usually a short cooling time 
for safety reasons in every moulding cycle. (DuPont, Delrin Moulding Manual) 
 

3.5 Design of experiments 

3.5.1 Introduction to experimentation 
To properly work by the method of fact based decisions with the intention to 
make any kind of improvements in a process or system, data needs to be 
collected and analysed. In order to learn more from the process or system of 
particular interest experiments have to be conducted. (Bergman & Klefsjö, 
1995)  
 
According to Montgomery (2001b) experiments can be defined as a test or 
series of tests in which purposeful changes are made to the input variables of a 
process or system. This is made in order to observe and identify the reasons for 
changes that may be seen in the output process. 
 
Just using the process or system is normally not enough. Well-planned and 
conducted experiments could give such knowledge about the process or system 
that simple use and changing one variable at a time never would reveal.  
 
The use of experiments could be very helpful when investigating the 
performance of a process or system. Using the model in figure 8 can represent a 
process or system. This example could be a process visualised by a 
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combination of machines, methods, people and other resources that turns the 
input, in this case material, into an output that has one or more observable 
responses. Some of the process variables x1, x2…xp are controllable factors 
whereas other variables z1,z2… zq are not.  
 
According to Montgomery (2001b), the objectives to work with in the 
experiment are: 
 
Determining which variables are most influential on the response y.  
 
Determining where to set the influential x’s so that y is almost near the desired 
nominal value.  
 
Determining where to set the influential x’s so that variability is small. 

… 
 x1 x2                 xp 

Input Output

y
… 

 z1 z2                 zq 

Controllable factors 

Uncontrollable factors 

Figure 8. General model of a process or system. 
From “Design and Analyses of Experiments: 
General model of a process or system”, 
of D. Montgomery, 2001b, p 2 
 
Determining where to set the influential x’s so that the effects of the 
uncontrollable variables z1,z2… zq are minimised.
Experiments often involve several factors. The person who conducts tests, 
called the experimenter, has to determine the influence that these factors have 
on the output response of the system. The general approach to planning and 
conducting the experiments is usually called the strategy of experiment. 

3.5.2 Guidelines for designing experiments 
When using the statistical approach in designing and analysing an experiment 
everyone involved should have an understandable idea of what is to be studied, 
how data are to be collected, and some knowledge of how this data is to be 
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analysed. Montgomery (2001b) suggests the following seven steps of how to 
conduct the experiment to ensure better result. 

Recognition and statement of the problem 
A clear statement of the problem often contributes substantially to better 
understanding of the problem being studied. It is also necessary to develop all 
ideas about the objectives of the experiment. Therefore input is usually needed 
from all concerned parties engineering, quality assurance, manufacturing, 
marketing, management, the customer and operating personnel. In order to 
cover as many angles of ideas as possible a team approach to design the 
experiment is recommended. 

Choice of factors, levels and range 
The factors that may influence the performance of a process or a system could 
usually be classified as either potential design factors or nuisance factors. The 
potential design factors are the factors that can be varied in the experiment. But 
there are often a lot of design factors and further classification is needed. 
Useful classifications are design factors, held-constant factors and allowed-to-
vary-factors. The design factors are the factors actually chosen and studied in 
the experiment. Held-constant factors are factors, which might have some 
effect on the response but for some reason, must be held on a specific level or 
are not of interest in the particular experiment conducted. Nuisance factors on 
the other hand could have large effects and must be accounted for.  

Selection of response variable 
The selected response variable should give useful information about the process 
under study. The gauge capability must be carefully evaluated before the 
response can be measured properly and correct conclusions can be drawn. If the 
gauge capability is poor only relatively large factor effects will be detected by 
the experiment or maybe additional replicates must be done. It is usually of 
great importance to identify problems related to defining the responses before 
conducting the experiment. 

Choice of experimental design 
The choice of sample size (number of replicates) has to be determined as well 
as a suitable run order for the experimental trials. The choice wether or not 
blocking or any other randomisation restriction has also to be considered. When 
selecting the design it is also important to keep the objectives in mind. In many 
engineering problems the outset that some of the factor levels will result in 
different values for the response. But it is interesting to see which of the factors 
cause this difference and estimating the magnitude of the response change. In 
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other situations the objective of the experiment could be investigating 
consistency. For example if two different kinds of production conditions 
provide the same yield. Such experiment is very useful when comparing 
production costs. 

Performing the experiment 
When conducting the experiment it is of great importance that everything is 
carefully observed and is being done according to plan. If errors occur at this 
stage of the experiment the validity of it will be ruined.  Up-front planning is 
important to be able to succeed with the experiment. A few trial runs or pilot 
tests are often helpful. That gives a chance to practise the overall experimental 
technique. This also provides an opportunity to revisit, with more knowledge, 
the decisions made in the previous steps, if necessary. 

Statistical analysis of the data 
Statistical methods should be used in order to obtain an objective rather than a 
judgmental conclusion of the data analysis. That is something of great concern 
in the fact-based-decisions methodology. If the design of the experiment is 
proper and the experiment has been run according to the design then the 
statistical methods required are not complex. Important to have in mind is that 
statistical methods do not prove that a factor (or factors) has a particular effect. 
If properly applied they only allow an estimation of the likely error in a 
conclusion or attach a level of confidence to a statement.  

Conclusion and recommendations 
The analysis provides the experimenter with helpful information to the process 
of conclusion. The analysis information, theory of the problem investigated and 
some common sense provides the basic needs for the plan of action. Graphical 
methods are particularly good when presenting the results to other people. 
Follow-up runs and confirmation testing should be conducted in order to 
validate the conclusions of the experiment. As in most things we do there is 
always the need for continuously improving. This method of working is not an 
exception, which suggests that experimentation is an iterative process. A 
hypothesis is formulated about the problem, tested and on the basis of facts 
improved. A new hypothesis is formulated and so on. It is usually a major 
mistake to design one single, large, wide-ranging experiment and draw 
conclusions out of that. Relatively simple design and analysis methods are 
almost always best. To be successful requires knowledge of the important 
factors; the ranges the factors are varied over, the appropriate number of levels 
to use, and the proper units to measure the variables in. A limited amount of 
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resources should be put in at the start of a project in order to be able to run 
confirmation runs and in the end pull off the final objectives of the project.  

General factorial designs and designs at two levels 
When conducting an experiment there are usually many factors to be tested. 
There are two approaches to run the tests either by changing one-factor-at-a-
time approach or the factorial approach. The one-factor-at-a-time strategy 

consists of successively varying 
one factor meanwhile the others are 
held on a constant level. After all 
tests are done the result is plotted in 
a series of graphs. This is not a very 
good strategy since it fails to show 
any kind of interaction between the 
factors. This means that optimum 
levels of the active factors are most 
unlikely to be found and an 
unnecessary amount of tests has to 
be conducted which could be very  
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Figure 9. Illustration of a 2-level factorial 
experiment with two factors. 
 
costly. A more correct method when dealing with several factors is to conduct a 
factorial experiment, see figure 9. This method is suggested and described by 
Bergman et al., Box, Hunter and Hunter (1978), Both (1991), Montgomery 
(2001b) and many more and is widely spread and been successfully used in 
industrial manufacturing since the 1950’s according to Box et. al. 
This is a strategy where factors are varied together in order to analyse the 
possible interaction between the factors. The effect of a factor is defined to be 
the change in response created by a change in the level of a factor.  
 
This is often called the main factor effect since it refers to the primary factor of 
interest in the experiment.  
 
The effect of main factor A is defined in equation 2. 
 

22

−−+−−+++ +
−

+
=

BABABABAA   Equation 2. 

 
The effect of main factor B is defined in the same way illustrated in equation 3 
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ABABABABA   Equation 3. 

 
The interaction effect between the main factors is named AB and defined in 
equation 4. 
 

2
)()( −−−++−++ −−−

=
BABABABAAB  Equation 4. 

 
The general formula for calculating the factor effect of interest in a two level 
factor experiment is shown equation 5. 
 

factorsofnumbertotalThe
levellowonfactortheofsumThe

factorsofnumbertotalThe
levelhighonfactortheofsumTheeffectfactorThe

−−−−
−−−−−−−

−
−−−−

−−−−−−−
=−−

 Equation 5. 

3.5.3 The 2k factorial design 
When performing a general 2k factorial design, the experimenter selects a high 
and a low level for every factor being investigated and then runs experiments 
for all possible combinations. For example when k is equal to 3 the design is 
called 23 and the number of runs in this full factorial design is 2·2·2 = 8, see 
figure 10.  
 
The 2k factorial design is particularly useful when there are many factors to be 
investigated, such as often in the early stages of experimental work. Although 
they are unable to explore fully a wide region in the factor space, they can 
according to Box et al. indicate major trends and give direction for further 
investigations. When a closer exploration is needed, they can be suitably 
expanded to form composite designs. The interpretation of the observations 
produced by the designs can proceed largely by using common sense and 
statistical softwares.  
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Figure 10. Cubic illustration of a 23-factor experiment.  
After “Försöksbetingelser vid de åtta delförsoken illustrerade med hjälp av en kub”,  p151, 
of Bergman et. al., 1995, Studentlitteratur, Lund. 

3.5.4 Fractional design 
The number of runs required by full 2k factorial design increases geometrically 
as k is increased. But when k is not small it is possible to obtain the desired 
information by performing only a fraction of the full factorial design. When 
conducting a full factorial test with k = 4, 16 runs have to be made. According 
to Box et al. three-factor interactions and higher order tends to be very unlikely 
in many experiments and can therefore be discarded. That makes it possible to 
reduce the number of runs. If the experiment turns out to have significant 
effects that are aliased it will not be possible to tell for sure which one of the 
effects is the most significant. This is because the magnitude of an aliased 
effect is the sum of contributing terms. Doing a 24-1 fractional design would 
make it eight runs. Then all the three-factor interactions would be aliased with a 
main effect interaction and the two factor interactions may be aliased with each 
other.  
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3.5.5 Process optimisation 
In order to optimise a process there are several approaches. Box et al. and 
Montgomery (2001b) suggests the following, perhaps the most common 
method, called Response Surface Methodology, which is a group of 
mathematical and statistical techniques that are useful in the modelling and 
analysis of problems. The process response is a function of the levels of the 
active factors in the experiment and could for example look like equation 6. 
 

∈+= ),( 21 xxfy  Equation 6. 

 
(ε represents the error observed in the response y and is often called noise) 
 
If the expected response is the represent by equation 7. 
 

η== ),()( 21 xxfyf  Equation 7. 
 
The surface represented by equation 8 is called response surface. 
 

),( 21 xxf=η  Equation 8. 
 
The response surface η is plotted versus the levels of x1 and x2. This 
relationship is in most cases unknown. To find this relationship between the 
response and the independent variables a suitable approximation has to be 
made. The first step could be to apply a low-order polynomial in some region 
of the set of independent variables. If the response is well modelled by a linear 
function of the independent variables then the approximating function is the 
first-order model, equation 9. 
 

∈++++= kk xxxy ββββ ...22110  Equation 9. 
 
If the approximation is not good there is probably curvature in the system. Then 
a polynomial of higher degree should be applied, such as the second-order 
model, equation 10. 
 

∈++++= ∑ ∑∑∑ < jiji ijiiiii xxxxy ββββ 2
0  Equation 10. 

According to Montgomery (2001b) one or both of these models will build up 
almost all response surfaces. It is important to have in mind that a polynomial 
model will only be a reasonable approximation of a true functional relationship 
over a relatively small region.  
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The Response Surface Methodology is a sequential procedure. It is likely when 
studying a point far from the optimum that there will not be any recognisable 
curvature. In such case a first order model will be suitable. The objective is to 
find a way of improvements to the region of optimum as fast as possible. A 
common method to do that is the method of steepest ascent. When that region 
is found, a more complex model, such as the second-order model may be more 
appropriate. An analysis to find the optimum response has then to be 
conducted. 

3.5.6 The method of steepest ascent 
This method is a procedure for moving sequentially in the direction of the 
maximum increase in the response in statistical terms called ”the path of the 
steepest ascent”.  
 
The fitted first-order model is represented by equation 11. 
 

i

k

i
i xy ∑

=

+=
1

0
ˆˆˆ ββ  Equation 11. 

 
The response surface is built up by the contours of ŷ. The direction of steepest 
ascent is the direction where ŷ increases most. The path of steepest ascent is 
usually the line through the centre of the region of interest and normal to the 
fitted surface. The steps along the path are proportional to the regression 
coefficients. The actual step size should be based on the nature of the process 
or other practical considerations and is in the final end determined by the 
experimenter. Experiments are conducted along the path of steepest ascent until 
no further increase in response is observed. At that point a new model has to be 
fitted and the previous procedure repeated. The surrounding area of optimum is 
usually indicated by the lack of fit in a first-order model. In that area additional 
experiment has to be conducted to gain a more precise estimate of optimum. 
When in the area of optimum, a model that fits in curvature is generally 
required to approximate the response. The most adequate model according to 
Montgomery (2001b) is often the second-order model, equation 10. The nature 
of the additional experiments conducted when analysing the optimum response 
area fitted to a second-order model are usually the central composite design (or 
a CCD) which is shown in figure 11 below. 
 
This technique could of course also be used as the path of steepest descent 
when searching for smaller is better characteristics. 
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3.5.7 Designs for fitting a second order model 
The central composite design, CCD, is the most popular class of designs used 
for  
fitting a second-order model and is also a very efficient method according to 
Montgomery (2001b).  
 

x1

x2

x3

Figure 11. Central composite designs for k=3.
After “Central composite designs for k=3” by Montgomery (2001b), p. 457. 
 
Usually a 2k factorial (or fractional factorial of resolution 5) is building up the 
CCD-structure, with nf runs of, 2k axial or star runs, and nc centre runs. Figure 
11 shows an illustration of a CCD for k=3. Such CCD-structure is normally 
built up through sequential experimentation. When there is an exhibited lack of 
fit in the first order model the experiment should be extended with the axial 
runs to allow quadratic terms into the model. When doing the augmented 
design the distance α of the axial runs from the design centre and the number of 
centre points nc. To provide good predictions throughout the region of interest 
the second order-response surface design should be rotatable. This means that 
the variance of the predicted response is the same at all points x that are on the 
same distance from the design centre. Since the region of optimum in most 
cases is unknown prior to the experiment it could be good to use a design that 
provides equal precision of estimation in all directions. The choice of α 
determines whether the design is rotatable or not. The value of α depends on 
the number of points in the factorial portion of the design. When α=(nf)1/4 the 
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central composite design is rotatable where nf is the number of points used in 
the factorial portion of the design.  

3.5.8 The spherical CCD 
Rotatability is a spherical property and therefore it also is best fitted when the 
region of interest has spherical shape. According to Montgomery (2001b) it is 
not important to have exact rotatability in order to achieve a good design. He 
means that the best choice of α from a prediction variance viewpoint for the 
CCD is to set α = k . This spherical design puts all the factorial and axial 
design points on the surface of a sphere of radius k . 

3.5.9 Centre runs in the CCD 
Montgomery (2001b) states that primarily the region of interest dictates the 
choice of α in the CCD. If this region has a spherical shape the design must 
include centre runs to present reasonably stable variance of predicted response. 
Generally three to five centre runs are recommended. 

3.5.10 The Box-Behnken Design  
Box-Behnken is a design preferably used when performing non-sequential 
experiments. This type of design will give an efficient estimation of the first- 
and second-order coefficients. Box-Behnken designs have fewer design points, 
which means that they are less expensive to run than the central composite 
designs with the same number of factors. 
 
Box-Behnken designs are useful if the safe operating zone for the process of 
interest is known. Central composite designs usually have axial points outside 
the “cube” (unless another is specified that is less than or equal to one). These 
points may not be in the region of interest, or may be impossible to run because 
they are beyond safe operating limits. Box-Behnken designs do not have axial 
points and that will make sure that all design points fall within the safe 
operating zone. This will also ensure that all factors are never set at their high 
levels simultaneously. 
(Montgomery, 2001b) and (The Minitab software guiding instructions) 

3.5.11 Other designs 
There are many other response surface designs that are occasionally useful in 
practice but they will not be described in this report. 

3.5.12 Analysing the area of optimum response 
If there is a point of optimum response in the model it would in most cases be 
interesting to know the levels of x1, x2, …, xk. At this point the partial derivates 
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of the set of x1, x2, …, xk will be 0/ˆ.../ˆ/ˆ 21 =∂∂==∂∂=∂∂ kxyxyxy . This point is 
called stationary point and could be represented by  
 
(1) a point of maximum response 
(2) a point of minimum response 
(3) a saddle point 
 
According to Montgomery (2001b) contour plots, generated by the help of 
computer software in most cases characterise the shape of the surface and 
locate the optimum with reasonable precision. The location of the stationary 
point may also be obtained by a mathematical solution but will not be 
explained in this report.  

3.5.13 Analysing the results from a DOE 
When analysing the data from the DOE in Minitab there is a number of 
different things that has to be checked and confirmed. 

Assumption of normality 
An examination of the residuals for each response gives an adequate estimation 
of the basic assumption of normally distributed data. If the residuals are 
normally distributed, the data is also normally distributed. The residuals are 
calculated and analysed with a normal probability plot and the Anderson-
Darling normality test with a chosen α-level of 0.10. If the P-value is greater 
than 0.10 it implies that with a 90% confidence level the assumption that the 
data is normally distributed is true.  

Significant factors 
With the assumption of normality fulfilled, the next step in the analysis is to 
investigate the data with an ANOVA and determine if there are any significant 
factors. The ANOVA provides an objective estimation of the effect from a 
factor or an interaction and its significance. Every factor and interaction has a 
p-value, if this p-value is less than the chosen α-level, it is statistically correct 
to say that the particular factor/interaction is significant.  
The α-level for the ANOVA is usually selected to the level of 0.05, this level is 
accurate enough to make a reliable conclusion even when a measurement 
system has a lack of reliability. The main effects and interactions with a P-
value less than 0.05 are statistically significant with 95% confidence, and can 
therefore be included in the model.  
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Interpretation of results 
Interpretation of results, when the significant factors and interactions are 
estimated it is time to draw practical conclusions from the experiment.
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4.1 Define the process 
Before the process can be investigated, all circumstances have to be defined. 
Such circumstances are often described as SIPOC (Suppliers, Inputs, Process, 
Outputs and Customers). The circumstances around the moulding of jackscrews 
are listed in chronological order below.    
 
♦ 

♦ 

♦ 

♦ 

♦ 

Suppliers  -Material supplier, DuPont 
 

Inputs  -Material, Acetal 
 

Process  -Receive acetal and load into hopper 
-Dry acetal 
-Feed acetal into moulding machine 
-Mould jackscrews 
-Deliver jackscrews to assembly stations 
 

Outputs  -jackscrews 
 

Customers -assembly stations / external customers 
 
The particular moulding process of the jackscrews are described in figure 12, a 
general description of a injection moulding machine is found in figure 13. 
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Moulding process flow chart 
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Figure 12. The jackscrew moulding process       Figure 13. Injection moulding machine. 

      From Kennedy, p.2 
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5.1.1 Analysis of jackscrew breakage in production 
The DuPont report suggests that breakings occur due to presence and extension 
of large voids in the jackscrew. If so it is reasonable that it should be possible 
to find voids in the weakest ones of the jackscrews if the test is working 
properly. In order to form an opinion approximately 20 of the weakest 
jackscrews were ground in to one half like the pictures in the DuPont report. 
This study showed that in the jackscrews which failed for less than 400N in 
compression strength there were no or small voids to be found. But when the 
strongest ones were studied voids could be observed. The study of void size 
versus compressive strength indicates that there is no direct correlation between 
the void size and the compressive strength. There may be something else that 
causes the problem with broken jackscrews, perhaps the moulding parameters 
have not been set to the optimal levels. 
 
In the DuPont report there was very little facts about how many jackscrews 
they had used in their study and how they were chosen. In order to evaluate the 
reliability of the conclusion in the report, the way the jackscrews break in 
production was studied. The jackscrews were not ground in to halves since that 
is not necessary to observe the presence of voids when the neck is broken. 
 
Figure 14 shows the result from the investigation of different types of 
jackscrew breaking found in the scrap bin i.e. breakings in production.  
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Pareto diagram over type of breakings in production
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Figure 14. Pareto diagram over different types of breakage in production. 
 
The most common type of breaking in production seems to be that when the 
head snaps of the body i.e. “broken neck” in the chart.  
In this survey they actually represented 95 % of the different breakings that 
could be observed. In the first test-retest study there were no such breaking out 
of 160 investigated jackscrews. Figure 15 shows the frequency of the different 
types of faults that occurred when the current compression strength test was 
conducted on the jackscrews.  
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Pareto diagram over type of breakings in current test
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Figure 15. Pareto diagram over types of breakage in current test. 
 
The result could be explained by the fact that the motor mechanism allows the 
jackscrew to tilt. When the jackscrew is tilted it is not only exposed for axial 
forces but also radial forces. The current method of testing compression 
strength does only use an axial force. The weakest part of the jackscrew 
according to the chart in figure 15 is the neck when it is exposed to radial 
forces. To exemplify what happens to the jackscrew in production compared to 
the test, is like what happens when you try to balance on an empty soda can. 
The can has a tremendous strength when you can concentrate the load force in a 
90-degree angle from the bottom surface but as soon the force is tilted 
somewhat the can will collapse by almost no force at all.  

5.2 Reasons behind the weaknesses in the jackscrew 
In figure 16 are all reasons, or y’s, that the project team could come up with, 
which could cause the weaknesses in the jackscrews. The cause and effect 
diagram is the result of unstructured interviews and theory studies. The possible 
causes were confirmed and no further causes were added under the brainstorm 
session that was held 01/10/03. 
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Figure 16. Cause and effect diagram over potential causes for the weakness of a 
jackscrew. 
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5.3 Testing of the jackscrew 

5.3.1 The current compression strength test 
The testing procedures are shown in appendix 1. The analysis of the data, the 
charts of compressive strength by shot and by run order, in the first test-retest 
study conducted 09/09/03 shows that there is a large variation in the moulding 
process and or the method of measuring. Since both operators (Henrik 
Liljeqvist and Klas Rehnberg) conducting the test noticed that sometimes the 
scale of the gauge stopped running long before the actual breaking which is 
referred in the test instructions as a audible breaking sound. In most of these 
cases there was no break in the jackscrew to be seen, they were just somewhat 
bent. Referring to shot number 18, which had average compression strength of 
396.2 N, only two jackscrews had visible cracks. The cracks were between the 
legs and going up in the neck but the jackscrews were still intact, the other six 
jackscrews were just somewhat bent. That picture also summarises the rest of 
20 shots more or less. To summarise how the breakings looked like, there were 
three types either just somewhat bent or a crack between the legs but still intact 
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and some that had split into three parts. The conclusion of this is that the 
method of testing cannot be trusted without further investigations of how 
breakings actually looks like in the production.  

5.3.2 Microscopic test of the jackscrew 
In the DuPont report, appendix 2, they have some how split the jackscrew in 
order to analyse the presence and extension of voids. That could also be done 
here at SVSA by simply grinding the jackscrew until there is only half of it left 
and then visually inspecting them. That method could be improved by using a 
microscope with a scale for measuring. This is a method that has been 
investigated but not used since it is difficult to set up an accurate measurement 
system regarding the void size. 

5.3.3 Testing of the motor mechanism 
The rotary tables and the assembly lines do some assembling and conduct 
several tests. The breaking of the jackscrews could theoretically happen in two 
stations either as mentioned in the background chapter when the adaptor plate 
is assembled or the 1-kg load test. When the adaptor plate is being attached to 
the jackscrew head the machine uses the maximum force of 400 N. The Load 
test uses the force of 10 N that has to be moved over its working area by the 
motor mechanism. Since this test comes after the attaching of adaptor plate it 
should not cause any problems. 

5.4 Measurement System Analysis (MSA)  
A Measurement System Analysis is conducted to determine how accurate the 
measuring process is when it comes to variability and capability. Will the result 
be the same with different operators? And will the same operator get the same 
results every time? By conducting the Measurement System Analysis it is 
possible to tell how much of the total variation is due to the measurement 
variation itself. GE-DMAIC states that if the measurement error is too large, 
the measurement process must be fixed prior to collecting and/or analysing data 
in order to improve the overall process. 
 
The Automotive Industry Action Group (AIAG) demands that a type of 
Measurement System Analysis, gauge R&R is conducted before believing in 
results from a measurement system. The study has to be carefully planned and 
lots of things has to be considered before an experiment is run, for example, 
what kind of parts should be used? Generally a variety of parts should be used 
so it is possible to measure the full measurement range, which means both good 
and bad parts. A successful study evaluates both the accuracy and the 
variability of the gauge. (Montgomery, 2001b) 
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5.4.1 Test-retest study 
 GE-DMAIC recommends that before a gauge R&R study is done a test-retest 
study should be conducted to get a quick look at the situation. The main 
purpose behind such study is to determine how accurate the gauge is. A true 
test-retest study uses the same part over an over again but the compression 
strength measuring of the jackscrews is a destructive test and therefore 
continuous taken products will have to be used as duplicates. The study will 
therefore also give an indication if continuous taken products are identical 
enough to use them as duplicates, or how much the process differs over a short 
period of time. 

The first test-retest 
On the 9/09/03 a sample of 20 consecutive shots were taken from the moulding 
machine i.e. a sample of 160 yellow jackscrews equally distributed over the 
eight cavities, were taken from the moulding machine. The compression 
strength was measured by using the standard test procedure (described in 
appendix 1) with some additional procedures to minimise variation in the 
measuring process. The measuring table was fixed in y-axis by using a screw. 
The jig was being positioned in x-axis by the help of a mark that was made on 
the table in the first measurement. The jig was also always pushed as far as 
possible to the left in the y-axis direction since there was too much space 
between the jig and the splines on the measuring table. The jackscrew nose was 
aligned in the y-axis pointing towards the operator. The jig top was positioned 
so that it had to be turned about 20-30 degrees clockwise before it was aligned 
with the jackscrew. Klas Rehnberg conducted all the measuring.  
 
By mistake the first four shots were not tested in the randomised run order. The 
mistake was corrected before run five. Between run seven and eight there was a 
break for about 1 hour to make the gauge available for other tests. These tests 
were of a different nature and therefore the set up was changed during that 
break.  
 

5.4.2 Non-replicable gauge R&R  
A gauge R&R is typically done by methodical procedure by measuring and re-
measuring the same parts by different operators. Since the compression 
strength test of the jackscrews is a destructive testing method neither 
repeatability nor reproducibility can be measured in a normal way according to 
(GE-DMAIC).  
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GE-DMAIC and David Benham, DaimlerChrysler Corp. suggest the following 
method to get around the problem to determine the measurement variation in a 
non-replicable system like this.  
 
The first thing that must be done is to ensure that all conditions surrounding the 
measurement-testing atmosphere are defined, standardised and controlled. The 
operators conducting the test should be similarly qualified and trained, lighting 
should be adequate and consistently controlled, work instructions should be 
detailed and operationally defined, environmental conditions should be 
controlled to an adequate degree, equipment should be maintained and 
calibrated, failure modes understood, etc. (Benham) 
 
There is also some prerequisite work that has to be done before the study. 
According to Benham the production process must be stable and the nature of 
its variation understood to the extent that units might be appropriately sampled 
for the study. And knowledge about where the process is homogenous and 
where it is heterogenous must be gathered.  
 
Since the original part cannot be re-measured due to its destruction, other 
similar i.e. homogenous parts must be chosen for the study. An assumption 
must be made that the parts are “duplicates” in order to measure the 
reproducibility. This means that the duplicate parts are re-measured across the 
trials and by other operators in order to simulate a real gauge R&R, where the 
same part would have been re-measured. But if a particular process of interest 
does not satisfy this assumption, this method will not work. Care must be taken 
in choosing these “duplicate parts” so that the assumption holds. Generally, if 
parts are taken from production in a consecutive manner, this requirement is 
met. When choosing the “duplicates” to represent part number, for example, 
they must be chosen so that they differ as much as possible from the other 
parts. (ibid) 
 
Part to part variation may be expressed as part-to-part, day-to-day, batch-to-
batch etc. With parts the minimum variation would be part-to-part, because of 
minimised time between each part. To increase the possibilities for variation to 
occur the parts should not be consecutively chosen. In other words the parts 
should be chosen by different production operators, different raw material, 
different components, changes in environments etc. (ibid)  
 
There may be economical, time or other constraints involved which will impose 
limits on the length of time we can wait to take part samples. When constraints 
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arise and interfere with doing the “right” way, the result may be subject to 
modified interpretation. (ibid) 
 
Another statistical assumption that must be made for this type of study is that 
the measurement error is normal distributed, which it has to be before doing an 
ANOVA. (ibid) 
 
It is important to have in mind that a non-replicable study will contain some 
process variation due to the fact that the so-called “duplicates” are not identical 
parts. This may effect the interpretation of the results in terms of error 
percentage related to process variation or tolerance. The better the methodology 
used to achieve an understanding of the process and its corresponding 
measurement system, the more meaningful the study will be. It could also be 
important to clearly label all the parts used in the study and store them after 
testing. So if any issues arise after the standard analysis, the parts could be 
further investigated. (ibid) 

A first destructive Gauge R&R on jackscrew compression test  
Before any results from an eventual DOE can be trusted, the accuracy of the 
Measurement System and gauge R&R has to be conducted. The desired result 
from a gauge R&R is to find out that all measurement variation is due to part-
to-part variation.  
One basic and important assumption has to be made before doing a gauge R&R 
on a destructive test method, parts have to be identical. If they are not identical 
they cannot be used as duplicates. If the parts are not duplicates, the result from 
the reproducibility measurement is not reliable. Another assumption is that the 
moulding process is stable, and products from consecutive shots should be 
identical since they are produced with a very short time difference. If these 
requirements are not met the results from the gauge R&R can be 
misinterpreted. 
 
Therefore a number of consecutive shots from the experimental setting from 
the first DOE conducted the 15/10/03 with least variation were gathered and 
tested on the 6/11/03. Jackscrews from an experimental setting were chosen 
instead of direct from production due to the intention of minimising the 
influence of process variation. The assumption that jackscrews from six 
consecutive shots and one specific cavity are identical was made. The 
assumption of a stable moulding process cannot be done, due to the fact that the 
void size inside different jackscrews differs, and that the historical compressive 
strength varies. Despite the indication of a non-stable process the decision to 
conduct a gauge R&R was taken anyway. To minimise all misleading results 
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from the gauge R&R all operators were equally trained and the equipment 
calibrated. One of the operators was absent due to illness the day of the gauge 
R&R and she did her measurements five days after the other two operators. 
 
The results from the measurements were analysed as a nested gauge R&R in 
Minitab. The complete analysis from the gauge R&R that were conducted on 
the 6/11/03 can be found in appendix 3.   
 
It can be seen that the results from the three operators vary more than desired. 
Operator Verity did her measurements five days later than operators Klas and 
Henrik, this can be an explanation to why her results are generally lower. 
The single biggest component to the total gauge R&R variation is from 
reproducibility. The reproducibility variation could be due to the operators not 
doing the measurements in the exact same way or it could be because of 
process variation, the duplicates are not identical. There is no evidence that the 
operators were doing their measurements differently. But there is also no 
evidence that the process is stable or not, the fact that the void size differs from 
a visual inspection is an indication that the process is not stable.  
The conclusion is that no reliable conclusions can be made whether the 
measurement variations depend on the operators or the process.  
 
One important knowledge and recommendation for measuring the jackscrews 
from the DOE’s is that one operator has to do all measuring.  

The second destructive Gauge R&R on jackscrew compression test  
The first gauge R&R on the current compression test showed that the biggest 
contributing component to the gauge variation was from the operators. This 
result did not feel right since very little in the test could in fact be varied by the 
operator. One reason for the bad result from this gauge R&R was that all parts 
were more or less similar. The need for a reliable Measurement System is 
unquestionable and therefore a second gauge R&R had to be conducted on the 
14/11/03.  
In order to prevent the previous problem to happen again, the parts were 
carefully selected from different experimental settings and from the current 
production. The criteria for selection were that the parts would be as different 
as possible, some with low and some with high strength and that the variance 
within that particular part would be as low as possible.  
Again there were three operators and they measured each of the nine parts 
twice. Everything that could be randomised was randomised, in which order the 
parts were measured and by which operator. To minimise the influence of 

A master’s thesis by Henrik Liljeqvist and Klas Rehnberg 
47 



How to improve the strength 
in jackscrews by use of  6σ 
5 DMAIC – Measure 
 
external nuisance, the test jig was fixed with tape and the jig was cleaned and 
lubricated before the test.  
 
From the two different methods of analysis it can be determined that the part-
to-part component stands for 84 % of the total variation, the part-to-part 
variation is also the only significant factor to variation when the analysis is 
done with the fully nested ANOVA. The measured strength from each part is 
displayed in the box plot in appendix 4. The correct interpretation of the box 
plot is that the gauge can distinguish a good part from a bad part.  
The contribution to the total variation from operators is as low as 1 %. This is 
indeed a desired result and it supports the first assumption that was made; the 
process is not stable and products from consecutive shots are not identical. 
With the result from this gauge R&R it is correct to trust all the earlier 
measurements since most of the variation that has been observed is due to 
variation within parts and not from the measurements. A full analysis with 
graphs and ANOVA tables can be found in appendix 4.
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6 DMAIC – Analyse 
 

6.1 The moulding process 

6.1.1 Problems with the current moulding process 
The yellow jackscrews are moulded in a brand new eight-cavity tool, which 
was taken into production 30/06/03. During the manufacturing process of the 
tool a Moldflow analysis (see appendix 5) was conducted. When this analysis 
was done a lot of machine parameters were set, such as mould temperature, 
melt temperature, hold pressure etc and also some tool parameters such as gate 
dimension. This analysis showed no problem with the settings used during the 
analysis.  

Gate shape, dimensions and location 
The gates seem to have a different shape and other dimensions; they appear to 
be smaller than specified in the Moldflow analysis and from DuPont’s 
recommendations. Due to the tool construction it has not been possible to 
measure the actual size of the gates, but there is indications that they are not 
made to specification. This can be one reason to why the parts are not fully 
packed, have voids, because the gates will freeze off to early. The optimum 
gate location is in the thickest section of the part i.e. the head. It is hard though 
to inject material in the head due to the tool layout, because the optimum gate 
location is in the parting line. Further more the gate always leaves a small mark 
on the product, so any other gate locations on the head would affect the bearing 
surface.  

Mould temperature 
The level of the mould temperature affects how fast the crystallisation of the 
material will be and the shrinkage. A high mould temperature will slow down 
the crystallisation and increase the mould shrinkage but decrease the post-
mould shrinkage, with a better long-term dimensional stability as a result. The 
mould temperature is around 60°C. DuPont recommends a mould temperature 
or a cavity surface temperature of 90°C ± 10°C. This can be another reason 
why the gate freezes off before the parts are fully packed; the crystallisation is 
too fast. 

Melt temperature 
To get a homogenous melt with no unmelted or degraded material it is 
important to have the correct cylinder temperature. The cylinder must be able 
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to deliver a good melt to the mould. Since the hold up time is pretty short, 3-5 
minutes, the heat caused from friction and the backpressure will not be very 
big. Therefore the temperature settings in the different zones of the barrel are 
supposed to be higher than for a process with a long hold up time. The 
comparison between the recommended and the used settings below show an 
interesting pattern. The current settings are too low to reach the optimum 
processing temperature of the material, and may be a reason why the parts are 
not fully packed, having voids, because the viscosity may be too low. A melt 
temperature that is too low can also generate an inhomogeneous melt, but no 
such evidence is found. 
 
     Table 1. Comparison between optimum and current cylinder temperatures. 
 

Zones DuPont Production 
Rear 225°C 185°C 
Centre 220°C 195°C 
Front 215°C 200°C 
Nozzle 190°C max 210°C 

 

Hold pressure time 
According to DuPont the hold pressure time is the parameter that combined 
with the hold pressure level affects the forming of voids the most. Increased 
hold pressure time could decrease the size of the voids, because the part will 
not be fully packed if the time is too short. DuPont recommends 8 seconds/mm 
wall thickness, if below 3 mm. Today Schefenacker runs with a hold pressure 
time of 1+0.5+0.5 = 2 seconds, and they have 3 seconds of remaining cooling 
time. DuPont says that since Delrin is a crystalline material it needs no cooling 
time, the material is crystallised and solid in the end of the hold pressure phase. 
So by minimising the cooling time from 3.0 s to 2.5 s it is possible to take 0.5 s 
and add that to the hold pressure time without increasing the cycle time. It is 
not possible to reduce “the remaining cooling time” with more than 0.5 s since 
during this phase the tool opens up and that takes 2.5 s. 

Hold pressure level 
Hold pressure level is another parameter that affects the forming of voids. 
DuPont recommends a hold pressure level of 75-100 MPa and that is a lot more 
than the 300 Bar (30 MPa) Schefenacker uses. An increased hold pressure level 
could decrease the voids and it could also minimise the shot-to-shot variations 
noticed in the mould process.  
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Back pressure 
Backpressure behaves like a thermal setting and backpressure may increase the 
melt temperature. Increased backpressure always decreases the output of the 
screw, leading to longer cycle times and lower productivity. Backpressure 
should only be used when increased cylinder temperature is not effective or 
possible. DuPont recommends a backpressure below 5 MPa and Schefenacker 
is using 1 MPa. 

Injection speed 
Since the jackscrews are thin walled parts, the injection speed is critical. The 
injection speed needs to be high enough so the cavities are filled with material 
before the material solidifies and the gates are freezing off. The setting 
Schefenacker uses for the jackscrew moulding is 25,0 ccm/s, and with an 
injection time of 0,47-0,67 s that equals 11,75-16,75 ccm, with the target at 
0,57 s = 14,25 ccm. DuPont recommends the tangential screw speed to be 0,30 
m/s and Schefenacker uses a tangential screw speed of 0,267 s so there is a 
possibility to increase to 0,30 m/s (18 m/min) without violating DuPont’s 
recommendations.  
 

Conclusion 
Our conclusion and therefore also our hypothesis is that the machine settings 
are inaccurate and can be optimised after a number of designed experiments are 
conducted. 

6.2 First screening experiment 

6.2.1 DOE plan for first screening experiment 
The aim of this DOE is to find the variables that have the biggest impact on the 
chosen responses compressive strength and standard deviation. The experiment 
is conducted on yellow jackscrews from the eight-cavity cold runner tool. Due 
to time and economical limitations the decision was made to only investigate 
four variables, the Control Variables. These four variables were carefully 
selected from theoretical studies and expert guidance from a brainstorming 
session (01/10/03) with moulding technicians and material experts.  
Injection moulding is a complicated process and contains a lot more variables 
than the four that are to be investigated in the DOE. The variables not chosen to 
investigate may affect the output of the process but hopefully their influence 
will not be of any greater importance. They are to be held constant during the 
experiment. There are also a lot of other variables that are not controlled in the 
experiment but may also affect the response variable; the nuisance variables 
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and they are measured, i.e. batch of raw material, moisture content of material, 
see table 2.  
 
Table 2 . Experimental variables in DOE 1. 
 
Experimental variables 
Response 
variables 

Compressive strength  
(in N from the new test jig) 

Standard deviation  
(the in-group variation)  

Control 
variables 

Melt temperature  
(five different zones of the cylinder 
from rear to the nozzle) 
Low (180, 185, 195, 200, 210) 
High (225, 225, 220, 215, 190) 

Mould temperature (temperature 
of cooling water in the two mould 
halves) 
Low (60°C) 
High (90°C) 

 Hold pressure level (Bar) 
Low (300 Bar) 
High (800 Bar) 

Hold pressure time (s) 
Low (2 s) 
High (5 s) 

Held constant 
variables 

Injection time (0,57 s) Injection pressure (1250 Bar) 

 Injection speed (screw tangential 
speed) (16,0 m/min) 

Back pressure (10 Bar) 

 Injection volume (9,0 ccm) Cooling time (3,0 s) 
Nuisance 
variables 

Batch of raw material  Surrounding air temperature 

 Moisture content (measured in %)  
 

6.2.2 Analysis of first screening experiment from modified test jig 
The jackscrews were tested in the new compression test jig developed by 
Henrik and Klas. This test jig gives a simulation of the most common break in 
production. The jackscrew breaks in the joining area between the head and the 
neck. The problem with this method of measuring the strength was that the 
results showed a very high variation even from “identical” parts. If this was due 
to a bad measuring system or variation in strength in that specific spot due to 
the process was never concluded. However this method was not good enough 
to be used in the analysis. The decision was made to rely on the current method 
of measuring the strength in jackscrews. 

6.2.3 Analysis of first screening experiment from current test jig 
Since the results from the first analysis did not fit with any theoretical 
assumptions, the decision was made to conduct a new analysis. This time the 
jackscrews from cavity 3 were tested with the old compression test jig. Even 
though this jig does not simulate how the most common break happens in 
production it could provide useful information of the general strength of the 
jackscrew.  
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From the historical data the process controllers provided it shows that the 
moulding process has a lot of process-variation. So if the process is going to be 
optimised, it can be optimised in two ways to increase the average strength of 
the moulded jackscrews and decrease the variation of the process. This implies 
the use of two different responses. The first one is the median compressive 
strength and the second is the standard deviation within all 20 shots from one 
specific experiment setting. 

Assumption of normality 
The standardised residuals from each response were calculated and stored in 
the Minitab worksheet. The standardised residuals were then plotted in a 
normal probability plot and an Anderson-Darling normality test was conducted 
see appendices 6 and 7. The standardised residuals for both responses belong to 
a normal distribution and therefore the basic assumption of normality is correct.  

Significant factors 
From the ANOVA, see appendices 6 and 7 and from figure 17 it can be seen 
that with a chosen α-level of 0.05, that for the response median strength, factor 
hold pressure time is the only significant one. Hold pressure time has a large 
positive effect on the response median strength.  
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Figure 17. Pareto chart of the standardised effects for response median strength, from 
DOE 1. 
 
For the response standard deviation that is desired to be as low as possible, 
there are three significant factors and one significant interaction, see figure 18. 
The factors are: melt temperature that has a negative effect, mould temperature 
that has a positive effect and hold pressure time that also has a positive effect.  
The significant interaction for standard deviation is confounded due to the fact 
that the experiment was a fractional one. It could be either the interaction (melt 
temperature)*(hold pressure time) or the interaction (mould temperature)*(hold 
pressure level). Or it could be none at all since when interactions are 
confounded it is not the exclusive effect of one interaction that are estimated 
but the sum of the interactions. At this stage it is not correct to make any 
conclusions which one of the two possible interactions that is significant. 
Perhaps the interaction (melt temperature)*(hold pressure time) has a little 
advantage due to the fact that the main effects for both those factors are 
significant.  
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Figure 18. Pareto chart of the standardised effects for response standard deviation, 
from DOE 1. 

Interpretation of results 
After this first screening experiment we may assume on a confidence level of 
95% that there are three factors and one interaction that have effect. The fact 
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that these factor show effect on confidence level of 95% is also supported by 
theoretical studies and by the material supplier DuPont. When studying the box 
plot in figure 19 it seems that the current settings are far from the best ones. 
The current settings appear to neither produce the strongest jackscrews nor the 
process with least variation. The settings DuPont recommends for example, 
seems to be better than the current ones, the jackscrews are stronger and 
variation is smaller.  
These factors and their levels should be further investigated in a second DOE to 
be confirmed and optimised. Such DOE should allow the fitting of a second 
order model to pick up possible curvature in the response, which is most easily 
done by the use of centre points in the experimental design.  
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Figure 19. Boxplot from DOE 1, replicates are pairs with the same pattern on the 
boxes. 
 

6.3 Second screening experiment 

6.3.1 DOE plan for second screening experiment 
DOE 1 was conducted on 15/10/03 and showed that the three factors hold 
pressure time, mould temperature and melt temperature were significant on 
95% confidence level. Due to time limits it was not possible to investigate 
more than four factors on that first screening experiment, even though there 
were more than four interesting variables to investigate. According to 
Montgomery (2001b) it is almost always better to keep the design simple when 
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conducting a DOE. Two of the most interesting variables that were held 
constant during the first screening experiment are now to be investigated in a 
second screening experiment. These two are the moisture content of the 
material and the injection speed. The moisture content is difficult to hold at a 
specific level, so it will be analysed in two different ways, as a factor and as a 
covariate. The two significant factors hold pressure time and mould 
temperature from the first experiment will be further investigated on levels with 
smaller ranges.  
Even though the factor melt temperature was significant in the first experiment, 
the choice to not investigate it any further was made due to the difficulties of 
creating a centre point. The factor melt temperature contains, as mentioned 
earlier in the description of the first DOE, a set of different temperatures in the 
different zones of the barrel. The variable melt temperature is therefore held 
constant on the high level from the first DOE, the setting that was 
recommended by the material supplier DuPont. Another difference from the 
first experiment is that even though the variable hold pressure level was not 
significant, it is held constant on the high level from the first experiment. The 
decision to change the level of factors, melt temperature and hold pressure, is 
justified by theoretical support and that there are not any known costs related to 
changing them. It may not be an improvement but it will most certainly not 
make it worse.   
The second experiment will be a fractional factorial two level experiment with 
four factors and two replicates, but it will also contain four centre points, and it 
will therefore be 20 different runs. The factors to be investigated and their 
levels are displayed in the table 3. 
 
Table 3. Table of factors and the level range.   
 
Factor  Level (Low – High) 
Hold Pressure Time 3.5 – 6.5 (s) 
Mould Temperature 70 – 80 (°C) 
Injection Speed 12 – 18 (m/min) 
Moisture content level  0.005 – 0. 120 (%) 
  

6.3.2 Analysis of second screening experiment 
As in the analysis of the first DOE it is in the projects interest to find settings, 
which gives a high median strength of the jackscrew as well as a low process 
variation. This second DOE was conducted on the 2/11/03. The two responses 
analysed are median strength and the standard deviation of the strength. The 
actual measuring of the jackscrews took place on the 9/11/03 and on the 
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10/11/03. The first thing that was done was a comparison between the different 
experimental settings by making box plots of the results, see figure 20. The 
replicates where put side by side and the current production, in the diagram 
called settings A and B, were put on the right hand side of the diagram.  
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Figure 20. Boxplot of the results from DOE 2. 
 
The result from the production settings is interesting to use in such comparison 
since the level of the experimental settings were different from the production 
settings and so were some of the held constant factors. This could explain the 
big difference between the master and the experimental settings in the diagram. 
The jackscrews called sample A was collected in the very beginning of DOE2 
and the ones called B in the very end of DOE2. 
Since one factor, the moisture level, in this series of experiment was hard to 
control, the analysis was made by the use of two different approaches. The first 
approach was the normal 24-1 fractional design and the second one where the 
level of moisture was analysed as a covariate instead of a main factor.   

Assumption of normality 
An analysis of the residuals was done in order to examine how well the model 
was fitted. The residuals were plotted verses each factor, experimental order 
and fitted values as well as a normal distribution  (see appendices 8 and 9). The 
only thing that was found to be abnormal was the plot of residuals verses fitted 
values for the response median compression strength. The plot shows 
increasing residuals with increasing fits. This could be an indication of a 
multiplicative model i.e. interaction effects. 
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6.3.3 The first approach (moisture level as a factor) 

Significant factors 
When analysing the median strength of the second DOE only one effect 
showed significance on a 95% confidence level, see figure 21. This effect is 
however an interaction between mould temperature and hold pressure time 
(HPT) and this effect is also aliased with the interaction effect of moisture level 
and injection speed. The main effects of moisture level and injection speed 
show a poor significance compared to what the main effect of hold pressure 
time and mould temperature does. This makes it reasonable to believe that most 
of the effect from this aliased interaction comes from the interaction between 
hold pressure time and mould temperature. 
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Figure 21. Pareto chart for standardised effects for the  
response median compression strength (N). 

 
This result should be further investigated but if this interaction is still 
significant it is also reasonable that at least one or possibly both of the main 
factors have a significant effect. In the ANOVA they only show significance on 
92% and 86.8% confidence levels, see appendices 10 and 11. Big process 
variation and/or the variation in the method of measuring could also cause the 
poor significance. Also the complexity of destructive testing i.e. how breakings 
occur and how to measure it. However if we choose to believe that these factors 
have significant effect it is interesting to notice the curvature of hold pressure 
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time, see appendix 11, the main effects plot. This factor also effects the cycle 
time, which is important to keep as low as possible due to the need for high 
productivity. The main effect plot shows that the median strength does not 
increase much, only four newtons, when going from the short hold pressure 
time to the longer one. And the increase in compression strength is almost 
nothing when going from the centre point to the long hold pressure time. This 
makes it really interesting to investigate the hold pressure time and its levels 
between two and five seconds closer by conducting further experiments.  
 
In the analysis of the response standard deviation only one factor showed 
significance on the confidence level of 95 %. This factor is an interaction of 
two main factors and is also aliased with the second interaction possibility in 
this 24-1 fractional experiment. Since all four main factors except moisture level 
show similar level of significance it is hard to tell which interaction factor is the 
most contributing one in the ANOVA. However all the main effects show poor 
significance on the variation of process. This means that it is probably difficult 
to produce a reliable explaining model for this response. But since the two 
largest main effects for this response show significance in the strength of the 
jackscrew they will still be investigated further in a third DOE in order to find 
an explaining model for the median strength.  
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Figure 22. Pareto chart of the standardised effects. 
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6.3.4 The second approach (moisture level as a covariate) 

Significant factors 
The factor moisture level could be used as a covariate since the level of that 
factor was hard to control. For example, on the low level the moisture content 
varied between 0.005% and 0.017%, in the centre point between 0.040 and 
0.066 and on the high level between 0.102% and 0.120%.  However the 
analyses show more or less the same thing as in the first approach. And we 
cannot show that the covariate has any significance on the confidence level of 
95 % neither for standard deviation or median strength (see appendix 12 and 
13). 

Interpretation of the results 
In this second set of experiments the ANOVA tells us that there is only one 
factor, the interaction of hold pressure time and mould temperature that has 
effect on a confidence level of 95 %. But we should not trust in this result too 
much since this interaction factor is also aliased with another interaction factor. 
But when comparing the significance of the main factors injection speed and 
moisture level with hold pressure time and mould temperature it gives a hint of 
two important main factors and one possible interaction factor. These are the 
main factors hold pressure time and mould temperature and the interaction of 
these two. When comparing the results from this DOE with DOE1 it is 
interesting to see that the same factors show the greatest effect and 
significance. In DOE 1 the hold pressure time is significant on a 95% 
confidence level. Therefore these two main factors, hold pressure time and 
mould temperature, should be further investigated by conducting an 
experiment, which makes it possible to build up a good response surface. Such 
design should preferably be the central composite design or the Box-Behnken 
design. 
 
Another result that is interesting in the economical point of view is that the 
factor moisture level has no effect on any of the investigated responses. This 
means that under normal circumstances and proper material handling no drying 
is needed.  
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7 DMAIC – Improve 
 

7.1 Response surface experiment 
 

7.1.1 Central Composite Designed experiment 
The analysis from the fractional factorial screening experiment conducted 
03/11/03 showed that it was only the interaction between hold pressure time 
and mould temperature that were significant. This CCD experiment is to be 
made so that the optimal settings can be found; this means the settings that 
produce the strongest jackscrews with the least variation on shortest time. This 
means that the response cycle time has to be added to the analysis of this 
experiment. The cycle time is calculated from the current cycle time with the 
extension of the hold pressure time added. It is desired to push the limits of the 
hold pressure time as low as possible, since it is the single factor that affects the 
cycle time the most. It is suspected that there is curvature in the responses for 
the hold pressure time and therefore it would be very interesting to find the 
point where the strength starts to decline with increasing hold pressure time. 
The hold pressure time is almost stretched down to the current setting of two 
seconds. 
Since a CCD experiment builds up a response surface there are five different 
levels of each factor, one high, one low, one centre and two axial points. The 
factors that are to be investigated and their levels are displayed in table 4. 
 
Table 4. Investigated factors in DOE 3 and the level range. 
 
Factor Levels 
Hold Pressure Time 2.3-2.6-3.3-4.0-4.3 (s) 
Mould Temperature 63-65-70-75-77 (°C) 
 
As in the second DOE there are a number of variables that are to be held 
constant, these are the same as earlier. Again the only difference from the 
current settings is the melt temperature and the hold pressure level; they have 
the same settings as they had in the second DOE. Since the moisture content 
level was not significant as a factor, it will just be recorded and analysed as a 
covariate due to the problem of holding it constant. 
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7.1.2 Analysis of response surface experiment 

Variation over time 
The response surface was built up by the use of central composite design with 
five replicates in the centre point. The idea was to see how the result in the 
centre point varied over the full experiment. If the variation were found to be 
unsatisfying the experiment would have to be replicated for further 
investigation of causes of variation. 
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Figure 23. Boxplot of the results from DOE 3. 
 
The boxplot in figure 23 shows that the variation in the centre points has 
similar range and median compression strength over the experiment. This gives 
us an indication of a trustworthy result and therefore further replicates are not 
needed due to the cause of variation over time.  
 

Normality test 
A normality test of the residuals for both median compression strength and the 
standard deviation was conducted. The residuals were found to be normally 
distributed, see appendices 14 and 15.  
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ANOVA for median compression strength 
The ANOVA showed that the hold pressure time (100%) as well as its 
quadratic term was the only significant factor on the confidence level of 95%. 
The mould temperature that in the previous experiments had been quite 
significant was now far from significant. The interaction term between hold 
pressure time and mould temperature showed significance on 74.4 % 
confidence level. This interaction term had in the previous experiments been 
aliased with another interaction term and therefore been bigger than it really 
was. The adjusted R-squared was 84.3 %. The lack of fit term had a high 
significance (97.9%). This could be explained by experiment 12, which by 
unknown reasons was really far from the fitted value. The analysis was 
repeated with only the significant terms included in the model see appendix 16. 
That gave the statistical model with uncoded levels showed in equation 12. 
 
 
 Median compression strength (N) = 256.3 + 97.8·HPT – 12.7·HPT2 + ε 
Equation 12 
 
The adjusted R-square for this model is 85.1%, i.e. how well the model 
describes the real world. The main factor hold pressure time (HPT) is 
significant on 99.9 % and its quadratic term on 99.8 % according to the updated 
ANOVA for this response see appendix 16. 
 

ANOVA for the standard deviation of compression strength 
The ANOVA showed that the hold pressure time as well as its quadratic term is 
significant on a confidence level of 95%. The mould temperature is also 
significant on that level. The interaction term between hold pressure time and 
mould temperature showed almost no significance at all. This interaction term 
had in the previous experiments been aliased with another interaction term and 
therefore been bigger than it really was. The analysis was repeated with only 
the significant terms included in the model see appendix 17. That gave the 
statistical model with uncoded levels showed in equation 13. 
 
Standard deviation = 75.8 – 26.2·HPT + 3.4·HPT2 + - 0.3·Mould temp+ ε 
Equation 13 
 
The adjusted R-square for this model is 77.5%, i.e. how well the model 
describes the real world. The main factor hold pressure time (HPT) is 
significant on 99.3 % and its quadratic term on 98.3 %. The main factor mould 
temperature is significant on the confidence level of 98.2 %. All data according 
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to the updated ANOVA for this response see appendix 17. However the model 
shown in appendix is incorrect, it contains the insignificant term (mould 
temp)2. If this term is removed, equation 13 gets the same appearance as it has 
in this thesis and not as it is in appendix 17. Due to complications with access 
to the correct software (Minitab) are we not able to correct this mistake in 
Luleå.  

Response surface plots 
The results from the ANOVA where all the terms are used could be used to 
build up a response surface. Figure 24 shows the plot of a response surface for 
the response median strength verses hold pressure time and mould temperature. 
Figure 25 shows the plot of the response surface for the response standard 
deviation of the compression strength verses hold pressure time and mould 
temperature. 
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Figure 24. Surface plot of median strength vs. HPT and mould temp. 
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Figure 25. Surface plot of standard deviation vs. HPT and mould temp.  
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7.2 Process improvements 
 
The results from all experiments will be a new Master setting where a number 
of moulding variables have been changed. These changes are listed below. 
 
♦ Increase hold pressure time from 2.0 s to 3.8 s 
– stronger jackscrews,  
– more stable process 

 
♦ Increase hold pressure level from 300 Bar to 800 Bar  
– more stable process 
 
♦ Increase mould temp from 60°C to 77°C  
– less mould shrinkage  
– stronger jackscrews 
– more stable process 

 
♦ Increase cylinder temp (rear to nozzle) 

(180-185-195-200-210) to (220-220-220-215-190)  
– better material characteristics 

 
Decrease Remaining cooling time from 3.0 s to 2.5 s  ♦ 

– minimise the cycle time 
 

7.3 Design improvements 

7.3.1 Adding a 0.6 mm radius in the joining area 
It seems that in production the neck tends to break where the head joins the 
neck i.e. in the joining area. In fact, out of 32 breakings in production, 27 
(possibly 28) had broken in the joining area between the neck and the head. 
One reason for that could be that is where it is most likely to be a void present. 
Another reason could be the sharp edge in the joining area. When comparing 
how the joining area between the neck and the shoulders looks like, which has 
some radius, and the joining area between the neck and the head, it seems like 
there is no radius or a very small radius present at that spot. Sharp edges act 
like stress concentrators and will make breakings more likely in that area. The 
question is could the radius between the head and the neck be increased without 
affecting the work area of the adaptor plate? After an investigation by CAD 
designer  
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Figure 26. Radius comparison. 
Left jackscrew from the eight-cavity cold runner tool. Note the missing radius where the 
head joins the neck. Right jackscrew from four-cavity hot runner tool. Note the correct 
radius. 
 
Graeme Gilbert 25/09/03 the conclusion is that it does not seem to be possible. 
The conclusion is based on the radius is already optimised and should be 0.6 
mm and fits the socket like a glove. The radius of 0.6 mm should also be the 
same as the radius in the joining area between the neck and the shoulders. After 
having a second look in microscope it could be confirmed by Henrik Liljeqvist, 
Klas Rehnberg and Christie Tamblyn that the radius in the joining area between 
the head and the neck is not the same as between the shoulders and the neck. It 
hardly looks like it is 0.6 mm either; in fact it looks like there is no radius at all. 
After having a look at the final drawings that were sent to the toolmaker JCV 
tooling the 28 of June 2002 it is confirmed that the radius of 0.6 mm is present 
at that drawing. When jackscrews that were moulded in the old four-cavity hot 
runner tool were investigated the radius was present.  
 

7.3.2 Achieve a uniform shape 
The benchmarking of the improvements of the dampener from the light truck 
motor mechanism produced a good idea of how to give the jackscrew a more 
uniform shape. The dampener tool has got a small pin that creates a hole in the 
head of the dampener, which reduces the wall thickness. A critical factor in 
injection moulding is that the moulded part should have uniform shape in order 
to fill all parts of the mould as fast as possible. If the mould is filled from a 
thick part and then the material has to run through a less thick part before it 
comes in to another thick
part like in the dampener and the jackscrew. There is a risk that the less thick 
part freezes off before the mould is completely filled. The material will go 
straight to the walls of the mould where it will freeze. When the neck freezes 
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Figure 27. Pin insertion. 

 

Pin inserted in the head of similar product in order to obtain a more uniform shaped part. 
 
off before the head is completely filled, the shrinkage from the cooling of the 
material will both make the void bigger and suck out  
material from the neck and extend the void into the neck. That is of course 
when the neck is not completely frozen. When a pin is inserted in the head it 
reduces the volume in the head and makes the shape of dampener more 
uniform. Moldflow analyses of the dampener show that this is a better way of 
manufacturing such a part. This will in theory both reduce fill time, which 
effects the cycle time, and reduce the possibilities of voids.  
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8 Results 
 
The fact that the jackscrews, which are produced with the recommended 
moulding settings, the settings that the material supplier have found from their 
research on thin walled parts, are approximately 10 % stronger in the 
compression tests conducted is undoubtable. The capability of the process is 
also better, less variation and stronger jackscrews. But what really matters is 
not the compressive strength; it is the reject rate. Are the jackscrews from the 
recommended settings less likely to break in production? To try to give an 
accurate approximation to that question several different trials runs were done.  
 
In the first trial, 22 motor mechanisms, 11 with jackscrews from current 
settings and 11 from the recommended settings were fed through rotary table 
01. To achieve an opinion whether the current or the recommended jackscrews 
are the strongest in the assembly process, the rotary table was manipulated in 
such a way that the jackscrews would always be misaligned. There are strong 
indications that it is when a jackscrew is misaligned that a breakage will occur, 
when the jackscrew is about to be clipped into the socket in the adaptor plate. 
This is a way of accelerated production and the reject rate is not accurate 
compared to normal production, normally there is just xxx ppm of the motor 
mechanisms that has a broken jackscrew. But what is sought for in this trial 
was if the recommended jackscrews were less likely to break. In this 
accelerated trial only one jackscrew broke, and this one was from the current 
settings.  
 
In the second trial that was made in a bigger scale, 3818 jackscrews from the 
current settings and 3740 from the recommended settings were delivered to the 
two rotary tables with the highest reject rate due to broken jackscrews, RT 01 
and RT 12. According to the day shift supervisor Anette Mitchell (09/12/03). A 
handful of these may have been lost in the material handling, but as a qualified 
guess approximately 3750 motor mechanisms were built during this trial. The 
total reject rate was xxx ppm and the reject due to broken jackscrews was xxx 
ppm. The reject rate due to broken jackscrews from the recommended settings 
is xxx ppm and the reject rate for the current settings is xxx ppm. That means if 
all jackscrews were produced with the recommended settings, the reject rate 
due to broken jackscrews are predicted to reduce by xxx%.  
 
The third and last trial was conducted on the 10/12/03 at RT 01. During this 
trial the two stations, the jackscrew alignment and the adaptor-plate-socket-
heating station, on the rotary table were disabled. When these stations are 
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disabled, the stress on the jackscrews is maximised, and it will force the 
jackscrews to break. Even though it is not a good simulation of what kind of 
stress the jackscrews have to resist in normal production it will hopefully give a 
hint of what kind of jackscrews, current or recommended, are the strongest.  
The results from this trial were contradictory to the earlier results. The total 
number of broken jackscrews was xxx, and xxx of these were from the current 
settings and xxx from the recommended settings. But what had been the 
problem in production earlier is that the jackscrew heads have fallen off, and if 
this is the only type of breaking that is to be investigated, it shows that the 
recommended settings only have two broken necks and the current settings has 
seven. The other type of breaking is that the legs of the jackscrew tend to break, 
but since this trial is so manipulated and far away from normal circumstances, 
that result is discarded. The conclusion from this trial is that the recommended 
settings will produce jackscrews that are xxx% less likely to break in the neck 
i.e. the head will fall off.  
  

8.1.1 Costs 
The implementation of the above suggested improvements will also imply 
some costs. The increased cycle time will according to financial analyst Jeff 
Cole (10/12/03) be $xxx annually. This is mainly overhead cost since the 
machine is fully automated. There will also be costs for the use of 3.5 % extra 
material. This cost is calculated by the use of the following formula ((xxx / 
8)[Number of shots/year] x xxx [Shot size in kg] x 0.035 [Percentual increase 
in material usage] x xxx [Material cost/kg]) ≅ $xxx  
Annual. This means a total cost of $xxx annually. 

8.1.2 Profits 
A decrease in scrap rate due to broken jackscrews by xxx % will mean about 
xxx fewer scrapped motor mechanisms. Since the least expensive motor 
mechanism to produce costs $xxx, it will save Schefenacker about $xxx annual. 
The sum of profits and costs will then be about $xxx annually.  
 
If it also leads to decreased number of customer concerns the true profit will be 
even greater. The costs for customer concerns are however are very difficult to 
calculate if possible at all. 
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9 Discussion 
 
What went wrong, why it went wrong and how we could have done it better. 
 
This project has not achieved the optimum result due to a number of different 
circumstances; one of the most influential factors is the limited amount of time. 
Another thing we have to bear in mind is that the prerequisites for this project 
have been changing during the project time. The improvement potential in the 
start of the project was much greater than it was in the end of the project. Keith 
Price, an engineer in the motor mechanism area has successfully implemented a 
number of improvements in the assembly stations, these improvements 
decreased the reject rates in the assembly stations and therefore also the 
potential for our project.  
 
When we investigated why and how a jackscrew breaks in production (see 
chapter 5.1.1) we limited ourselves to investigate the scrap from approximately 
two to three days of production. To achieve a more accurate picture of the 
production if would have been desired to extend this investigation to at least 
two weeks. But again it is the limited time that made us take this decision.  
 
The current test method of the jackscrews, the compression strength test only 
measures the general strength, and since the weak part of the jackscrew seems 
to be the joining area between the head and the neck, it would have been 
desired to improve the test method. We made a prototype of a new test jig that 
concentrated the force to the neck and therefore caused the jackscrew to break 
at the point were the breakings from the production occur. Unfortunately we 
were not able to prove the accuracy of the test method via a successful Gauge 
R&R, but again if we had more time it would have been interesting to 
investigate and improve that method further. Hopefully can we trust our 
achieved results anyway even though the test we have used only measures the 
general strength. 
 
The first DOE went according to plan, but when we used the result from the 
first DOE and made the second DOE we went accidentally against our own 
results. The melt temperature that was significant for the response standard 
deviation, was supposed to be on a low level, the level from the current 
production. In the following experiments, it was by mistake in the 
interpretation of the ANOVA, set on the high level. The high level is the one 
that the material supplier, DuPont recommends. Since the melt temperature was 
not investigated in the second DOE due to the difficulties of finding a centre 
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point for a set of temperatures (the melt temperature consists of five different 
temperatures in the different sections of the cylinder) this mistake was not 
corrected until the very last experiment, the verifying experiment. What we did 
in this verifying experiment was actually a one factor at a time experiment; we 
produced 2000 jackscrews with the low melt temperature and 2000 with the 
high melt temperature. These two different types of jackscrews were tested in 
the compression strength test. We could in that test determine that the melt 
temperature had no impact on the compressive strength, which was the same 
result as in the first DOE. It is possible that we could have received a process 
with less variation if the low level would have been the recommended, but we 
investigated too few jackscrews to make any reliable conclusions about the 
variation of the process i.e. we could not tell which one of the melt 
temperatures resulted in the best process. 
 
The response surface experiment could have been investigated further, 
especially if we look at the response surface plot for median strength, figure 24, 
the response surface has not reached a saddle point, it still shows an inclining 
behaviour. Due to the lack of time and the cost for further experiments the 
reached level was accepted as good enough.  Maybe there is a mould 
temperature that produces even stronger jackscrews, and that temperature is 
somewhere between 90°C that was the high temperature in the first screening 
DOE and 77°C which is the recommended temperature. 
 
The control phase in this project is only from one day of production and we 
suggest that we would have done extended trials with a weeks production. The 
trial we conducted was a very small one and corresponds only to one shifts 
production from two different assembly stations, and that is just a fragment of a 
full weeks production.  
The suggestion we make about adding a 0.6 mm radius in the joining area 
between the neck and the head is probably one of the safest improvements, 
since it is on the original drawings that were sent out to the toolmaker. But 
again we investigated this problem with limited time, if we could have afforded 
to send away the tool the JCV-tooling for one week, it is a possibility that we 
could have decreased the reject rate due to broken jackscrews even lower than 
our estimations. 
 
What all this boils down to is: 
 
“If we would have had more time, we could have done it better”  
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This learning is one of the most important ones we have done during the work 
with this project, and time limits are something we will bump into during the 
rest of our work life. 
 
A benefit for Schefenacker besides the obvious ones such as decreased reject 
rate due to broken jackscrews, is that we have showed the advantages with 
designed experiments. Using a systematic approach when solving problems 
ensures that all possibilities are investigated and that the recommended 
machine settings from the material supplier is a good start when they introduce 
a new product and try to optimise the process. 
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Appendix 3 Gauge R&R 6/11/03  
Jackscrew compression test jig in Avery machine 
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Nested ANOVA Table 
 
 
Source                  DF  SS       MS       F        P       
                                                               
Operator                 2   3568.4  1784.21  6.20440  0.00892 
Part number (Operator)  18   5176.3   287.57  1.75078  0.10939 
Repeatability           21   3449.3   164.25                   
Total                   41  12194.1                            
 
 
Gage R&R 
 
 
                            %Contribution 
Source             VarComp  (of VarComp)  
                                          
Total Gage R&R     271.157   81.47        
  Repeatability    164.254   49.35        
  Reproducibility  106.903   32.12        
Part-To-Part        61.659   18.53        
Total Variation    332.816  100.00        
 
 
                   StdDev   Study Var  %Study Var 
Source             (SD)     (5.15*SD)  (%SV)      
                                                  
Total Gage R&R     16.4669  84.8043     90.26     
  Repeatability    12.8162  66.0033     70.25     
  Reproducibility  10.3394  53.2479     56.68     
Part-To-Part        7.8523  40.4395     43.04     
Total Variation    18.2433  93.9528    100.00     
 
 
Number of Distinct Categories = 1 
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Appendix 4 Gauge R&R 14/11/03 
Jackscrew compression test in Avery machine 
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Nested ANOVA Table 
 
Source           DF  SS       MS       F        P       
                                                        
Operator          2    186.9   93.463   0.1208  0.88671 
Part (Operator)  24  18562.9  773.454  11.9129  0.00000 
Repeatability    27   1753.0   64.926                   
Total            53  20502.8                            
 
 
Gage R&R 
 
 
                            %Contribution 
Source             VarComp  (of VarComp)  
                                          
Total Gage R&R      64.926   15.49        
  Repeatability     64.926   15.49        
  Reproducibility    0.000    0.00        
Part-To-Part       354.264   84.51        
Total Variation    419.190  100.00        
 
 
                   StdDev   Study Var  %Study Var 
Source             (SD)     (5.15*SD)  (%SV)      
                                                  
Total Gage R&R      8.0577   41.497     39.36     
  Repeatability     8.0577   41.497     39.36     
  Reproducibility   0.0000    0.000      0.00     
Part-To-Part       18.8219   96.933     91.93     
Total Variation    20.4741  105.442    100.00     
 
 
Number of Distinct Categories = 3 
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Original Moldflow Analysis (before tool manufacturing) 
 
Injection Machine Setup Sheet  
 
General Information  
------------------------------------------------------------------------------  
 
Project Name: eight_cav_by_one_pack_(copy_2).udm  
 
Version: mpi400  
 
Date: Thu Feb 20 10:33:12 2003  
 
Processing Type: Thermoplastics injection molding  
 
Machine Name: Default molding machine  
 
Material Name: Delrin 500P : DuPont Engineering Polymers  
------------------------------------------------------------------------------  
 
Machine Specification:  
------------------------------------------------------------------------------  
Maximum pressure:     100.0000 MPa  
 
Screw intensification ratio:    10.0000  
 
Machine response time:    0.010 s  
 
Machine maximum clamp force:   7000.2198 tonne  
------------------------------------------------------------------------------  
 
Temperature Settings  
------------------------------------------------------------------------------  
 
Melt temperature:     215.0000 C  
 
Mold cavity_side temperature:   89.0000 C  
 
Mold core-side temperature:    89.0000 C  
------------------------------------------------------------------------------  
 
Injection Settings  
------------------------------------------------------------------------------  
 
Injection control method:    Injection Time  
 
Injection Time:     0.8000 s  
Appendix 1 page 2 of 3 
 
Nominal Flow rate:     5.5980 cm^3/s  
 
Packing pressure profile  
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Duration     Pressure  
(s) (MPa)  

 
0.0 35.9920  
3.0 35.9920  

 
Cooling time:       5.0000 s 
 ------------------------------------------------------------------------------  
 
Results from Flow Analysis  
------------------------------------------------------------------------------  
 
Total volume of the part and cold runners:   4.4784 cm^3  
 
Switch-over Pressure:     44.9900 MPa  
 
Maximum clamp force required:    6.9992 tonne  
 
Fill time 
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Model view 
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Appendix 6 Analysis of first screening experiment, response median strength 
 
Residual plot 

P-Value:   0.932
A-Squared: 0.162

Anderson-Darling Normality Test
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ANOVA (Minitab) for Median strength 
 
Estimated Effects and Coefficients for Median strength (coded units) 
 
Term                  Effect      Coef     SE Coef       T      P 
Constant                       407.317      25.527   15.96  0.000 
Moisture                       316.567     473.252    0.67  0.525 
Melt temp             -2.507    -1.253       3.549   -0.35  0.734 
Mould temp            -3.331    -1.666       3.296   -0.51  0.629 
HPT (s)               30.377    15.189       3.343    4.54  0.003 
HPL (Bar               8.969     4.485       3.423    1.31  0.231 
Melt temp*Mould temp   7.898     3.949       3.254    1.21  0.264 
Melt temp*HPT (s)     -6.652    -3.326       3.266   -1.02  0.342 
Melt temp*HPL (Bar     0.856     0.428       3.253    0.13  0.899 
 
Analysis of Variance for Median strength(coded units) 
 
Source                DF      Seq SS     Adj SS     Adj MS      F      P 
Covariates             1      733.80      75.76      75.76   0.45  0.525 
Main Effects           4     3801.40    3752.77     938.19   5.54  0.025 
2-Way Interactions     3      427.21     427.21     142.40   0.84  0.513 
Residual Error         7     1185.24    1185.24     169.32 
  Lack of Fit          6     1092.76    1092.76     182.13   1.97  0.497 
  Pure Error           1       92.48      92.48      92.48 
Total                 15     6147.65 
 
Estimated Coefficients for Median strength using data in uncoded units 
 
Term                      Coef 
Constant               788.254  
Moisture               316.567 
Melt temp             -1.89059 
Mould temp            -7.39465 
HPT (s)                71.4716 
HPL (Bar             -0.029441 
Melt temp*Mould temp 0.0351017 
Melt temp*HPT (s)    -0.295643 
Melt temp*HPL (Bar  0.00022833 
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Appendix 7 Analysis of first screening experiment, response standard deviation 
 

P-Value:   0.669
A-Squared: 0.258

Anderson-Darling Normality Test

N: 16
StDev: 1.17468
Average: -21.5441
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ANOVA (Minitab) Standard Deviation  
 
Estimated Effects and Coefficients for Standard deviation(coded units) 
 
Term                  Effect      Coef     SE Coef       T      P 
Constant                         2.753      3.3734    0.82  0.441 
Moisture                        85.041     62.5395    1.36  0.216 
Melt temp              2.486     1.243      0.4690    2.65  0.033 
Mould temp            -4.325    -2.162      0.4356   -4.96  0.002 
HPT (s)               -5.501    -2.751      0.4417   -6.23  0.000 
HPL (Bar               2.080     1.040      0.4523    2.30  0.055 
Melt temp*Mould temp  -1.487    -0.744      0.4300   -1.73  0.127 
Melt temp*HPT (s)     -3.163    -1.581      0.4317   -3.66  0.008 
Melt temp*HPL (Bar     0.720     0.360      0.4299    0.84  0.430 
 
Analysis of Variance for Standard deviation (coded units) 
 
Source                DF      Seq SS     Adj SS     Adj MS      F      P 
Covariates             1       3.171      5.467      5.467   1.85  0.216 
Main Effects           4     217.602    221.044     55.261  18.69  0.001 
2-Way Interactions     3      50.658     50.658     16.886   5.71  0.027 
Residual Error         7      20.698     20.698      2.957 
  Lack of Fit          6      12.460     12.460      2.077   0.25  0.906 
  Pure Error           1       8.238      8.238      8.238 
Total                 15     292.129 
 
Estimated Coefficients for Standard deviation using data in uncoded units 
 
Term                      Coef 
Constant              -178.179  
Moisture               85.0413 
Melt temp              1.04780 
Mould temp             1.22731 
HPT (s)                27.3321 
HPL (Bar            -0.0356831 
Melt temp*Mouldtemp-0.00660950 
 
Melt temp*HPT (s)    -0.140558 
Melt temp*HPL (Bar 0.000192015 
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Appendix 8 Analysis of residuals DOE 2, response median compression strength  
 
 

Average: 0.0000000
StDev: 1.72005
N: 20

Anderson-Darling Normality Test
A-Squared: 0.078
P-Value:   0.999
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Appendix 9 Analysis of residuals from DOE 2, response standard deviation 
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Appendix 10 ANOVA table from DOE 2; response standard deviation 
 
Fractional Factorial Fit: Stdev versus Mould temp, Moisture level, ... 
 
Estimated Effects and Coefficients for Stdev (coded units) 
 
Term                  Effect      Coef     SE Coef       T      P 
Constant                         6.575      0.5651   11.63  0.000 
Mould te               1.375     0.687      0.5651    1.22  0.249 
Moisture              -0.156    -0.078      0.5651   -0.14  0.893 
HPT                   -1.497    -0.748      0.5651   -1.32  0.212 
Injectio              -1.356    -0.678      0.5651   -1.20  0.256 
Mould te*Moisture     -0.786    -0.393      0.5651   -0.70  0.501 
Mould te*HPT          -3.502    -1.751      0.5651   -3.10  0.010 
Mould te*Injectio      0.082     0.041      0.5651    0.07  0.943 
Ct Pt                           -3.178      1.2637   -2.51  0.029 
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Appendix 11 ANOVA table from DOE 2 ; response median compression strength 
 
Fractional Factorial Fit: median versus Mould temp, Moisture level, ... 
 
Estimated Effects and Coefficients for median (coded units) 
 
Term                  Effect      Coef     SE Coef       T      P 
Constant                       447.938       1.230  364.23  0.000 
Mould temp            -4.750    -2.375       1.230   -1.93  0.080 
Moisture level         0.375     0.188       1.230    0.15  0.882 
HPT                    4.000     2.000       1.230    1.63  0.132 
Injection speed       -1.125    -0.563       1.230   -0.46  0.656 
Mould te*Moisture     -1.500    -0.750       1.230   -0.61  0.554 
Mould te*HPT           7.625     3.812       1.230    3.10  0.010 
Mould te*Injectio      0.500     0.250       1.230    0.20  0.843 
Ct Pt                            1.437       2.750    0.52  0.612 
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Appendix 12 Analysis of DOE 2, moisture level as a covariat, response median strength 
 
Fractional Factorial Fit: median versus Mould temp, HPT, Injection sp 
 
Estimated Effects and Coefficients for median (coded units) 
 
Term                      Effect      Coef     SE Coef       T      P 
Constant                            450.11       9.776   46.04  0.000 
Moisture                            -31.73     163.922   -0.19  0.850 
Mould te                   -4.75     -2.37       1.243   -1.91  0.083 
HPT                         4.00      2.00       1.243    1.61  0.136 
Injectio                   -1.12     -0.56       1.243   -0.45  0.661 
Mould te*HPT                7.72      3.86       1.265    3.05  0.011 
Mould te*Injectio           0.47      0.24       1.245    0.19  0.853 
HPT*Injectio               -1.36     -0.68       1.294   -0.53  0.609 
Mould te*HPT*Injectio       3.58      1.79       8.361    0.21  0.835 
 
 

Average: -0.0000000
StDev: 3.74298
N: 20

Anderson-Darling Normality Test
A-Squared: 0.196
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Appendix 13 Analysis of DOE 2, moisture level as a covariat, response standard deviation 
 

Average: 0.0000000
StDev: 1.72005
N: 20
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P-Value:   0.999
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Fractional Factorial Fit: Stdev versus Mould temp, HPT, Injection speed 
 
Estimated Effects and Coefficients for Stdev (coded units) 
 
Term                      Effect      Coef     SE Coef       T      P 
Constant                            -3.418      4.8012   -0.71  0.491 
Moisture                           157.942     80.5076    1.96  0.076 
Mould te                   1.355     0.677      0.6104    1.11  0.291 
HPT                       -1.477    -0.738      0.6104   -1.21  0.252 
Injectio                  -1.375    -0.688      0.6104   -1.13  0.284 
Mould te*HPT              -3.957    -1.978      0.6213   -3.18  0.009 
Mould te*Injectio          0.220     0.110      0.6114    0.18  0.860 
HPT*Injectio              -1.477    -0.739      0.6353   -1.16  0.270 
Mould te*HPT*Injectio    -16.088    -8.044      4.1062   -1.96  0.076 
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Appendix 14 Analysis of residuals from DOE 3; response median compression strength 
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Appendix 15 Analysis of residuals from DOE 3; response standard deviation 
 

Average: 0.0057792
StDev: 1.29734
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Anderson-Darling Normality Test
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Appendix 16 ANOVA table from DOE 3; response median compression strength (complete 
model) 
 
Response Surface Regression: Median strength versus Mould temp., HPT 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Median s 
 
Term                      Coef     SE Coef          T      P 
Constant               440.400       1.766    249.403  0.000 
Mould te                 1.198       1.396      0.858  0.419 
HPT                      9.825       1.396      7.038  0.000 
Mould te*Mould te        0.612       1.497      0.409  0.695 
HPT*HPT                 -6.138       1.497     -4.100  0.005 
Mould te*HPT             2.500       1.974      1.266  0.246 
 
S = 3.948       R-Sq = 90.9%     R-Sq(adj) = 84.3% 
 
Analysis of Variance for Median s 
 
Source                 DF     Seq SS      Adj SS      Adj MS      F      P 
Regression              5    1084.87     1084.87     216.973  13.92  0.002 
  Linear                2     783.69      783.69     391.846  25.13  0.001 
  Square                2     276.18      276.18     138.088   8.86  0.012 
  Interaction           1      25.00       25.00      25.000   1.60  0.246 
Residual Error          7     109.13      109.13      15.591  
  Lack-of-Fit           3      97.43       97.43      32.478  11.10  0.021 
  Pure Error            4      11.70       11.70       2.925  
Total                  12    1194.00 
 
Unusual Observations for Median s 
 
Observation   Median s         Fit        SE Fit   Residual    St Resid 
         12    438.000     443.320         3.122     -5.320       -2.20R  
 
R denotes an observation with a large standardized residual. 
 
Estimated Regression Coefficients for Median s using data in uncoded units 
 
Term                      Coef     
Constant                525.955 
Mould te               -5.54750 
HPT                     46.7037 
Mould te*Mould te     0.0245000 
HPT*HPT                -12.5255 
Mould te*HPT           0.714286 
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Appendix 16 ANOVA table from DOE 3; response median compression strength  
 
Response Surface Regression: Median strength versus HPT 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Median s 
 
Term             Coef     SE Coef          T      P 
Constant      440.826       1.390    317.032  0.000 
HPT             9.825       1.361      7.218  0.000 
HPT*HPT        -6.217       1.447     -4.296  0.002 
 
S = 3.850       R-Sq = 87.6%     R-Sq(adj) = 85.1% 
 
Analysis of Variance for Median s 
 
Source                 DF     Seq SS      Adj SS      Adj MS      F      P 
Regression              2    1045.77    1045.771     522.885  35.28  0.000 
  Linear                1     772.21     772.205     772.205  52.10  0.000 
  Square                1     273.57     273.565     273.565  18.46  0.002 
Residual Error         10     148.23     148.229      14.823  
  Lack-of-Fit           2      75.62      75.622      37.811   4.17  0.058 
  Pure Error            8      72.61      72.607       9.076  
Total                  12    1194.00 
 
Unusual Observations for Median s 
 
Observation   Median s         Fit        SE Fit   Residual    St Resid 
          4    453.000     444.433         1.817      8.567        2.52R  
 
R denotes an observation with a large standardized residual. 
 
Estimated Regression Coefficients for Median s using data in uncoded units 
 
Term             Coef     
Constant       256.331 
HPT            97.7798 
HPT*HPT       -12.6886 
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Appendix 17 ANOVA table from DOE 3; response standard deviation (complete model) 
 
Response Surface Regression: Standard deviation versus Mould temp., HPT 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Standard 
 
Term                      Coef     SE Coef          T      P 
Constant                 5.268      0.6774      7.777  0.000 
Mould te                -1.524      0.5356     -2.845  0.025 
HPT                     -2.767      0.5356     -5.166  0.001 
Mould te*Mould te       -0.643      0.5743     -1.119  0.300 
HPT*HPT                  1.565      0.5743      2.725  0.030 
Mould te*HPT             0.544      0.7574      0.718  0.496 
 
S = 1.515       R-Sq = 86.5%     R-Sq(adj) = 76.9% 
 
Analysis of Variance for Standard 
 
Source                 DF     Seq SS      Adj SS      Adj MS      F      P 
Regression              5    103.116     103.116      20.623   8.99  0.006 
  Linear                2     79.813      79.813      39.907  17.39  0.002 
  Square                2     22.121      22.121      11.061   4.82  0.048 
  Interaction           1      1.182       1.182       1.182   0.51  0.496 
Residual Error          7     16.062      16.062       2.295  
  Lack-of-Fit           3     11.180      11.180       3.727   3.05  0.155 
  Pure Error            4      4.883       4.883       1.221  
Total                  12    119.178 
 
 
Estimated Regression Coefficients for Standard using data in uncoded units 
 
Term                      Coef     
Constant               -15.7099 
Mould te                2.78315 
HPT                    -35.9060 
Mould te*Mould te    -0.0257167 
HPT*HPT                 3.19437 
Mould te*HPT           0.155293 
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Appendix 17 ANOVA table from DOE 3; response standard deviation  
 
Response Surface Regression: Standard deviation versus Mould temp., HPT 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Standard 
 
Term                      Coef     SE Coef          T      P 
Constant                 6.357      0.7049      9.018  0.000 
Mould te                -1.524      0.6901     -2.208  0.055 
HPT                     -2.767      0.6901     -4.009  0.003 
Mould te*Mould te       -0.847      0.7337     -1.155  0.278 
 
S = 1.952       R-Sq = 71.2%     R-Sq(adj) = 61.6% 
 
Analysis of Variance for Standard 
 
Source                 DF     Seq SS      Adj SS      Adj MS      F      P 
Regression              3     84.891     84.8911     28.2970   7.43  0.008 
  Linear                2     79.813     79.8130     39.9065  10.47  0.004 
  Square                1      5.078      5.0780      5.0780   1.33  0.278 
Residual Error          9     34.287     34.2874      3.8097  
  Lack-of-Fit           5     29.405     29.4047      5.8809   4.82  0.076 
  Pure Error            4      4.883      4.8827      1.2207  
Total                  12    119.178 
 
 
Estimated Regression Coefficients for Standard using data in uncoded units 
 
Term                      Coef     
Constant               -125.296 
Mould te                4.43892 
HPT                    -3.95258 
Mould te*Mould te    -0.0338832 
 
 

 
 




