
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköpings Universitet Linköpings Universitet 
SE-601 74 Norrköping, Sweden 601 74 Norrköping 

  
  
 
 

 
 
 

 
  
 
 
 
 
  

 
  
 
 
 
 
 
 

 
 

 

 

Examensarbete
LITH-ITN-ED-EX--06/011--SE

SPC and DOE in production of
Organic Electronics

Marcus Nilsson
Johan Ruth

2006-03-20



LITH-ITN-ED-EX--06/011--SE

SPC and DOE in production of
Organic Electronics

Examensarbete utfört i Elektronikdesign
vid Linköpings Tekniska Högskola, Campus

Norrköping

Marcus Nilsson
Johan Ruth

Handledare Michael Lögdlund
Examinator Nathaniel Robinson

Norrköping 2006-03-20



 

Rapporttyp
Report category

  Examensarbete
       B-uppsats
       C-uppsats
       D-uppsats

    _ ________________

Språk
Language

       Svenska/Swedish
       Engelska/English

    _ ________________

Titel
Title

Författare
Author

Sammanfattning
Abstract

ISBN
_____________________________________________________
ISRN
_________________________________________________________________
Serietitel och serienummer             ISSN
Title of series, numbering                   ___________________________________

Nyckelord
Keyword

Datum
Date

URL för elektronisk version

Avdelning, Institution
Division, Department

Institutionen för teknik och naturvetenskap

Department of Science and Technology

2006-03-20

x

x

LITH-ITN-ED-EX--06/011--SE

SPC and DOE in production of Organic Electronics

Marcus Nilsson, Johan Ruth

   At Acreo AB located in Norrköping, Sweden, research and development in the field of organic
electronics have been conducted since 1998. Several electronic devices and systems have been realized.
In late 2003 a commercial printing press was installed to test large scale production of these devices.
Prior to the summer of 2005 the project made significant progress. As a step towards industrialisation,
the variability and yield of the printing process needed to bee studied. A decision to implement
Statistical Process Control (SPC) and Design of Experiments (DOE) to evaluate and improve the process
was taken.
   SPC has been implemented on the EC-patterning step in the process. A total of 26 Samples were taken
during the period October-December 2005. An  - and s-chart were constructed from these samples. The
charts clearly show that the process is not in statistical control. Investigations of what causes the
variation in the process have been performed. The following root causes to variation has been found:
PEDOT:PSS-substrate sheet resistance and poorly cleaned screen printing drums.
   After removing points affected by root causes, the process is still not in control. Further investigations
are needed to get the process in control. Examples of where to go next is presented in the report.
   In the DOE part a four factor full factorial experiment was performed. The goal with the experiment
was to find how different factors affects switch time and life length of an electrochromic display. The
four factors investigated were: Electrolyte, Additive, Web speed and Encapsulation. All statistical
analysis was performed using Minitab 14. The analysis of measurements from one day and seven days
after printing showed that:
-	Changing Electrolyte from E230 to E235 has small effect on the switch time
-	Adding additives Add1 and Add2 decreases the switch time after 1 and 7 days
-	Increasing web speed decreases the switch time after 1 and 7 days
-	Encapsulation before UV-step decreases the switch time after 7 days

Statistical Process Control, SPC, Design of experiments, DOE, Organic electronics, electrochromic
display, production, variation, quality, printing
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Abstract 
 

At Acreo AB located in Norrköping, Sweden, research and development in the field of 

organic electronics have been conducted since 1998. Several electronic devices and systems 

have been realized. In late 2003 a commercial printing press was installed to test large scale 

production of these devices. Prior to the summer of 2005 the project made significant 

progress. As a step towards industrialisation, the variability and yield of the printing process 

needed to bee studied. A decision to implement Statistical Process Control (SPC) and Design 

of Experiments (DOE) to evaluate and improve the process was taken. 

 

SPC has been implemented on the EC-patterning step in the process. A total of 26 Samples 

were taken during the period October-December 2005. An X - and s-chart were constructed 

from these samples. The charts clearly show that the process is not in statistical control. 

Investigations of what causes the variation in the process have been performed. The following 

root causes to variation has been found: PEDOT:PSS-substrate sheet resistance and poorly 

cleaned screen printing drums. 

 

After removing points affected by root causes, the process is still not in control. Further 

investigations are needed to get the process in control. Examples of where to go next is 

presented in the report. 

 

In the DOE part a four factor full factorial experiment was performed. The goal with the 

experiment was to find how different factors affects switch time and life length of an 

electrochromic display. The four factors investigated were: Electrolyte, Additive, Web speed 

and Encapsulation. All statistical analysis was performed using Minitab 14. The analysis of 

measurements from one day and seven days after printing showed that: 

 

- Changing Electrolyte from E230 to E235 has small effect on the switch time 

- Adding additives Add1 and Add2 decreases the switch time after 1 and 7 days 

- Increasing web speed decreases the switch time after 1 and 7 days 

- Encapsulation before UV-step decreases the switch time after 7 days 
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1  Introduction 

1.1 Background 

At the Organic Electronics group in the Interconnect and Packaging department in Acreo, 

Norrköping, research and development in the field of organic electronics has been conducted 

since 1998. In late 2003 a commercial printing press was installed and shortly after that, in the 

beginning of 2004, the Electrochromic Paper Project was started. The project aims to establish 

in-line (reel-to-reel) printing processes for electronic devices and systems on paper and 

flexible foils.  

 

Prior to the summer of 2005 the project made significant progress, developing several devices 

to the point where scale-up to production, as a step towards industrialisation, became 

appropriate. To achieve this new stage, the organisation felt that they needed to combine their 

research and development work with some new angles of approach from the production area. 

The main objectives to be studied and categorised were the production process variability and 

yield. The sales department also needed more precise figures on the yield and quality of the 

products for communication to potential customers. 

 

Acreo decided to implement Statistical Process Control (SPC) and Design of Experiments 

(DOE) to evaluate and improve their processes. As a first step towards this, it was decided 

that a graduate work should be performed within the area. 

1.2 Task 

One of the tasks with this master degree work was to implement SPC and to set up a 

measurement system and routines for performing these measurements. The SPC tool was 

implemented on the Electrochemical (EC) patterning step in the printing process of electrical 

circuits. EC patterning is the first step in the process, in which individual conducting areas are 

defined by deactivating material in a conducting layer. The factor to be evaluated is the 

resistance created between two conducting areas. The resistance should be kept above a 

minimum level. The use of SPC makes it possible to decide whether this process is in control 

or not, i.e. if the process varies with natural variability or by external effects. 

 

The second task was to carry out an experiment with the statistical tool DOE. With DOE it is 

possible to set up and perform advanced experiments, analyse them and hopefully find a 

significant improvement in a production process etc. In this work an experiment will be 

performed on an organic electrochromic display, produced in the printing press. The display is 

produced in three steps: EC patterning, application of an electrolyte between two conducting 

areas and encapsulation. The display is built as simply as possible and has only one pixel, 

which can be switched between two colours, nearly transparent and dark blue. The aim with 

the DOE task is to decrease the time required to switch the pixel from one state to the other. 
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1.3 Purpose 

To create conditions conducive for improvement of performance, quality and yield of 

products produced in the printing process. The purpose with SPC is to increase the 

understanding of variation in a process and what can cause it. SPC also provides an 

understanding of when the deviation is too large and when it is normal (i.e. when the variation 

is natural or caused by an external factor). The meaning with DOE is to show a powerful and 

efficient method of performing and evaluating experiments. Moreover this report aims to 

establish routines for continuous SPC and DOE work and thinking within the walls of Acreo, 

even after the completion of this work. 

1.4 Method 

The experimental part of the diploma work was carried out in 12 weeks and was divided in 

two major parts SPC and DOE. Both have been performed on the printing press process. The 

implementation of SPC has been done continuously during the whole period while the DOE 

experiment itself only took two weeks (the design and measurements took an additional two 

weeks). All experiments that have been performed in the printing press have been managed by 

personal at Acreo under our supervision.  

 

Literature studies 

Literature studies have been done continuously during the report, with some periods, 

especially in the beginning, with more intensive reading. Much of the literature on organic 

materials and components has been provided by our supervisors. Moreover has books, articles 

and web pages been used for the completion of this work. 

 

Mathematical and statistical tools 

Microsoft Office Excel has been used for storing data and measurements and also for 

presenting graphs of measurements. Minitab Release 14 has been used for statistical analysis 

of the data collected for the DOE.  

 

Meetings 

During the experimental part of the diploma work regular meetings have taken place each 

morning with the group that works with projects related to the printing press. During these 

meetings we have been able to present and discuss our measurements and results with the rest 

of the group. These meetings have been very useful, both for feedback and for attracting the 

Acreo employee’s attention to SPC and DOE. Decisions in how the work should continue 

were often made at these meetings. In addition there have also been a few larger meetings for 

guideline discussions.  

 

There has also been three longer occasions were procurement and results of the work has been 

presented: one halfway presentation with both SPC and DOE, one presentation of DOE 

results and at the end a presentation of the complete report. 

 

Measurements 

All measurements have been performed by the authors except for a few occasions as stated. 

The measurements for SPC and DOE have been done by using a Data Acquisition card 

(DAQ-card) with software programs made in LabView 7.1. The measurement equipment has 
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been tested for measurement errors at different occasions. Some complementing SPC 

measurements have been done using a Hewlett Packard 3457A multimeter. 

 

Runcards where made to help keep track of parameters that might affect the process.  

Before and during each run in the printing machine a runcard was filled out and stored. These 

runcards have been used to keep track of previous runs and to analyze patterns in the 

measurements 

 

Failure analysis 

In the case of the EC patterning process, failure analysis has been performed when 

measurements have indicated problems in the process. This has been done by repeated 

measurements, back tracking using the runcards and optical inspection of the pattern and 

drums with microscopes. The Olympus MX50A/T IC Inspection Microscope and its reflected 

light bright field mode have been used for the inspection of printed patterns. Additional 

optical inspection of patterns has been done with a minor microscope from Nikon. This has 

also been used for optical inspection of the drums. 

1.5 Report outline 

Section two gives a brief summary of Acreo AB and the research areas in which the company 

is active.  

 

The first part of section three presents the basics of organic electronics. Further the different 

printing techniques used in the printing machine are explained. In the last part of this section 

the one pixel electrochromic display is explained. 

 

In section four measurement equipment settings are discussed. The settings that are discussed 

in this section were used for measurements both in the SPC and the DOE part. The accuracy 

of the equipment is also discussed.  

 

Section five covers one of the main areas in the diploma work, statistical process control 

(SPC). The first half presents general theory of SPC and the middle part explains how it has 

been implemented during this diploma work. The last part presents the results and discussion 

from the SPC. 

 

Section six covers the second large are of the diploma work, design of experiments (DOE). 

The first part explains theory of DOE focusing on factorial designs. The rest of the section 

explains how the experiment was performed and the analysis of the results. The last part 

presents the results and discussion from the DOE. 

 

In the last section the conclusions from both SPC and DOE are presented.  
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2 Description of Acreo AB, Norrköping 
Acreo is a research and development company working in the fields of microelectronics, 

optics, organic electronics and communication technology. The company is since the summer 

of 2006 a completely owned subsidiary to the Swedish ICT Research AB, which is owned by 

the industrial groups FMOF (Association for microelectronic and optical research) and FAV 

(Association for SITI interest groups) and the Swedish state-owned company IRECO. The 

head office is located in Kista, but there are also offices located in Norrköping, Hudiksvall 

and Jönköping. Acreo has lab resources located in Kista, Norrköping, and Hudiksvall.  

 

The revenues during the year of 2004 was 212,6 MSEK and at the end of 2004 there were 149 

employees working at Acreo. 

 

Acreo´s stated mission is:  

“Acreo contributes to increased competitiveness, growth and entrepreneurship by refining and 

transferring research results into viable products and processes in microelectronics, optics and 

communication technology”
1
. 

 

One of Acreo´s main goals is to work as a link between academic research and industrial 

commercialization, see Figure 2.1. This goal is reached by a close collaboration with the 

university in both Kista and Norrköping. The research results from Acreo is often transferred 

into viable products, one way of doing this is by starting spin-of companies.  

 

 

 
 

Figure 2.1 Acreo works as a link between the University and the Industry 

 

At Acreo, Norrköping research in the field of organic electronics has been conducted for a 

number of years. One of the main goals is to achieve low cost large scale reel-to-reel 

production using a printing press. Through the PAELLA (Paper Electronics for Low cost 

Applications) project some prototypes of products was realized during the years 1999-2002, 

for example electrochromic displays and ID-functions. To transfer these demonstrators into 

large scale production the EC paper project was started. The main goal within this project was 

to establish printing processes for electronic devices on paper or plastic foil. 

 

 

                                                 
1
 Acreo - Acreo 
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3  Production of printable organic electronics 

3.1 Introduction 

Research in the field of synthetic polymers (plastics) started in the beginning of the 20th 

century. Since then, plastics have expanded into a large industry and today you can find 

plastic products nearly everywhere. This enormous development has, until now, depended a 

lot on plastic’s many properties and the ability to customize them in different combinations 

during the manufacturing process. Typically, plastics are electrically resistant, chemically 

stable, heat resistant, flexible, elastic, shatter-proof etc. In the late 70’s several groups or 

researchers including Heeger, Shirikawa and MacDiarmid discovered that it is possible to 

make polymers conduct electricity
2
. Before this, plastics had only been seen as a true 

insulator. This discovery has lead to a new field of use for plastics, called organic electronics. 

 

The name organic electronics derives from the fact that molecules in polymers are carbon-

based, like the molecules of living things. Traditional electronics are constructed with 

inorganic conductors such as copper and semi-conductors such as silicon. Advantages with 

conductive polymers are that they are lighter, more flexible and less expensive than inorganic 

conductors. With organic electronics is it possible to create several of the electronic products 

already available on the market today as well as some new. Examples include organic field 

effect transistors (OFETs), organic light emitting diodes (OLEDs), electrochemical (EC) 

devices, smart windows and polymer based batteries. Some of these products perform better 

than their silicon-based predecessors, but most of them do not. On the other hand, there are 

very exciting production possibilities with organic polymers. They can be dissolved in 

common solvents, which makes it promising to create low-cost production of devices using 

ordinary paper printing techniques
3,4

. This type of production is fast, cheap and does not need 

the demanding clean room resources silicon-based electronics do. This report focuses on an 

electrochromic display produced in a printing press with slightly modified printing 

techniques. 

3.2 Conductive polymers 

A general description of conductive polymers is that they are organic polymer 

semiconductors. With today’s technology, a vast array of conducting polymers can be formed 

with conductivities ranging from semiconductors to reasonably good conductors. Outstanding 

advantages of conductive polymers are that both electrons and ions act as charge carriers. 

Furthermore the polymer changes its electronic structure and colour when a voltage is 

applied
5
. These allow for the creation of transistors and displays from the same materials. 

3.2.1 Structure 

A polymer is a large molecule consisting of many subunits, called monomers. Ordinary 

polymers can be found in nature, such as cellulose, proteins, DNA etc. Conducting polymers 

have a special structure with a linear chain of conjugated units, compared to non-conducting 

polymers which lack this feature. The definition of a conjugated unit is overlapping pi-bonds, 

                                                 
2
 Nilsson David. An OECT for Printed Sensors and Logic(2005), 1 

3
 Wikipedia 

4
 Nilsson David. An OECT for Printed Sensors and Logic(2005), 2 

5
 Ibid, 4-11 
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typically alternating double and single, in the polymer structure. This conjugation leads to 

electron delocalisation in the polymer, which in general makes the polymer conductive when 

doped. 

3.2.2 Doping 

Upon doping, the polymer becomes highly conductive. When undoped the conductivity 

ranges from close to an insulator to a semiconductor, i.e. from 10
-5

 S/cm to 10
5
 S/cm

6
. 

 

Doping is achieved by either removing an electron from the valence band (p-doping) or 

adding one to the conduction band (n-doping). P-doping is the most common doping type in 

organic materials
7
. Upon doping, free charge carriers are generated. The carriers are either 

positive charges (holes, as in p-doping) or negative charges (electrons, as in n-doping). It is 

the holes and electrons that move in an electric field. Doping also increases the charge carrier 

mobility, due to a change in the electronic bands. The conductivity (σ) is defined as
8
: 

 

   n = concentration of charge carriers  

 σ = n e µ  e = charge of an electron  

   µ = mobility of charge carriers 

 

Reduction and oxidation (redox) 

Many conjugated polymers can undergo reversible electrochemical oxidation (p-doping) and 

reduction (de-doping, or even n-doping) through the application of a positive or negative bias 

in the presence of an electrolyte. When switching a conjugated polymer between its oxidation 

and reduction states the fundamental electronic and optical structure of the polymer changes. 

The electronic structure change makes the conductivity go from nearly insulating till good 

conductivity. The change in the polymers optical properties will make a change in its colour. 

An example of a colour change is from dark blue to transparent. A material’s capability to 

change colour is called electrochromism. This ability makes conjugated polymers a good 

choice for creating displays. The optical and electronic change of the polymer depends on the 

material and its doping level. 

3.2.3 Materials 

Today there is a wide range of conducting polymers available and research and development 

of new conductive polymers continues. In this diploma work only the conducting polymer 

PEDOT:PSS and the electrolytes needed to create electrochromic displays in a printing press 

are further explained. 

PEDOT:PSS 

PEDOT or Poly (3, 4-ethylenedioxythiophen) is a conjugated polymer that is very stable 

when p-doped. Depending on the counter ion, PEDOT can exhibit conductivities between 1 

and 300 S/cm. When using poly (styrene sulphonic acid), PSSH, as a counter ion, a 

conductivity of 10 S/cm is reached in solid state thin films
9
. The mixture is named 

PEDOT:PSS.  
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The PEDOT:PSS is a mixture of doped (oxidised) and un-doped (neutral) PEDOT units. 

When used in an electrochemical cell, the film can be switched reversibly between the 

conducting and the semi-conducting states. The reaction looks like
10

: 

 

Oxidised state:   Reduced state: 

 

PEDOT
+
:PSS

-
 + M

+
 + e

-
   PEDOT

0
 + M

+
 + PSS

-
  

 

 

Above M
+
 represents the Cation and e

-
 the Electron. In the reduced state the PEDOT:PSS film 

has a low conductivity and a deep blue colour. In the oxidised state the conductivity is high 

and the colour nearly transparent, see Table 3.1. 

 

Oxidised state: Reduced state:   

High conductivity 

Nearly transparent colour 

Low conductivity 

Deep blue colour 
Table 3.1 PEDOT:PSS electrical and optical properties 

 

In Figure 3.1 below is a display consisting of PEDOT:PSS and a electrolyte illustrated. The 

dark blue area is reduced PEDOT:PSS and the light blue is oxidised PEDOT:PSS. 

 
Figure 3.1 An electrochromic display switched with an  

external voltage source. 

 

To make the PEDOT:PSS a film compatible with a printing press, it needs to be applied on 

some form of flexible substrate. Plastic and pulp products (paper) are perfectly suited for this 

purpose
11

. In this study, is a PEDOT:PSS mixture coated on paper used. The substrate was 

produced and delivered by AGFA-Gevaert. In Figure 3.2 a roll of PEDOT:PSS substrate is 

shown. 
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Figure 3.2 PEDOT:PSS substrate 

Electrolytes 

The electrolytes are used for confined transport of ions within a device. To be able to pattern 

the electrolyte on the electrochromic display it needs to be in liquid form. The electrolyte 

consists of ions in some form, of solvent and a media to bind the material into a gel or solid 

after printing, which makes it both conductive and printable. Moreover, the electrolyte can 

also contain adhesion promoters, silicon flow aid etc. to increase its printability. In the 

printing process it is common to consider the electrolyte as a type of ink 

 

Printability is an important factor for the electrolyte, but the main purpose of the electrolyte is 

to be conductive over a long lifetime. It is rather easy to produce a good conductive 

electrolyte, but to combine this with a long lifespan and printability is a more complex 

problem. It is typically difficult to combine parameters such as compatibility with adjacent 

materials, adhesion, scratch resistance, transparency, printability, curing and electrical 

properties. The curing of the electrolyte is a problem in itself that has required significant 

investigation into both thermally and UV-curable systems. Hence research and development 

is being done on the electrolyte continuously at Acreo and also in the DOE part of this report 

(See chapter 6). 

 

The electrolytes used in this diploma work are electrolyte E230 and FZ396 (also called 

killyte). Both the E230 and FZ396 consists of an ion-conducting polymer, UV-base, cross-

linkers, water, etc.  
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3.3 The printing press 

The printing press used is a slightly modified Nilpeter Rotalabel FA3300/5
12

. An ordinary 

Nilpeter FA3300 is designed for printing labels, stickers, etc. The press is equipped with five 

printing steps for flexo- or screen printing, of which the latter is used in this report. The 

machine is very flexible in general and can easily be set-up for different printing and 

converting techniques such as flexo-, screen-, offset-, gravure printing, lamination and die 

cutting. The modified Nilpeter can still be used for all this, but it can, above all, use these 

techniques to print organic electronics. In Figure 3.3 a Nilpeter FA3300/6 is shown. 

 

 
Figure 3.3 Nilpeter FA3300/6 printing press. Step 1-6 consists of both screen printing and hot air curing. 

 

The printing press for organic electronics looks almost the same as an ordinary printing press. 

Compared to Figure 3.3 it has five printing steps (six in the picture), three UV curing units 

(not shown in the picture) and two specially-made encapsulation devices. Moreover, a 150 V 

power source is connected to the screen printing unit of step one. The UV units are placed 

beneath the hot air units and the encapsulation equipment is placed directly after the screen 

printing part. A complete list of the organic printing press’ abilities in the order they can be 

performed with today’s configuration follows: 

 

• PEDOT:PSS feeding 

• Step 1: Screen printing + 150 V power source, hot air curing and UV curing 

• Step 2: Screen printing, encapsulation, hot air curing and UV curing 

• Step 3: Screen printing, encapsulation and hot air curing 

• Step 4: Screen printing, hot air curing and UV curing 

• Step 5: Screen printing and hot air curing 

• Enrolling or automatic cutting of slices 

 

All of the processes mentioned above do not need to be used at the same time. The screen 

printing, power source, hot air curing, UV curing and encapsulation can be adjusted to what is 

going to be printed.  
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In addition the printing press is also connected to a computer with tools for data logging. By 

the use of different equipment it is possible to log speed, applied voltage and power 

consumption by the patterning process and much more. The logged data and other 

information can be printed on the backside of the web by an ink jet printer. 

Screen print description 

The screen print part of the steps is where the actual printing occurs. The encapsulation, hot 

air and UV curing are processes needed mainly to lengthen the life span, protect and to cure 

the electrolytes on the printed products. The screen used in the process is formed like a drum. 

A squeegee is placed inside the drum, which squeezes electrolyte through the screen drum 

onto the PEDOT:PSS-substrate. The process is illustrated in Figure 3.4 below. 

 
Figure 3.4 Screen printing of electrolyte on a PEDOT:PSS-substrate

13
  

 

Depending on what is going to be patterned, the screen drum with its pattern needs to be 

changed. The screens used are of the brand Stork RotaMesh
TM

. These screens are 

manufactured by electroforming and consist of 100% non-woven nickel. The screen is a 

strong hexagonal structure that gives high stability when printing wide webs. About 500000 

m of printed substrate can be printed with one screen. The screens can be used for printing 

speeds up till 125 m/min, which makes low-cost production of printed organic electronics 

promising
14

. 

3.3.1 Printing process of electrochromic display 

To manufacture a simple two-coloured electrochromic display, five processes in three 

production steps are required in the Nilpeter printing press: 

 

1. EC patterning 

2. UV curing 

3. Electrolyte screening 

4. UV curing 

5. Encapsulation 
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In addition to these processes, the produced roll of paper needs to be cut manually into pieces. 

This step can be automated in the machine. Today the PEDOT:PSS substrate is delivered by 

AGFA. In the near future, this step could very well be integrated into the printing process. 

Electrochemical (EC) patterning 

This first step in the printing process is a so-called subtractive patterning technique. Here, a 

pattern with non conducting lines is created in the conducting PEDOT:PSS film. These lines 

define the conducting areas of the display. The typical thickness of the lines is between 100-

200µm. Figure 3.5 shows the EC pattern for a one-pixel electrochromic display. The black 

lines are the EC pattern. For a complete picture of the EC pattern created in this work see 

Appendix A. 

 

 
Figure 3.5 EC pattern for one pixel display 

 

The patterning is done with a screen drum, electrolyte ink (often called killyte in this step) and 

a 150 V power supply. The killyte is grounded and the PEDOT:PSS substrate is connected to 

the power supply. When the killyte is squeezed through the screen drum, it comes in contact 

with the PEDOT:PSS substrate and the 150 V circuit is closed. The high potential creates a 

large current, which overoxidises the PEDOT:PSS in a completely irreversible process. The 

overoxidation permanently deactivates the conductivity of the PEDOT:PSS areas contacted 

by the killyte
15

. Figure 3.6 illustrates the technique. 

 

  
Figure 3.6 Overoxidation with EC patterning. In the printing press is the patterned mesh formed like a drum

16
.   

UV Curing 

The killyte which comes in contact with the substrate during the EC patterning step remains 

there. It must be dried or cured into a dry plastic-like film before the next processing step. 
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Curing the killyte also ensures that it will not stick or dry on other pieces of equipment, 

making cleaning and maintaining the press a lot easier.  

 

The curing part of each step can be one of the more difficult operations to integrate in the 

printing press. The simplest technique is to simply evaporate the solvent from the active 

solution. This can be very difficult to achieve in a fast printing press by using only hot air. 

The killyte would be cured with time, but it would force the press to run slower or heaters 

capable of handling several meters of substrate simultaneously. By using UV-curing instead, 

this problem can be solved. Mixing the killyte with a cross-linking agent and photo-initiator 

makes it possible to chemically change the killyte with UV light. UV curing is fast almost 

instantaneous, depending on the UV effect. A disadvantage with the UV technique is that the 

electrolyte needs to be mixed with cross-linkers and photo-initiators. It can be hard to find 

material that does not affect the conductivity and characteristics of the conjugated polymer
17

.  

Electrolyte screening 

This step is performed in a manner similar to the EC patterning. The two main differences are 

that no voltage is applied and that the electrolyte pattern is considerably larger. Otherwise it is 

just a printing step needed to add the electrolyte. Figure 3.7 illustrates how the electrolyte 

(light blue in the picture) should be printed. For good device performance it is important that 

the electrolyte does not touch the two vertical EC patterning lines to the left. A complete 

illustration of the electrolyte drum pattern can be found in Appendix B. 

  

 
Figure 3.7 Electrolyte (blue) printed on a display 

Encapsulation 

This step can be performed on both wet and cured electrolyte, depending on the technique and 

materials. Encapsulation is the last step before cutting the repeated patterns into individual 

pages. With good encapsulation the display will be protected from external stress. 

Encapsulation also provides a barrier for protection against dehydration of the electrolyte. The 

two most common encapsulation techniques used today are varnishing and lamination. In this 

work, a transparent PP (polypropen) tape has been laminated over the electrolyte. An 

illustration of a tape-laminated display is shown in Figure 3.8. The tape area is illustrated by 

the dotted rectangle. 
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Figure 3.8 Electrochromic display with encapsulation 

 

The encapsulation’s function is mainly to protect and increase the life-time for the display. In 

fact the display can be switched after the electrolyte screening step. However, a printed 

battery or as in this study an external voltage supply needs to be used to make the switch. 

3.4 Electrochromic display 

3.4.1 One pixel display 

The one-pixel electrochromic display described in chapter 3.3.1 above is a simple 

electrochemical cell, consisting of two PEDOT:PSS electrodes connected via an electrolyte. 

When a potential is applied between the electrodes an electronic current in the electrodes is 

converted to an ionic current in the electrolyte via electrochemistry occurring at both 

electrodes at the same time. This current will continue to flow until the electrochemical 

capacity of one of the electrodes has been consumed
18

. The PEDOT in the anode (positively 

addressed here) is further oxidised (from the partially-oxidised initial state), i.e. it becomes 

more conductive and optical transparent. On the other hand, the cathode (negatively addressed 

here) is reduced, i.e. becomes less conductive and obtains an opaque deep blue colour (See 

Table 3.1). For an illustration of the reaction, see Figure 3.9. 

     
Figure 3.9 The left-hand picture shows the pixel switched the correct way. The cathode (negatively  

addressed here) under the electrolyte turns blue due to reduction when a potential of 3V is applied. 

When the whole cathode is reduced the electrochemical reaction ceases. The right-hand picture shows  

how the display starts to be coloured when the potential is applied in the reverse direction, switching  

the display back to its oxidised transparent state. The minimum applied voltage for making a switch  

is between 0,6 to 0,9V. 
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The electrochromic display presented here has a memory; it is bi-stable. This means that when 

the potential is removed from the display, it stays switched for a long time, up to several 

hours
19

. The length of the memory time depends on the leakage current between the 

electrodes. The display’s bi-stability makes it ideal for low-power applications. 

3.4.2 Matrix of pixel displays and system on a sheet 

In the same printing process described above, it is possible to create transistors from the same 

materials as the displays. In only four printing steps is it possible to create logic, realized as 

electrochemical transistors, connected with displays. In Figure 3.10 a 7-segment display (a) 

and an electronic label (b) are illustrated.  

 
a)   b) 

   
 
Figure 3.10 (a) A 7-segment displays. (b) An electronic label with displays, touch buttons, logic circuits and 

batteries, all of organic material. The production of an electronic label requires fewer than 10 printing steps.  

 

The research and development within the area of printed electronics is making significant 

progress, and the possibilities for creating more advanced printed systems lies within the near 

future. For example, it is possible to create more colours, like colourless-green, colourless-

violet, clear-red/pink
20

. A combination of the colours red, green and blue would theoretically 

create a RGB-display.  
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4 Measurements 
An important aspect in experiments and process control is the accuracy of the measurements 

in relation to the requirements made by the experimenter. Therefore it is of great importance 

to check the measurement tools and make sure they are calibrated
21

. The variation within the 

tool must be small compared to the unit measured. The difference between two measurements 

made at different times on the same sample should also be small.  

 

A computer equipped with a DAQ-card (Data acquisition card) was used for both EC and 

switch time measurements. The DAQ-card was connected to a board with input and output 

slots to which measurements probes can be connected. All measuring systems where 

programmed using LabView 7.1. The DAQ-card used was a National Instruments NI 6229. It 

has a resolution of 16 bits and a maximum sample rate of 250KS/s. 

 

To protect the PEDOT:PSS-substrate from dirt and moisture, all measurements have been 

done using latex gloves and mouth protection. 

4.1 EC-patterning measurements 

When checking the EC-pattern the resistance between two, by EC-pattern, separated areas 

was measured. A high resistance between the areas indicates good isolation and thereby good 

EC-patterning. 

 

The resistance measurement program made in LabView was based on the schematic seen in 

Figure 4.1. A voltage source (VIN) was applied in series with a shunt resistor (RS). Two probes 

with flat contact areas where used to contact the PEDOT, see Figure 4.3. The resistance 

measured between the probes corresponds to the resistance over the EC-pattern (REC). The 

EC-resistance was connected in series with the shunt resistor and the voltage source. By 

measuring the potential over the shunt resistor the resistance over the EC-pattern can be 

calculated.  

         
Figure 4.1 On the left-hand side, EC-structure for a one-pixel display. The black lines indicate EC-pattern and 

the blue areas PEDOT:PSS-coated film. REC is the resistance over the EC-pattern separating the two sides. On 

the right-hand side is a picture of a schematic, showing how the EC-resistance was measured. 

 

The settings for the parameters in the schematic described above were chosen through pre-

experimental tests. These were done by performing measurements over a single EC-pattern 
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line, see Figure 4.2. This kind of structure works partly like a capacitor, i.e. two chargeable 

areas separated by a non conducting layer. A structure like this is also called an EC-device. 

 

At first a DC-voltage source was used. The problem with using DC-voltage is the fact that the 

structure works like an EC-device. This leads to a continuously increasing resistance once the 

voltage is applied, which makes it difficult to get a steady value on the resistance. Using a low 

voltage source reduces this problem but does not solve it. By using AC-voltage instead it is 

possible to get a steady value for the resistance. Ideally the frequency of the source would be 

high, but because the structure works partly like a capacitor the resistance over the line 

decreases when the frequency increases. Therefore the choice was made to use a low 

frequency voltage source.  

 

Based on the pre-experimental tests a one hertz, one volt sinus wave voltage source was 

chosen as input. The shunt resistor was chosen to 4,7 MΩ based on the fact that the EC-

resistance is usually in the range of 1-10 MΩ. Using this shunt resistor gives a potential over 

the EC-resistance in the range of 0,176-0,7 volt. This was thought to be acceptable, but it 

should be noted that this potential difference affects the measurements. 

 

 
Figure 4.2 Test structure for pre-experimental  

tests of the measurement equipment 

 

When measuring the test pixels, a plate was used to hold the probes at a fixed position. The 

plate was places on the substrate and the probes were inserted through holes in the plate and 

thereby connected to the PEDOT-substrate, see Figure 4.3. If there is a poor contact between 

the probes and the PEDOT the measured result is not accurate. This can bee detected as noise 

on the measured signal. By comparing the noise to signal ratio, bad contact could be detected 

and fixed.  

 

     
Figure 4.3 On the left-hand side, probes and plate used for measurements. On the right-hand side is all 

measurement equipment used for EC-resistance measurements on one repetition. 

 

The measuring program was monitored by a front panel designed in LabView, see Appendix 

C. The measured data during one session can be saved on the computer when the 

measurements are done. 

REC 
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4.2 Switch time measurements 

The same schematic as for the EC-patterning measurements can be used when measuring the 

switch time. However, the input voltage source used was a three volt DC source and the shunt 

resistor (RS) was chosen to10 kΩ.  

 

When the potential is applied between the two sides of the pixel, the switch is not instant on 

the whole area of the pixel. Instead it starts in the edges closest to the anode and moving 

towards the cathode, see Figure 4.4. The total time it takes for the pixel to fully switch into the 

coloured state is defined as the switch time. 

          
Figure 4.4 The picture shows three steps (from left to right) in a switch of a display. The colouring moves from 

the edges of the anode towards the cathode until the pixel is fully switched. 

 

When the pixel is being switched, the current travelling from one electrode to the other will 

decrease gradually until the pixel is fully switched, see Figure 4.5. As explained in Chapter 3, 

this is caused by the reduction of the PEDOT:PSS on the cathode. In the ideal case the current 

would become zero when the whole pixel is switched. This does not occur due to leakage 

between the electrodes. High resistance over the EC-patterns reduces this leakage. 

 

The point where the pixel is fully switched can be detected as a non linear change in the 

current versus time graph. This point is found by looking at the second derivative of the curve 

within a given interval. The interval is needed to separate the peak in the second derivative 

caused by the PEDOT:PSS being fully switched from peaks caused by noise in the 

measurement. It is chosen by the operator based on an estimation of the switch time. If the 

switch time is short this interval is relatively easy to select, but for long switch times it can be 

hard do chose the right interval. When using the program the operator should check visually 

that the calculated switch time is responding to the real switch time. All switch times 

measured in this thesis is given with a significance of 0,125 seconds. The measuring program 

was monitored by a front panel designed in LabView, see Appendix D.  
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Switch time plot
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Figure 4.5 Current vs. time after the potential is applied. The red arrow points at the  

spot where the pixel is fully switched.  
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5 Statistical Process Control 

5.1 Theory 

Variation occurs naturally in almost any process or measurement system. Sometimes variation 

is normal, but in many cases, and especially in a manufacturing process, it is an endless 

challenge to maintaining the quality of produced products.  

 

When mentioning the word quality, most people have their own feeling for what they consider 

good quality. The definitions of quality are many and it can be evaluated in several ways. 

Dimensions like performance, reliability, durability, serviceability, aesthetics, features, 

perceived quality and ability to achieve requirements
22

 are often strongly connected to a 

product’s quality. Some of these dimensions are hard to define and put a number on. In this 

report will the following definitions of quality and quality improvement be used
23

: 

 

- Quality is inversely proportional to variability 

 

- Quality improvement is the reduction of variability in processes and products 

 

5.1.1 Variation 

There are often many different causes that contribute to the variation in a process and it can be 

hard to identify their specific contribution. The causes are divided into assignable and chance 

causes, where the first ones are definable and measurable while the latter ones may never be 

understood. There is often a fine line between these two categories, where the information and 

knowledge about the process is the boundary
24

. Examples of causes to variation in a process 

are non-homogenous batches of raw materials, poorly calibrated measuring devices, 

temperature changes, varying environment moisture, process speed, operator, routines etc. 

Typically these causes arise from three sources: improperly adjusted or controlled machines, 

operator errors and defective raw materials. 

 

It is important to know that in any process there will always be some inherent or natural 

variability, regardless of how well designed or carefully maintained it is. This “background 

noise” or natural variability consists of many small unavoidable cumulative effects. 

Variability of parameters can be described with a probability distribution. 

Probability distributions 

A probability distribution is a model for relating how a value of a variable is related to the 

probability of occurrence of that value in a population
25

. To set up a model of the distribution, 

data needs to be collected from the investigated process or phenomena. A very common and 

useful distribution for describing probability of different phenomenon is the normal 

distribution.  

                                                 
22

 Garvin D. A. Competing in the eight dimensions of quality (1987), 101-109   
23

 Douglas C. Montgomery. Introduction to SCQ 5e (2005), 4-5 
24

 Bergman Bo et al. Kvalitet i alla led, 125-128 
25

 Douglas C. Montgomery. Introduction to SCQ 5e (2005), 51 



Statistical Process Control 

 

20 

Normal distribution 

The normal distribution is a continuous distribution that approximately describes many of 

nature’s quantitative phenomena, for example length and weight on humans and other 

biological creatures
26

. Large areas within statistics inference are based on this distribution. In 

Figure 5.1 the standardized normal distribution with its mean (µ) and standard deviation (σ) is 

illustrated. For the standardized normal distribution µ = 0 and σ = 1.   

 

 
Figure 5.1 An illustration of the standardized normal distribution and its variation from the mean (µ). One 

standard deviation (σ) away from the mean account for 68,26% of the total distribution, two standard deviations 

away from the mean account for 95,46% and three standard deviations account for 99,73.  

 

As seen in Figure 5.1 the normal distribution varies quite much from its mean. This variation 

is called the natural variability or “background noise”. When a process only varies with 

natural variation it is said to be in statistical control and when it varies with more it is said to 

be out of control. 

 

Aside from the normal distribution there are other forms of distributions, which can be of 

good resemblance with the collected data distribution
27

. Examples of other continuous 

distributions are the lognormal, exponential, gamma and Weibull
28

. However, when sampling 

data randomly and displaying the mean value of the samples in a probability distribution, it is 

according to the central limit theorem (See Appendix E) expected to be normally distributed.  

5.1.2 Why Statistical Process Control? 

Statistical Process Control (SPC) is a powerful tool with the goal to eliminate the variability 

in a process i.e. to improve the process and its produced products quality. 

 

SPC has been evolved and used for a long time and has proven to be an effective tool for 

reducing variability. The first step towards SPC was taken as early as in 1920s when Walter 

A. Shewhart developed the Shewhart control chart. In the 1950s it became famous in Japan 

and it is there the tool has been developed the most. It was not until 20-30 years ago since the 

method became popular in the western world.  
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The name SPC itself explains a lot of what the tool is intended to do and how
29

: 

 

Statistical:  Collect data samples and compile them in diagrams with which improvement 

decisions can be taken. 

Process:  Use it on a process, which in most cases is a activity that involves a combination 

of equipment, material and people that is working together to manufacture 

products. 

Control:  Compare the collected data with goals and product requirements and to correct 

the process with measures when they are not fulfilled. 

   

The objective with a SPC program is: 

 

• To see if the process is in control or not 

• Find as many contribution factors to variability as possible and eliminate them.  

• Supervise the process so that the operators quickly notice if a new assignable cause is 

introduced in the process, in such case eliminate it. 

 

The decisions taken shall and must be based on information from the process. It is important 

that the work is done through continuous improvements on a weekly, quarterly and annual 

basis. When the SPC program is performed this way the process variation will be reduced, the 

cost of poor quality will decrease and the product quality will improve
30

. 

 

To achieve the objectives above, a set of useful tools called the Magnificent Seven can be 

used for this and more.  

The Magnificent Seven 

The Magnificent Seven or the Seven Quality Control (7QC) tools are graphical statistical 

tools and methods for continuous improvement
31, 32

. A list of the tools is presented below: 

 

1. Check sheet 

2. Histogram or stem-and-leaf plot 

3. Pareto chart 

4. Cause-and-effect diagram 

5. Stratification or defect concentration diagram 

6. Scatter diagram 

7. Control chart 

 

These tools can be used both alone and together to provide to the SPC work. The first step is 

often to collect data by using a check sheet. Depending on what sort of data should be 

collected the check sheet can be created in many different ways. The process or product and 

the thought to be influential variables vary a lot between different processes. It is therefore 

important to have good knowledge of the process so all important factors that effects the 

process is included in the check sheet. If an assignable cause is forgotten, it will be hard or 

even impossible to explain the process variation. 
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The collected data are further analysed with the other tools. Among these the control chart is 

known for being the most effective tool for reducing the variability in the process
33

. Control 

charts can be used as an individual methodology for improvement and is then frequently run 

under the label of Statistical Process Control
34

. In this thesis focus has been on the use of 

control chart and its functions. 

5.1.3 Control chart 

The control chart is probably the most used tool among the SPC tools. By using a control 

chart it is possible to quickly detect the occurrence of assignable causes of process shifts in a 

process. This makes it possible to undertake corrective actions before many nonconforming 

units are manufactured. The control chart is widely used for this in-line-process-monitoring 

technique. Furthermore the control chart is used as an instrument for determining the process 

capability
35

. The information provided by the control charts shows how the process varies. 

The variation can, with the help of calculated control limits, be determined to be either in or 

out of control. 

 

The uses of a control chart can be summarised into the three following fundamental points
36

: 

 

1. Reduction of process variability 

2. Monitoring and control of a process 

3. Estimation of product or process parameters 

 

Basic principles 

The control chart is a graphical presentation of a quality characteristic. The characteristic has 

typically been measured or computed from a sample and is presented versus the sample 

number or time. The data samples consist of a number of observations, n. In the chart is three 

horizontal lines in form of a centre line (CL) a upper control limit (UCL) and a lower control 

limit (LCL) illustrated. The centre line corresponds to the mean of the samples and the control 

limits are calculated so that if the process is in control, nearly all of the sample points will fall 

between them. As long as no point lies outside the control limits, the process is assumed to be 

in control. When a point is located outside the control limits, the process is however 

interpreted to be out of control. In Figure 5.2 a control chart is illustrated. 

 

When an out-of-control point occur an investigation and possibly also a corrective action is 

required to find and eliminate the assignable cause to variation. The control chart can also be 

used as an estimating device. When a process is in control can process parameters as mean, 

standard deviation and fraction nonconforming or fallout et.c. be estimated. From these 

estimates it is possible to determine the capability of the process, which is an indication of the 

process ability to produce acceptable products, Cp. 
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Figure 5.2 Control chart consisting of 15 sample points, centre line(CL), upper control limit (UCL) and lower 

control limit (LCL). Sample number eight is outside the control limits and is assumed to be out of control. 

Control limits 

To determine if the process is in control or not, control limits need to be calculated from the 

collected data. There are different types of control charts with different kinds of calculations 

for the control limits. 

 

Two common control charts used are the X -R-chart and the X -s-chart. Both consist of two 

separate control charts that complement each other. The X -chart is for both types a point plot 

of sample means as in Figure 5.2. The R-chart and s-chart is point plots of the range 

respectively the standard deviation of the sample. If the sample size is larger than 10, then the 

s-chart is better to use than the R-chart. One of these charts needs to be combined with the 

X -chart. This since it is possible that the X -chart shows that the process is in control when it 

in fact is not, see Figure 5.3. In this report the X -s-chart has been used.  
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Figure 5.3 A X -s-chart based on 10 samples. The X-bar ( X )-chart on the left-hand side shows no sign of un-

normal variation within the samples. However, the s-chart on the right hand side indicates un-normal variation 

within sample nr fives standard deviation. If one of the charts shows signs of being out of control, so is the 

process. 

 

The calculation of the control limits is a critical aspect when setting up control charts. The 

X -chart control limits are in general calculated to be three standard deviations away from the 

X -value. The limits also depend on how many observations the sample consists of. Read 

more about calculation of control limits in Appendix H. Note that it is possible that an out-of-

control point can be a false alarm, i.e. the control limits does not cover all the extreme points 
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of a normal distribution. Remember that three standard deviations away from the normal 

distributions mean only covers 99,73% of the total distribution, see Figure 5.1. 

 

To get accurate values on the control limits about 20-25 runs are needed, the more the better. 

It is important that samples for calculating the control limits are taken from where the process 

is in control. Points on the control charts that indicate that the process is out of control and 

where a cause can be determined can be discarded from the chart
37

. 

Sample size and sampling frequency 

When designing a control chart, both the sample size and the sampling frequency to use need 

to be specified. In general, larger sample sizes will make it easier to detect small shifts in the 

process and more frequent sampling will make the detection faster. The best way of detecting 

shifts is to take large samples very frequently. However, this is for most cases not 

economically feasible. This is therefore predetermined for different cases depending on the 

production rate and time and costs associated with sampling. 

 

Shewhart originally recommended one sample per “rational subgroup”, i.e. one sample per 

production sequence wherein it is most improbable that new assignable causes to variation 

might be introduced
38

. In today’s continuous production processes this can be hard to achieve 

though. Another problem is to allocate the sampling effort. That is, either to take small 

samples at short intervals or large samples at longer intervals. Industry practice today is going 

towards smaller sample sizes and more frequent sampling. The increasing amount of 

automatic sensing techniques today allows more frequent sampling
39

. 

 

The more observations, n, that a sample group consists of, the smaller the standard deviation 

of the measurements will be. Although the number of observations, n, in a sample is often 

chosen to 4, 5 or 6, since an increment of one more observation does not affect the deviation 

to significant after this
40

. This is illustrated in Figure 5.4. 
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Figure 5.4 The standard deviation for the distribution of X as a function of the number of observations, n,  

in the sample. 
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Analysis of patterns on control charts 

The control chart indicates that the process is out-of-control if a point lands outside the 

control limits. This is not the only case when a process can be seen to be out-of-control. Even 

when all points plot inside the control limits the process can be out control. This is the fact if 

the plots behave in a systematic or non-random manner. 

 

To be able to recognize these systematic or non-random patterns there are some rules called 

sensitizing rules for control charts
41

 : 

 

1. One or more points outside of the control limits 

2. Two of three consecutive points outside the two-sigma warning limits but still inside 

the control limits. 

3. Four of five consecutive points beyond the one-sigma limits. 

4. A run of eight consecutive points on one side of the centre line. 

5. Six points in a row steadily increasing or decreasing 

6. Fifteen points in a row in zone C (both above and below the centre line). 

7. Fourteen points in a row alternating up and down 

8. Eight points in a row on both sides of the centre line with none in zone C. 

9. An unusual or non-random pattern in the data. 

10. One ore more points near a warning or control limit. 

 

Of the above points 1-4 are known as the Western Electric Rules. 

 

When using the above rules for interpreting patterns and searching for assignable causes to 

variation. It requires experience and knowledge of the process. The benefits with the rules are 

that they enhance the use of control charts. They allow smaller process shifts to be detected 

more quickly than if only using the usual three standard deviation control limit violation
42

. 

Control chart application 

Standard control chart usage involves three distinct phases: analyse phase (I), improve phase 

(II) and control phase (III). In phase I the big question to answer is if the process is in control 

or not and to see if reliable control limits can be established to monitor future production. 

During this phase a set of process data is collected from typically 20 to 25 subgroups. With 

these samples a set of trial control limits is computed to see if the process has been in control 

or not. Phase I is typically used to judge if the process is predictable. 

 

In phase II (the improve phase) special causes to variation are identified and evidence of this 

provided so that they can be acted on. In this phase the process is typically brought into a state 

of statistical control. 

 

Finally, in phase III (the control phase) the process is monitored to verify that the 

performance of the process is improved, predictable and in statistical control. In Figure 5.5 it 

is illustrated how the use and implementation of control charts typically can look like.  
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Figure 5.5 In the beginning of the implementation (phase I) is the process typically out of control, as seen in the 

left side of the figure. After elimination of some assignable causes will the process become in control, phase II 

and III. When good knowledge about the process and its variation is obtained ideas of how a process 

improvement can be performed is typically generated. To the right in the figure has a process improvement been 

performed, this can for example be done by using design of experiments (DOE). Note, it will probably take a lot 

more samples, this is just an example. 

Out-of-Control-Action Plan (OCAP) 

Processes will often operate in the in-control state for a relatively long time. However the 

process will eventually make a shift, i.e. an assignable cause will make the process go out-of-

control. No process is truly stable forever. It is therefore important to have a corrective action 

plan ready to use, a so called Out-of-Control-Action Plan (OCAP)
43

. The development of an 

effective system for this is an important component of an effective SPC implementation. The 

OCAP consists of a listing of all potential assignable causes and what action to take if they 

occur. In Figure 5.6 process improvement using a control chart is illustrated. The OCAP is 

used for the identification of the root cause of a problem and to implement the corrective 

action. 

 

It is vital to find the root cause to a problem before adjusting the process. If the true root to the 

problem is not found, there is a risk that the process will start to vary even more. Therefore it 

is of great importance to not tamper with the process before knowing what is causing the 

problem.  
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Figure 5.6 An illustration of how the process improvement using a control chart should be performed

44
. 

Implementing SPC 

There are some general veracities
45

 that can be of great importance to know when thinking of 

implementing or using control charts: 

 

1. Most processes do not operate in a state of statistical control 

2. The control chart will only detect assignable causes. Management, operator and 

engineering action will usually be necessary to eliminate the assignable causes. 

 

The methods of SPC can provide significant payback compared to the costs for implementing 

them. SPC might seem to be a collection of statistical tools which by learning, implementing 

and using them will make the quality work improve significantly. This is not completely true, 

since an effective use of SPC requires the management’s involvement and commitment as a 

vital component. Another important component is to use a team approach. It is usually 

difficult for one person alone to implement and use SPC. There are several factors that are 

usually present in a successful implementation, they are as follows. 

 

Elements of a successful SPC program
46

: 

 

1. Management leadership 

2. A team approach 

3. Education of employees at all levels 

4. Emphasis on reducing variability 

5. Measuring success in quantitative (economic) terms. 

6. A mechanism for communicating successful results throughout the organization. 
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It is important to keep in mind that SPC only is one out of many tools for improving quality. 

SPC alone is no optimal final solution and should be integrated with other quality improving 

measures. Figure 5.7 illustrates the PDCA cycle also called wheel of quality, which shows 

how quality improvement should be reached in a company
47

. SPC can be seen as the part 

“Check”. 

 
Figure 5.7 The PDCA cycle. The cycle of plan-do-check-act shall be done on a continuous basis for the 

improvement of quality. SPC can be seen as the “check”-part of the cycle. 

 

5.2 Process control of EC-patterning in Acreo 

The introduction and implementing of process control in Acreo had been decided to be 

performed on the EC-patterning. The quality characteristic of interest was the resistance 

created between two conducting areas separated by EC-patterning, which can be used to 

create displays consisting of one pixel. The work performed can be summarized into the five 

areas: designing runcards, measurements, setting up control charts, pattern detections and root 

cause analysis.  

5.3 Runcards 

When trying to monitor a process it is important to keep track of parameters that might affect 

the process. For this reason a runcard was designed, which is a form of check sheet where 

process parameters are logged. The runcard includes a list of process parameters that should 

be recorded by the operator. It can be used for back tracking when an error occurs, or to find 

sources to variation. The aim for the most of the process parameters are that they should be 

kept at the same level or as near as possible for all runs. However, when a process does go out 

of control, a comparison with the parameter values recorded in the runcards can be of great 

use to find causes for this. 

 

To determine which parameters to include in the runcard a list of possible parameters where 

made together with employees at Acreo, for a complete list see Appendix F. The list was 

narrowed down to the parameters that was thought to be most significant and that could be 

measured. These parameters where organized in groups and included in a first version of the 
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runcard. The first version was used during a few trial runs and was then reviewed. Some 

parameters were excluded to make the filling out of the runcard less time consuming. The 

final version of the runcard is found in Appendix G. In the runcard killyte, web related, screen 

printing, curing and EC patterning parameters should be kept on a constant level from one run 

to the other. 

 

All runcards were filled out using the software Microsoft Excel. Before each run a new 

runcard was created and named with the date of the run. The process parameters was 

measured before and some after the run and reported in the runcard. Comments on the run 

were posted in the same runcard. Measurements on the produced samples were also attached.  

5.4 Control charts for the process 

The control charts created in this report have been set up using the guide lines in Appendix H. 

 

Sample size and sample frequency have been adapted to the production rate and the costs for 

production. The production in the printing press at Acreo is not a continuous process. 

Therefore the sample frequency in general has been chosen to as often as something was 

produced in the printing press. However there has sometimes been extra runs where only EC-

patterning has been performed. Since production and thereby sampling frequency has been 

small and considered a bottleneck the sample size was chosen to 10, which is quite large 

compared to the commonly used size of five. The extra time and efforts for measuring more 

observations were considered to be small in comparison to produce extra runs. 

 

Only measuring one sample per production run gives the advantage of a rational subgroup, i.e. 

one sample per production sequence wherein it is most improbable that new assignable causes 

to variation might be introduced. 

 

After each run was completed the produced roll of EC-patterned PEDOT:PSS-substrate was 

sliced into repetitions. Each repetition contains the pattern of one complete screen drum, see 

Appendix A. This screen drum, named Exjobb, was used for run 10-26. For the nine first runs 

in the control charts another screen drum named Forcheimer, after Robert Forcheimer who 

has designed the mask, has been used. This drum pattern contains only one pixel with 200µ 

lines. One run usually contained between 40 and 60 repetitions. Since the sample size is 10, 

the same number of repetitions was selected for measurements. The repetitions were selected 

in a randomized order. None of the first 10 or last 5 repetitions were chosen because of the 

start up and stop patterns detected in the process after the first runs (see chapter 5.5). 

 

All measurements were made using the equipment described in chapter 4.1. The pixels with 

200µ EC-pattern lines had been decided to focus on by Acreo and were therefor measured. 

For the Forcheimer drum the only pixel with 200µ lines produced was measured and for the 

Exjobb drum (see Appendix A) pixel nr 2 was measured. The pixel on the Forcheimer drum 

was slightly smaller than the pixel on the Exjobb drum. The measurements where done 2-5 

hours after the samples had been produced in the printing press, except for the two first runs 

produced. This was important because of the aging effect that was detected, see chapter 5.4.2.  

 

After the measurements had been completed the data was saved and attached in the runcard.  

The mean value and the standard deviation of the samples were calculated from the 

observations. A complete summary of the measurements and the factors that were thought to 

affect the measurements the most can be seen in Appendix I.  
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5.4.1 Setting up the control charts 

The control charts were set up continuously during the experiment, when a new sample was 

collected it was plotted in the graph and the control limits were recalculated. The X - and s-

chart for all samples collected are plotted in Figure 5.8 below. The data in Appendix I was 

used for calculation of the control limits, sample mean and sample standard deviation used in 

the control charts.  
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Figure 5.8 In the upper graph, the X -chart is illustrated and in the graph below the s-chart is illustrated. All the 

red points are samples which the sensitizing rules (see chapter 5.1.3) would define as points behaving in a 

systematic or non-random manner. The blue points are samples that are in-control. Clearly the both charts 

indicate that the process is out of control. Note that run number in this case is the same as sample number since 

only one sample is measured per run. 

 

The charts in Figure 5.8 clearly show that both the X - and the s-chart are out of control. The 

big question is whether some of the samples have the wrong resistance because controllable 

parameters are not specified correctly, as opposed to just natural variation? The answer to this 

to this is most certainly YES and the root causes to what causes this variation must be 

analysed. 
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5.4.2 Analysis of root causes to variation  

The X -chart in Figure 5.8 indicates that the samples from at least run 3, 4, 5, 6, 19, 20 and 21 

have been affected by a very significant assignable cause. From the s-chart the samples from 

runs 3, 5, 6, 7, 19, 20 and 21 seems very significantly affected as well. The theories of what 

could cause these variations have been many. The following parameters have been analysed 

and proven to cause variation in the process or needs to be analysed more: 

 

- PEDOT:PSS-substrate sheet resistance 

- Drum mesh 

- Time between production and measurements 

- Humidity in lab when measuring 

PEDOT:PSS-substrate sheet resistance 

The conductivity or sheet resistance of the PEDOT:PSS substrate was analysed since it was 

suspected that this resistance affected the resistance over the EC-pattern.  

 

To measure the sheet resistance a two point probe connected to a Hewlett Packard 3457A 

multimeter was used. The sheet resistance was measured on all replicates that were used for 

the samples from run 1 to 17. The thickness of the PEDOT:PSS coating was also examined. It 

was inspected optically using an Olympus MX50A/T light reflection microscope. These 

measurements was carried out by staff from Acreo. Thin coating of the PEDOT:PSS could 

bee detected as a brighter blue colour compared to a deeper blue colour for the thicker 

coating. The results showed that the highest sheet resistance was measured on the samples 

that were found to have the thinnest PEDOT:PSS coating.  

 

A plot were used to compare the resistance over the EC-pattern with the sheet resistance of 

the PEDOT:PSS substrate, see Figure 5.9. There seems to be a strong correlation between the 

sheet resistance and the resistance over the EC-pattern. It should be noted that the sheet 

resistance is not the only source to variation in the process, but it seems to be a large factor, 

i.e. an assignable cause to variation.  
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Figure 5.9 Plot of PEDOT:PSS sheet resistance and EC-patterning resistance versus run number. There seems to 

be a correlation between the two resistances, high sheet resistance results in high resistance over the 

PEDOT:PSS. 
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Drum mesh 

In a number of the runs, failures occurred in some or all of the pixels that were measured. A 

failure is defined as resistance lower than one MΩ. In many cases the resistance was as low as 

50 kΩ and below. The failures were found to be caused by holes in the pattern, see Figure 

5.10. If there is a hole in either the centre line or one hole on both sides of the pixel, the 

measurements will show a low resistance. However if there is only one hole on one of the 

sides, as in Figure 5.10, no failure would be detected through measurements of the EC-

resistance. 

 

In pixels with failures it was of interest to find where the failure was located. If the cause of 

the failure was not visible using only the eye, more advanced methods of error detection were 

used. The pixel was then sliced in to smaller pieces, with each piece containing a small line 

segment of the EC-pattern. Measurements where done over each line and the resistance was 

logged. Optical inspection was also done using an Olympus MX50A/T light reflection 

microscope. The results of the two methods where compared. On all pixels that where 

investigated the source was found to bee holes in the EC-pattern. 

 

      
Figure 5.10 The illustration on the left-hand side shows a hole in the EC-pattern, this kind of hole does not need 

to lead to a failure because the current is still isolated from the other side. The picture on the right hand side 

shows how a current (red arrow) can travel from one side to the other if the EC-pattern is bad. 

 

In some runs all holes were located at the same spot on all the pixels that were measured. It 

was caused by killyte being burnt in to the holes of mesh on the screen drum, see Figure 5.11 

for a description of the mesh. This was found by inspecting the drum in a microscope. The 

holes of the drum were cleared by using an ultrasonic bath.  

 

In other runs the failures were located on different places from one pixel to the other. The 

source to these failures were not found but was thought to be caused by particles in the killyte 

that are larger than the holes in the mesh. The EC-patterning mesh allows a maximum particle 

size of 10µm. Particles larger than this can prohibit the killyte from exiting through the holes 

of the drum. To avoid these kinds of failures it is important to avoid big particles being added 

to the killyte.  

 

Failures could also be caused by the screen drum not being cleaned good enough after the run. 

In this case small pieces of old dried killyte can stick in the holes of the screen drum mesh, 

causing holes in the EC-pattern when the drum is used in the next run. To avoid these kinds of 
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failures it is important to establish routines for how to clean the drum and how to mix the 

killyte. 

 

 
Figure 5.11 Mesh structure of the screen drum. The mesh used on the EC-patterning drum has a maximum 

particle size of 10µ and a resolution of 100µ
48

. 

Time between production and measurements 

Measurements where performed on one sample, on four different days. This was done to see 

if the resistance over the EC-pattern changes over time. The result of these measurements 

indicates that there is a significant increase in the resistance over the time span of one month 

after production, see Figure 5.12. The measurements also showed that the increase in 

resistance stops after some time. All repetitions were stored in a cupboard between 

measurements. 
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Figure 5.12 Measurements performed on 10 replicates at four different days. The resistance increases during the 

first three measurement and then decreases slightly for the last measurement. It looks like the ageing effect stops 

after a given time. 

 

Continuous measurements were made to check how the resistance changes over a shorter 

time. The measurements were made every 20 minutes on the same test pixel. The plot of the 

results shows that the increase in resistance was larger during the days than during the nights, 

see Figure 5.13. The light was turned of during the night and no people were working in the 
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lab. The peaks seen in the day time measurements could be caused by shifts in the lab 

humidity. These shifts in the humidity mainly occur when the printing machine is used. 

 

Continuous measurements of aging
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Figure 5.13 The plot shows how the resistance over the EC-pattern on one pixel increases over three days. The 

sample was unprotected in the same lab as the printing press. The increase in resistance during the days is larger 

than during the nights. During the nights the light is switched off. The increment during the days can also have 

been affected by the lab humidity and temperature. 

 

Based on the aging effects that have been found it is important to measure the samples used 

for the control charts at the same time after each run. This could reduce the variation in 

resistance between the samples. 

Humidity in lab when measuring 

As seen in Figure 5.13 there is something affecting the resistance of the pixels during 

daytime. If this is created by a change in humidity, the humidity level in the lab when 

measuring ought to affect the resistance values achieved as well. The humidity when 

measuring has only been measured for the last 14 samples collected. A scatter plot of 

resistance mean vs. humidity for these runs is shown in Figure 5.14 below. 
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Figure 5.14 A scatter plot illustrating resistance mean vs. humidity for run 12-26. No obvious 

patterns or trends can be seen in the graph. It can seem like there is a small decrease in resistance  

mean when the humidity increases. A better analyse of this phenomena needs to be performed to  

draw any conclusions. 
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No obvious sign of trends or patterns is seen in the graph. However during measurements it 

was noted that if you breathe heavily on the pixel before measuring, the resistance of the pixel 

drops down to resistance levels between 1 MΩ to nearly 10 kΩ. Humidity’s effect on the 

resistance needs to be analysed more. 

5.4.3 Control chart with removed samples 

If a point in the chart indicates that the process is out of control and the root cause to this can 

be found, then the sample should be discarded from the calculations of the centre lines and 

control limits
49

. Therefore the following sample points were removed (see Figure 5.8): 

 

Sample nr: 

- 3, 4, 5 and 6 for the reason that these samples had high sheet resistance. 

- 20 and 21 because of lack in drum cleaning. 

- 7 due to a suspected stop in the process. The runcard was filled out first one hour after 

the production was completed. 

 

When the samples above are removed and new control limits calculated the control charts 

looks as in Figure 5.15 below: 
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Figure 5.15 An illustration of the X -chart with removed samples. The process is still out of control. All points 

are red, which indicates warnings based on the sensitizing rules.  
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S Chart

UCL=0,53

LCL=0,08

CL=0,31

0

0,2

0,4

0,6

0,8

1

1,2

1 2 8 9 10 11 12 13 14 15 16 17 18 19 22 23 24 25 26

Run number

R
e

s
is

ta
n

c
e

 S
td

e
v

 (
M

o
h

m
)

 
Figure 5.16 An illustration of the s-chart. This chart is also still out of control. However there is now only three 

points that are associated with warning signals.  

 

Both the X - and s-chart still shows large variations in the process. The fact that standard 

deviation is low for the most points seems promising for further work with the process. The 

big problem is clearly the variation between the runs and what is causing it. 

5.5 Detected patterns in the EC-patterning process 

Besides the root causes explained in chapter 5.4.2 some other interesting patterns has been 

found when measuring more samples than used for the control charts. The following patterns 

have been found: 

 

- Start-up patterns were detected on the first 10 replicates in several runs. 

- Measurements were done on one pixel on all produced repetitions. Trends of 

decreasing resistance throughout the run were found. 

- Patterns of difference in resistance between the pixels on one repetition were found. 

The same pattern was found on repetitions from several different runs. 

- The last two repetitions in the run showed significantly larger resistance than the 

others. This was found in several runs. 

 

These patterns are presented visually as scatter plots in Appendix J. Based on the patterns 

found some rules for which repetitions and pixels that should be used for sampling was made. 

The rules are: 

 

- Do not sample from the 10 first repetitions. 

- Do not sample from the last 5 repetitions. 

- Keep track of stops in the process. If a stop in the process occurs fill this out in the 

runcard and apply the above rules. 

- Sample from same pixel, since the resistance differs between the pixels. This variation 

is not of interest for the process control. 

- Make sure that there is a sufficient amount of killyte in the drum before starting the 

process. 
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5.6 Results and discussion 

The results from the control charts in Figure 5.15 illustrating the reduced X -chart and Figure 

5.16 showing the reduced s-chart clearly shows that the process for producing EC-pattern is 

not in control. In the reduced X -chart, where samples affected by root causes are discarded, 

there are still very large variations between the runs. The variation is so big that none of the 

19 samples is in control based on the sensitizing rules. The variation within the runs, 

displayed by the s-chart, looks better. In many of the samples the variation within is small, 

however there are three samples out of 19 indicating that the process is out of control. Two of 

the points are above the limits and one is below. 

 

As discussed above, significant root causes to the variation within the process were found. 

These causes are: 

 

- PEDOT:PSS-substrate sheet resistance. A strong linear correlation between the EC-

patterning resistance and the sheet resistance was found. This needs to be controlled 

and discussed with the supplier of the substrate.  

 

- Poorly cleaned drums. For run number 20 and 21 all observations except for one 

indicated failures. These failures were shown to be caused by particles stuck in the 

screen drum mesh, which leads to holes in the pattern. This was solved by cleaning the 

drum using an ultrasonic bath.  

 

 

It is obvious that there are more assignable causes to variation that we have not detected or 

been able to control. The causes to these variations can be many, both independent and 

combinations of several causes. The following are parameters that we have had problem 

controlling and keeping track of: 

 

- Time between measurement and production. We were not aware of the significance of 

this parameter in the beginning of the project. However as the project proceeded it 

became clear that this factor needed to be kept as constant as possible. For the last 19 

samples this time was kept between 2-6 hours. The question is if this was precise 

enough or if it needs to be better? 

 

- Cleaning routines for the drum. Better cleaning instruments for the drums would be a 

good investment. In the beginning of the project the cleaning was done only by hand. 

Since this is time consuming and operator dependent this was not always performed 

the same way. When we noticed that bad cleaned drums was causing failures an 

ultrasonic bath started to be used as a complement to the cleaning by hand. Poor 

cleaning can be a root cause to many of the points in the control charts, but this can 

however not be proven. Investments in some form of automatic cleaning could rule 

this out. 

 

- Storage of the produced repetitions. We have seen that light probably affects the 

resistance. Replicates chosen for measurements should be stored in a similar way. This 

has not been done. Routines for when to slice and how to store the repetitions should 

be established. 
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- Held constant parameters in the runcard (see Appendix G). These should be kept 

constant for all runs. Some of these parameters have however been varied a little 

between some runs. 

 

- Routines for mixing and measuring conductivity on killyte. It is important that no 

particles larger than 10µm are added in the killyte. Such particles can get stuck in the 

mesh of the screen drum. Moreover the mixing of killyte with chemical additives just 

before using it in production should be done carefully. It is of importance that the 

chemical added gets enough time to dissolve. 

 

- Humidity in lab when measuring. We have noticed that the humidity can effect the 

displays resistance. By breathing on a pixel with MΩ in resistance this drops to 

resistances in the area of kΩ. We have kept track on the humidity level for the last 14 

samples and no sign of a significant effect has been found. However the humidity 

effect needs to be analysed more. Maybe a separate room should be used for storing 

and measuring because when running the printing press the humidity level usually 

drops a few percent. It is of great importance to use a mouth protection when 

measuring, this has been done for the last 16 samples. 

 

 

The first nine samples were produced with a different drum compared to the fifteen last 

samples. This was done because we ordered a new drum to use for the EC-patterning with 

more pixels on. We had some problems with the delivery and could not wait for the new drum 

to be delivered. No obvious difference can be seen between the runs produced with the 

different drums. It would have been better if all runs had been printed using the same drum. 

 

Some trends and patterns where detected within the runs. Based on these patterns, rules were 

made for which replicates to choose for measurements. 

 

- Do not sample from the first 10 repetitions. 

- Do not sample from the last 5 repetitions. 

- Keep track of stops in the process. If a stop in the process occurs fill this out in the 

runcard and apply the above rules. 

 

These rules have been followed and variation from these causes should not affect the results 

achieved. 

 

The same pattern of different resistance has been found between the pixels in one repetition 

for several runs when using the new drum. The new drum contains eight 200µm EC-pattern 

pixels. The variation within each pixel is small compared to how the resistances vary between 

the pixels. It is therefore of importance to see the pixels as separate units. All measurements 

for the control charts have been done on the same pixel for the new drum.    

 

The interest for SPC within Acreo has increased throughout the project. We have gotten a lot 

of questions and also lots of help. This is good since a team approach is of great importance 

for a successful implementation of SPC. Several of the employees that work with the process 

have learned the basics of setting up and using control charts and have continued in the tracks 

of this work 
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A resistance over the EC-pattern above 1 MΩ is acceptable for the function of the display. 

This criterion has been fulfilled for all measurements used in the control charts with exception 

for runs where bad cleaning of the drum and a stop in the process were suspected. This 

indicates that the process is capable of producing EC-pattern with resistance good enough to 

meet the requirements. This looks promising, but still the problems with variations in the 

process need to be solved. 

 

Where to go next 

There are lots of areas in the process to work with. As the project has proceeded we have 

noticed many things that could be improved. A list of ideas on things that can be improved, 

tested or needs to be done is presented below: 

 

- Redefine the response variable for the process so that it includes the sheet resistance of 

the PEDOT:PSS-substrate. 

 

- Improve the measuring equipment. Work with the goal to automate as much as 

possible, since measuring today takes a lot of time.  

 

- Integrate the filling out of parameters in the runcard with the program used to monitor 

the machine. In this work these parameters has been logged separately. 

 

- Install more automatic monitoring devices. For example build in sensors for humidity 

and temperature and connect these directly to the monitoring program. 

 

- Standardise production and measurements. Create routines to follow. This is important 

to reduce variance between the runs. When planning to make a run, plan the 

measurements at the same time. 

 

- Adjust the EC pattern lines to how the screen drum mesh looks like. Test if adjustment 

of the EC-patterning lines to the mesh’s angels has any effect on the resistance thereby 

created. 

 

- Accelerated test of resistance in climate chamber. Observe how humidity and 

temperature affects the resistance of the EC-pattern. This information could be 

important when setting up routines for measurements. 

 

- Use the tool DOE on the EC-patterning process. For example it can be used to find a 

new killyte. 

 

- Continue collecting samples from the process. More control chart points, analysis of 

root causes and corrective actions are needed to get the process in control.  
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6  Design of Experiments 

6.1  Theory 

Design of Experiments (DOE) includes theory of how to plan and carry out an experiment in 

order to characterize a system or a process. The main object of DOE is to analyze how 

different input variables of a system affect a given response variable. There are some general 

steps that should be followed when performing an experiment
50

. These steps are as follows: 

 

1. Statement of the problem 

2. Choice of factors, levels, and range 

3. Selection of response variable 

4. Choice of experimental design 

5. Performing the experiment 

6. Statistical analysis of the data 

7. Conclusions and recommendations 

For more details on these seven key steps see Appendix K. 

6.1.1 Factorial design 

The inputs used to control the experiment are called factors. Factorial designs are used when 

the effect of two or more factors are to be studied. A factor can have several values. The 

numbers of values are called levels. The difference between the highest and lowest level of a 

factor is called the range. In a full factorial design all combinations of the levels of the factors 

are investigated. The effect of a factor is defined as the change in the response variable caused 

by a change in the level of that factor. Factors witch has a significant effect on the response 

variable are called main effects.  

 

Using factorial design, information about interactions can also be obtained. If there are two 

factors called A and B, the interaction between the factors would be defined as AB (A times 

B). If running an experiment where only one factor is varied at a time, all information about 

interactions would be lost. As an example a study of how two factors, temperature and time, 

affect a given response is shown in Figure 6.1  Using one factor at a time, indicated by line nr 

1 and line nr 2, we would find the optimum response at the point 208
o
C at 73 minutes. As 

seen in the picture this is not the true optimum. The reason for this incorrect conclusion is the 

fact that a one factor at a time experiment does not include interactions between the factors. If 

a two level factorial design is used instead, these interactions would have been included and a 

better understanding of the problem could have been obtained. A factorial design is also much 

more efficient than a one-factor at a time. In Figure 6.1 four runs would be needed for the 

factorial design. Using a one-factor at a time experiment would require a lot more runs, 

depending on the accuracy of the experiment. 
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Line nr 1 

Line nr 2 

 
Figure 6.1 An illustration of how interaction effects affect a process. The black ellipsoid lines are the process 

response as a function of time and temperature. The red lines shows how a one-factor at a time experiment is 

performed. At first time is varied with temperature fixed according to line nr 1. When the optimum time is found 

temperature is varied with this optimum time fixed, see line nr 2. The red dot indicates the optimum, which is not 

near the true optimal spot. The green dots show how a factorial design is set up. Here the best spot would be 

found at the top left dot, which gives a higher value. However, a new factorial design would be needed to find 

the true optimum. 

 

The most widely used design has k factors with two levels each. This design is called a 2
k
 

factorial design
51

. This is due to the fact that it would take 2
k
 numbers of runs to complete a 

full factorial experiment. For example four factors with two levels would need a total of 2
4
 = 

16 runs. The levels of the factors in a factorial design can be qualitative or quantitative
52

. 

Where quantitative factors has continues values for example temperature, humidity etc. 

Qualitative factors on the other hand can not be arranged in the order of magnitude as for 

example different treatment, material, tools etc
53

. A factorial design can include both 

quantitative and qualitative factors. In a two level full factorial design the levels are often 

denoted as “-1” for the low value of the level and “+1” for the high value of the level. 

 

When setting up a factorial design, a table with all the factors and interactions are often 

created. An example of a design table for a three factor full factorial design can be seen in 

Table 6.1. Each row in the table responds to one run and what the levels of each factor should 

be set at during this run. The value of the response variable from each run is also entered on 

each row. This kind of table of the experiment is often done using a statistical software 

program.  
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Run A B C AB AC BC ABC Response 

1 - - - + + + - Y1 

2 + - - - - + + Y2 

3 - + - - + - + Y3 

4 + + - + - - - Y4 

5 - - + + - - + Y5 

6 + - + - + - - Y6 

7 - + + - - + - Y7 

8 + + + + + + + Y8 

 
 

Table 6.1 Design table of a three factor full factorial design. The level of the factors  

A, B and C and their interactions AB, AC, BC and ABC are denoted as “-” for the low 

 value of the level and “+” for the high value of the level. 

 

To graphically display a full factorial design a cube plot is often used, see Figure 6.2. Each 

side of the cube indicates a factor from the design, and the end of the sides indicates the high 

and low level of the factor. Each corner represents one run with its specific combination of the 

factors in the experiment. For example the cube plot in Figure 6.2, corner “7” would represent 

the run where factor A is at their low level and factor B and C are at their high level. 

 

 
Figure 6.2 Cube plot of a three factor full factorial design 

 

Estimation of effects 

The effect of a factor in a two level design can be seen as the difference between the average 

response at the high level and the average response at the low level of that factor
54

. As an 

example from the design table (see Table 6.1) the main effect of factor A would be: 

 
A = (Y2+Y4+Y6+Y8)/4 - (Y1+Y3+Y5+Y7)/4 

 

The effect of the other factors and interactions can be calculated in the same way. This way of 

calculating the effects is only valid if the factors have two levels. If the effect of a factor or 

interaction is large, positive or negative, compared to the other effects it is called significant. 

The significant effects of factors and interactions are also called main effects.  
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Regression model 

After the experiment is completed and all data has been collected, it is often of interest to fit 

the data to an empirical model. The model of the data collected from the experiment is called 

a regression model. It describes the experiment in a mathematical way and can be used for 

prediction, process optimization or process control
55

. If many factors are included in the 

experiment, the model will be very complex. Given a two level three factor full factorial 

design, the regression model is generally given as: 

 
Y= β0 + β1A + β2B + β3C + β4AB + β5AC + β6BC + β7ABC 

 

Where Y is the response variable of factors A, B and C. In the two level factorial design the 

included factors can either have the value +1 or -1. The parameters β0-β7 are called regression 

coefficients
56

. β0 is a constant defined as the average of the response from all the runs. The 

coefficients β1-β7 are calculated as one half of the effect for the corresponding factor or 

interaction.  

 

To analyze the regression model a plot in three dimensions is often made. This kind of graph 

is called a response surface plot
57

. Calculations of effects and regression coefficients are 

easily made using statistical software like Minitab or Design Expert.  

R-value 

Factors that are not significant can be removed from the regression model, making it less 

complex and easier to interpret. To determine how many of the factors to include in the model 

can be difficult. To help with this the R-squared value can be used. It can be interpreted as the 

proportion of the variability in the experiment explained by the model
58

. Including more 

factors in the model will always increases the R-squared value but this does not have to mean 

that the model is better. Adding a factor that has no “real” effect on the response variable 

would be the same as adding noise to the model. 

 

The R-squared adjusted value is calculated with respect to the number of factors included in 

the model. If the R-squared adjusted value does not increase when more factors are added to 

the model, the assumption could be made that including more factors does not improve the 

model.
59

 

Finding main effects 

One of the main objectives with the factorial design is to find significant and not significant 

effects. This is done differently if the design has replication or not. A replicate is a complete 

extra run of the whole factorial design. If the design is a single replicate full factorial a normal 

distribution plot of the effects are commonly used. The effects in the plot are calculated as 

described above, see Figure 6.3. for an example of a normal probability plot.  
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Figure 6.3 Example of a normal probability plot. 

 

Points that deviates from the line in the plot are classified as significant effects, whiles points 

on the line are insignificant and are classified as noise. The interpretation of the plot can be 

difficult if many of the points are near the line. In plots from Minitab the significant effects 

are marked as red dots. This prediction is done using Lenth´s method, which is a 

mathematical method of finding significant effects in a design with only one replicate
60

. 

 

Using a Pareto chart can also be of help when trying to find the significant effects. In a Pareto 

chart the values are sorted according to their magnitude and presented as bars in a graph. The 

largest value is placed first and descending down to the lowest value, for an example see 

Figure 6.4. 
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Figure 6.4 Example of a Pareto chart. 
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Analysis of variance  

If the design includes replications the significance of the factors can be found using analysis 

of variance (ANOVA). One of the main strength of using ANOVA is the ability to compare 

the effect of the factors to the error or noise in the experiment. By using ANOVA it is 

possible to estimate the probability that a factor has a significant effect. This is given by the 

P-value, which is defined as the probability of classifying an effect of a factor as significant 

when it in fact is not. This means that a low P-value indicates that the effect of a factor is 

significant. The denotation α is used to define the significance level
61

. As an example if α is 

chosen to 0,05 this would mean there is a 95% certainty that the factor is significant. If the P-

value is lower than the chosen α, the level of significance is satisfied. 

Model accuracy 

To check the model for accuracy replication is required. By comparing the results between the 

replicates the experimenter can draw conclusions about the variance between the runs. One 

important tool for this is residual analysis. A residual is defined as the difference between a 

specific run and the average of all replicates from that run. The residuals can be seen as an 

error or a noise in the model. When analyzing the residuals, the following conditions have to 

be satisfied for the analysis of the experiment to be valid
62

:  

 

1. The residuals are normally distributed.  

2. The variance of the residuals is equal for all treatments  

3. The residuals are independent and random. 

 

To check the first assumption a normal probability plot of the residuals can be used. If the 

residuals are distributed along a straight line in the plot the data is normally distributed. A 

histogram can also be used to detect abnormalities in the distribution of the data. To check the 

second and third condition plots with residuals vs. run order and residuals vs. fitted values can 

be used. If there are trends in these plots showing that the residuals are not random and 

independent, the results of the experiment might not be valid. 

6.2 Experimental design 

The steps taken in the experimental design was performed in accordance with the seven steps 

described in Appendix K.  

6.2.1 Statement of the problem 

The main goal with the experiment was to reduce the switch time and increase the life length 

of an electrochromic display produced in the printing press. This by finding factors which 

affects the switch-time in a positive or negative way. Factors investigated that had no effect 

where also to be found.  

 

Switch time is defined as the time it takes for the pixel to switch from its transparent to its 

coloured state after a potential is applied, further explained in chapter 4.2. Life length is 

defined as the time from production until the pixel no longer switches. The life length is 

mainly dependent on dehydration of the electrolyte. As the electrolyte dehydrates the switch 

time increases. Delamination of the electrolyte can also affect the life length. 
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The material resources for the experiment were limited to one roll of PEDOT:PSS-coated 

paper. One roll has an approximate total length of 500 meters. Running the whole roll in one 

day would not be possible due to the time needed for printing measuring. One run with 

specific values on the process parameters would consume 25 meters of paper. This making it 

possible to get 20 different runs from one roll of paper.  

6.2.2 Choice of Experimental design 

The goal was to run a full factorial design, where all effects and interactions could be 

investigated. Due to limitations in resources a decision was made that a total of 16 runs would 

be included in the experiment. Running a full factorial design with four factors would result in 

16 runs which are within the resource limitations.  

6.2.3 Choice of factors, levels and ranges 

As a first step a list of factors which might affect the process was made. Then these factors 

where categorized in two groups, potential design factors or nuisance factors. The potential 

design factors where further categorized in design factors, held constant factors and allowed-

to-vary factors, all factors are listed in Appendix L. Due to the fact that the experiment was 

limited to 16 runs, four factors where chosen as design factors. These four design factors and 

their levels are listed in Table 6.2. 

 

Factor Name Level(-1) Level(+1)

A Elyte E230 E235

B Additives None Add1+Add2

C Web speed 5+ m/min 8+ m/min

D Encapsulation After UV Before UV  
Table 6.2 Listing of the design factors, their name and levels. 

 

The low level of the factors was chosen based on how the process was run before the 

experiment. The high levels where chosen in directions that seemed interesting to investigate 

for process improvements. 

 

The first two factors refers to the properties of the electrolyte which is printed on the 

PEDOT:PSS substrate. Electrolyte E235 is a modified version of E230 and contains adhesion 

promoter which E230 does not have. Add1 and Add2 are two additives to the electrolyte 

which have hygroscopic properties. Web speed is related to the printing press and in which 

speed the web is running through the machine. Encapsulation was done using PP-tape. The 

factor “Encapsulation” refers to where in the printing press the encapsulation was applied. If 

the encapsulation is applied after the UV-step the electrolyte is in a cured solid state, whiles if 

it is applied before it will be in a wet state.  

 

Based on the chosen factors, a design table with randomized order was made using Minitab, 

se Appendix M. The design table consists of all the runs included in the experiment and the 

run order. 

6.2.4 Selection of response variable 

Switch time was chosen as the main response variable. Standard deviation within each run, 

switch charge and delamination were also measured. Switch charge is defined as the charge it 

takes to fully switch the pixel to its coloured state. Delamination is defined as how much of 



Design of Experiments 

 

47 

the printed electrolyte that sticks to the PEDOT:PSS substrate after a given time. It was 

graded in a three levelled scale: 0% delamination, less than 30% delamination and more than 

30% delamination.  

6.3 Performing the experiment 

The experiment was performed in four days during two weeks. At each printing day four runs 

were completed, each with its specific values for the levels of the factors. Before printing 

anything in the machine a run schedule was made and posted next to the printing machine, see 

Appendix N. The run schedule was made based on the randomized run order created in 

Minitab. Through randomization the error from not printing all runs in one day was expected 

to even out.  

 

A list of rules regarding how the experiment was going to be performed was posted next to 

the run schedule, see Appendix O. The aim with these rules was to standardize each run and 

thereby reduce variations caused by for example different operators. The operators where 

informed of how important it was that these rules where followed. 

 

The screen drums named “Exjobb” were used for EC-patterning and for applying electrolyte. 

A total of 16 test pixels are printed when using the EC-patterning drum, eight with line width 

200µ and eight with line width 100µ. The electrolyte drum applies electrolyte to twelve of the 

pixels leaving four with only EC-patterning. Encapsulation was applied to eight of the pixels, 

these were used for measuring switch time and switch charge. Four pixels where left with no 

encapsulation and these where used for inspection of delamination. The four pixels with no 

electrolyte where used to check the EC-patterning. See Figure 6.5 for an illustration of a 

produced repetition. One repetition (page) corresponds to a complete drum length of printing 

 
 

Elyte 

Tape 

200µ lines 100µ lines 

 
Figure 6.5 The illustration shows one repetition of test pixels produced using the drums  

called “Exjobb”. Two rows were encapsulated using PP-tape. One row without encapsulation  

used for delamination check. And one row used to check the EC-pattern.  

 

Each day after the four runs where completed, the roll of paper with printed pixels where 

sliced into repetitions. Each repetition was marked with run number and in which order it had 

been printed. This was done inline by using the inkjet printer. From each run five repetitions 

where chosen for measurements. The once that where chosen had the best adjustment between 
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the electrolyte and the EC-patterning. They were all stored in the same way, beneath a 

protective cover.  

6.3.1 Measurements 

Measurements were made at three different times, one, two and seven days after printing. The 

reason for this was to inspect the aging of the pixel. The same pixel was measured on all three 

days.  

 

Both switch time and switch charge was measured using LabView, see chapter 4.2 for details. 

The inspection of delamination was made visually by the experimenters. A complete listing of 

all measurements is found in Table 6.3.  

 

 

Run order Run Elyte Additive Web speed Encapsulation Mean Stdev Mean Stdev

1 2 E235 None 5+ After UV 4,70 0,07 112,30 17,22

2 15 E230 Add1 + Add2 8+ Before UV 3,40 0,27 15,13 3,12

3 14 E235 None 8+ Before UV 3,83 0,07 20,95 4,57

4 13 E230 None 8+ Before UV 3,93 0,27 26,98 5,45

5 9 E230 None 5+ Before UV 3,93 0,36 23,55 3,79

6 1 E230 None 5+ After UV 4,30 0,15 89,80 19,23

7 6 E235 None 8+ After UV 4,05 0,11 70,80 27,96

8 11 E230 Add1 + Add2 5+ Before UV 3,70 0,21 31,98 6,80

9 12 E235 Add1 + Add2 5+ Before UV 3,25 0,13 15,68 2,07

10 3 E230 Add1 + Add2 5+ After UV 3,48 0,10 39,90 10,04

11 7 E230 Add1 + Add2 8+ After UV 3,33 0,19 28,50 7,29

12 4 E235 Add1 + Add2 5+ After UV 3,80 0,29 56,20 6,23

13 5 E230 None 8+ After UV 3,65 0,06 71,69 17,17

14 16 E235 Add1 + Add2 8+ Before UV 3,28 0,06 18,81 4,61

15 8 E235 Add1 + Add2 8+ After UV 3,38 0,20 38,38 9,67

16 10 E235 None 5+ Before UV 4,15 0,24 72,73 29,71

Switch time(s), day1 Switch time(s), day7

 
 Table 6.3 All switch time measurements from day one and day seven. Run order is the order in which the runs 

were performed. The runs were performed in the randomized order suggested by the Minitab software. 

6.4  Statistical analysis 

The analysis was done on the switch time measurements from days one and seven. No 

analysis was done on switch times from day two since the difference between day one and 

two were so small. The main steps of the analysis will be shown for the switch time day seven 

because the variation between the runs is larger compared to day one, see Figure 6.6. Analysis 

of the switch time from day one is summarized in part 6.4.4. The analysis of standard 

deviation from day one and seven are summarized in part 6.4.5. All statistical analysis was 

performed using Minitab.  
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Figure 6.6 Illustration of switch time data in box plots. The box extends from the lower  

quartile to the upper quartile and the line drawn through the box represents the median.  

The vertical line indicates the range of the data. Switch times from day seven has the largest  

variation. 

6.4.1 Estimation of main effects 

When performing the analysis of the experiment the data posted in Appendix P was 

calculated. It includes estimation of the effect and coefficient for each factor. A table with 

ANOVA is also included. Note that because there is no replication there is no estimation of 

the error in the ANOVA table, and thereby no P-values for the factors are given either.  

 

By using a normal probability plot of the effects, Factors B (additive) and D (encapsulation) 

can be identified as significant effects, see Figure 6.7. By looking at the Pareto chart in 

Appendix P the same conclusion can be made. Factors C (web speed) and the interaction BD 

are not as large but might be significant. This conclusion is based on Lenth´s method.  

 

 
Figure 6.7 Normal probability plot of all effects of the factors and interactions.  

Factors B and D deviates from the line are thereby found to be significant. 
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The Pareto chart also shows that factor A (Elyte) is not significant, neither are any of the 

interactions involving factor A. Because of this, factor A can be discarded from the model so 

that the design becomes a 2
3
 factorial with two replicates. This would be the same thing as 

running a full factorial with factors B, C and D twice and it is called hidden replication
63

, see 

Appendix M for more details. 

 

The analysis was repeated with factor A discarded and the result presented in Appendix Q 

was obtained. Because the design has two replicates the residuals of each run can be 

estimated. The error in the model is also obtained and thereby the significance of the effects 

of the factors compared to the error can be estimated, this is given by the P-value. The P-value 

of factors B, C, and D are low, this indicates that they are significant when α = 0,05 is chosen. 

The P-value of interaction BD is also low and could be included in the model. Note that factor 

C was not seen as significant before factor A was removed. This conclusion was based on 

Lenth´s model while in the replicated experiment the significance is based on the P-value. 

 

6.4.2 Model accuracy 

When reducing the model, information about the residuals from each run is gained. The 

values of the residuals are posted in Appendix Q. Minitab generates four plots that can be 

used to analyze the residuals, see Figure 6.8. The first step is to check if the residuals are 

normally distributed. The normal probability plot looks good, with all residuals distributed 

along a straight line. The histogram also looks satisfying, with only one peak at zero. The plot 

with residuals versus the fitted values also looks good, no trend of increasing or decreasing 

residuals with respect to the fitted values. Looking at the plot with residuals versus the run 

order, no trends can be detected there either. 

 

 
Figure 6.8 Illustration of the Plots used for analysis of the residuals. 
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Two residuals are significantly larger than the others. This could indicate some problem with 

these two runs. These residuals respond to run 5 and 16 and are marked with an R in the table 

of residuals made in Minitab, see Appendix Q. By looking in Table 6.3 the switch time for 

run 16 is found to be significantly larger then for run 5. Two new replicates of these runs 

could be made to check the accuracy of the result. This has not been done in this analysis but 

could be of interest for an extra validation of the results. 

6.4.3 Regression model 

In the statistical analysis factors B, C, D and BD have been found to have significant effect on 

the switch time. These factors were included in the regression model. Using the regression 

coefficients listed in Appendix R as “Coef” gives the following regression model: 

 
Switch time = 45,83 - 15,26*B - 9,43*C - 17,61*D + 7,44*BD 

 

The goal is to minimize switch time, which is done by calculating the optimum settings for 

factors B, C and D. The value of the factors can be either +1 or -1. The lowest switch time 

given by the model is 10,97 seconds and is found at B=1, C=1, D=1. The lowest switch time 

measured during the experiment was 15,125 seconds. 

 

The R-squared and R-squared adjusted values where also analyzed. With the regression model 

given above the R-squared (R-Sq) is 83,89% and R-squared adjusted (R-Sq(adj)) is 78,03%, 

see Appendix R. Increasing or decreasing the number of terms in the model does not improve 

R-Squared adjusted, this gives an indication of the model being adequate and that no more 

terms should be included. 

6.4.4 Analysis of switch time day one 

The switch time analysis of day one has been performed the same way as explained for day 

seven above. The main differences for day one compared to day seven are that the switch 

times are shorter and the variation between the runs is smaller. 

Estimation of main effects 

The main effect analysis is found in Appendix S. According to the Pareto chart only factor B 

is significant. Factor C also has a large effect, although it is not significant it is in included in 

the model. By discarding factor A and D a two factor full factorial with four replicates is 

obtained. 

Model accuracy 

Plots of residuals can be found in Appendix T. All residuals are distributed along a straight 

line in the normal probability plot and the histogram looks like a normal distribution. 

Therefore the assumption that the residuals are normal distributed can be made. No trends can 

be seen in the residuals versus fitted value plot or in the residuals versus run order plot. This 

leads to the assumption that the residuals are random and independent. 
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Regression model 

According to the Pareto chart in Appendix T for the reduced model, factors B and C are 

significant and BC is not. This is based on the P-value for each factor. With factors B and C 

included in the regression model it looks like the following: 

 
Switch time = 3,759 - 0,309*B - 0,154*C 

 

To minimize the switch time both factors should be kept at their high level. The optimum 

switch time is then 3,296 seconds. 

6.4.5 Analysis of the standard deviation of switch time 

An analysis of the standard deviation of switch time has been performed for both day one and 

seven. The standard deviation analyzed is the variation within each run, see Table 6.4. The 

analysis is performed to check if there are any factors that affect the reproducibility of the 

displays. The following definition of reproducibility is used:  

 

Low Standard deviation = High reproducibility 

 

High Standard deviation = Low reproducibility 

 

 
Day 1 Day 7

Run order Run Stdev Stdev

1 2 0,07 17,22

2 15 0,27 3,12

3 14 0,07 4,57
4 13 0,27 5,45

5 9 0,36 3,79

6 1 0,15 19,23

7 6 0,11 27,96
8 11 0,21 6,80

9 12 0,13 2,07

10 3 0,10 10,04

11 7 0,19 7,29
12 4 0,29 6,23

13 5 0,06 17,17

14 16 0,06 4,61

15 8 0,20 9,67
16 10 0,24 29,71  

Table 6.4 Standard deviation of switch time day one  

and seven. 

Estimation of main effects 

The analysis in Minitab from both day one and seven shows that none of the factors or 

interactions affects the standard deviation significantly. The conclusion that the displays are 

able to be reproduced is taken. See Appendix U and V for details of the analysis from day one 

and seven. 
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6.4.6 Electrolyte adhesion 

A check of the electrolytes adhesion to the PEDOT:PSS-substrate has been studied during the 

experiment. The intention with the analysis is just to check for delamination and no statistical 

analysis were intended to be performed. The main reason was to see if there were any factors 

that affected the adhesion. Especially was the difference in adhesion between the electrolyte 

with adhesion promoter (E235) and the one without (E230) interesting. The adhesion was 

inspected visually with the limits for delamination as follows: 0% delamination, <30% 

delamination and >30% delamination. The results from the analysis are presented in Table 6.5 

below. 

 

The results in Table 6.5 indicate that there is some form of delamination problem with the 5
th

 

run. During the runs 5-8 there were some problems with the UV-curing steps. There were 

some scratches on the top of the cured electrolyte. This was discovered to be caused by small 

electrolyte pieces cured on to UV-step. No obvious signs that this was effecting the switch 

time was found.  

 

Run order Run 0% <30% >30% 0% <30% >30%

1 2 20 0 0 20 0 0

2 15 19 1 0 19 1 0

3 14 20 0 0 20 0 0

4 13 19 1 0 18 2 0

5 9 13 5 2 11 2 7

6 1 19 1 0 18 2 0

7 6 20 0 0 20 0 0

8 11 20 0 0 20 0 0

9 12 20 0 0 20 0 0

10 3 20 0 0 20 0 0

11 7 20 0 0 20 0 0

12 4 20 0 0 20 0 0

13 5 20 0 0 19 1 0

14 16 20 0 0 20 0 0

15 8 20 0 0 20 0 0

16 10 20 0 0 20 0 0

Day 7Day 1

 
Table 6.5 Delamination in percent for 20 displays after one and seven days. 
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6.5 Results and discussion 

Before the experiment was carried out it had been seen that switch time increases significantly 

over a few days. Because of this the decision to measure the switch time on three different 

occasions was made. The measurements should take place one, two and seven days after 

printing the displays. During the measurements it became clear that the difference in switch 

time between day one and two was small compared to day seven, which clearly can be seen in 

the box plots in Figure 6.6. Therefore it felt like the measurements from day two would not 

provide any important information and only be time consuming.  

 

The analysis of switch time day one and seven has shown different results. For day one it has 

been shorter switch times and for day seven longer. Between these results, the ones from day 

seven are more interesting based on two reasons: The first is that the variation was large 

between the measured samples, ranging from 15-112 seconds. This indicates that there are 

some factors that affect the life length of the display significantly. Secondly, life length is one 

of the most important properties of the display. 

 

A short summary of the results from the statistical analysis of the experiment is presented in 

Table 6.6. The table includes effects for each factor and if they are significant or not for both 

day one and seven. 

 

Significant Effect Significant Effect

Factor A, Elyte No 0,09 No 9,79

Factor B, Additive Yes -0,6175 Yes -30,53

Factor C, Web speed Yes -0,3088 Yes -18,86

Factor D, Encapsulation No 0,1512 Yes -35,22

Day 7Day 1

 
Table 6.6 Summary of the statistical analysis of switch time 

 

Factor A, Elyte is not significant on either day one or seven. Changing from the low level 

(E230) to the high level (E235) has small effect on the switch time. The difference between 

E230 and E235 is that E235 contains an adhesion promoter. The results show that it does not 

affect the switch time. Adhesion promoter is used to increase the electrolytes ability to stick to 

the PEDOT:PSS-substrate and our results indicates that the additive can be used for this 

without affecting the switch time. 

 

Factor B, Additive is significant on both day one and seven. Changing from the low level (no 

additive) to the high level (adding Add1 and Add2) has large effect on both day one and 

sevens switch time. For day one the hygroscopic properties of Add1 and Add2 has shown to 

be the most important factor for decreasing the switch time. On day seven the effect is still 

large and significant. 

 

Factor C, Web speed is significant both for day one and seven. Increasing web speed from the 

low (5 m/s) level to the high (8 m/s) decreases the switch time. This can be an effect of the 

increased web speed, but more likely it does depend on the fact that an increased speed leads 

to less UV-exposure of the electrolyte. Less UV-exposure makes the curing process shorter, 

which reduces the evaporation of water in the electrolyte due to this exposure. 
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Factor D, Encapsulation is the most significant factor on day seven but not significant at all on 

day one. This is a very interesting result. When changing from the low level (encapsulation 

after UV-curing) to the high (encapsulation before UV-curing) it seems like more moisture is 

kept in the electrolyte. This phenomenon is not significant day one but on the other hand the 

most significant effect for day seven.  

 

Based on the significance of the factors a regression model for both day one and day seven 

has been calculated: 

 

Regression model, day one: 
Switch time = 3,759 - 0,309*B - 0,154*C 

 

The models regression coefficients are small compared to the constant. To minimize the 

switch time both B and C should be kept at their “+1” levels. Giving the switch time 3,29 

seconds.  

 

Regression model, day seven: 
Switch time = 45,83 - 15,26*B - 9,43*C - 17,61*D + 7,44*BD 

 

In day sevens regression model the coefficients are larger compared to the constant. To 

minimize the switch time all factors should be kept at their “+1” levels. Giving the switch 

time 10,97 seconds.  

 

In the analysis of the experiment is no significant interaction found when α = 0,05. The 

interaction of factor B and D from day seven is however almost significant. Based on the R-

squared adjusted, it is better to include the interaction in the regression model. Note that the 

interaction BD counteracts their individual factors. An interpretation of this can be that if the 

contents of Add1 and Add2 are increased too much, they will counteract the decreasing of 

switch time.  

 

One of the goals was to compare the old settings for the process, all factors at their low level, 

with the new settings, all factors at their high level. When inserted in to the regression model 

from day seven the result would be: 

 

Old process settings:  
Switch time = 45,83 - 15,26*(-1) - 9,43*(-1) - 17,61*(-1) + 

7,44*(-1*-1)= 95,57 seconds 

 

New process settings:  
Switch time = 45,83 - 15,26*(1) - 9,43*(1) - 17,61*(1) + 

7,44*(1*1)= 10,97 seconds 

 

This renders in a improvement of 84,6 seconds, i.e. approximately 9 times compared to the 

original settings.  

 

In the analysis of standard deviation no significant factors where found for either day one or 

day seven. This leads to the conclusion that none of the factors has any significant effect on 

the reproducibility. It should be noted that the standard deviation measured on day seven is 

significantly larger than for day one. 
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When the switch time gets longer it is harder to find the exact point where the pixel is fully 

switched. When using the measurement program, the operator has to choose the interval 

where the switch time is expected to be found. The interval can be rather wide and should not 

affect the measurements to much. The switch time were visually controlled by the operator for 

extra validation. 

 

How the electrolyte is applied affects the switch time and must be controlled on samples 

measured. This is caused by the correlation between switch time and the size of the switched 

area, with larger area the switch time increases. The position of electrolyte in relation to the 

EC-pattern defines the area that will be switched and thereby it is important to print it in the 

same position on all test pixels. The position of the electrolyte is adjusted manually by the 

operator during the printing process and this can be a source to variation in the switch time. 

Only samples with good adjustment have been used for measurements in the experiment. 

 

The experimental design chosen for the experiment was a four-factor full factorial with no 

replication. If the result from the analysis would had shown that all factors were significant 

there would had been no way of checking the model for accuracy. Replication can be time and 

resource consuming and therefore it is some times hard to include. For each replicate the 

resources needed doubles. This was the major reason for the decision to only make one 

replicate in this experiment.  

 

During the run order nr 13-16 there was some problem with the EC-patterning. When the 

resistance between the anode and cathode is low the pixel does not switch. Bad EC-patterning 

can be detected by looking at the bi-stability i.e. if the pixel stays in the coloured state after 

the potential is removed. When measuring this seemed to not affect the pixel, but the switch 

time from run order nr 16 has a large residual. This indicates that there could be some 

problems with this run.  

 

Delamination was only found in one of the runs, run order 5. However the test pixels that 

were switched did not show any abnormalities in colour or shape. There was a warning from 

this run in the residual analysis, but since run order nr five had lower switch time than the 

average of the two residuals. The problem ought to be in the other run, run order 16 as 

discussed in the section above. This run could be re-runned to check for validation of the 

experiment. 
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7 Conclusions 
In this chapter conclusions for both SPC and DOE are presented, beginning with the SPC 

conclusions. 

7.1 Statistical process control 

The process is clearly not in statistical control. For the X -chart none of the points are in 

control. The s-chart looks better, but three out of 19 samples indicates that the process is out 

of control. 

 

Two significant causes to variation have been found. These are the PEDOT:PSS-substrate 

sheet resistance and inadequately cleaned drums.  

 

It is obvious that there are more assignable causes to variation that we have not detected or 

been able to control. The following are parameters that should be analysed further: 

 

- Time between measurement and production.  

- Cleaning routines for the drum.  

- Storage of the produced repetitions.  

- Routines for mixing and measuring conductivity on killyte. 

- Humidity effect on measurements. 

 

 

Start up and stop patterns were detected within the runs. The rules below needs to be followed 

to avoid influence from these patterns on the variation in the process: 

  

- Do not sample from the 10 first repetitions. 

- Do not sample from the last 5 repetitions. 

- Keep track of stops in the process. 

 

 

Routines for SPC have been implemented. Acreo employees who are working with the 

process have continued in the tracks of this work. 

 

A resistance over the EC-pattern above 1 MΩ is acceptable for the function of the display. 

This criterion has been satisfied for all the points in the control charts where no root causes 

has been found.  
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7.2 Design of experiment 

Switch times for day one was shorter than for day seven. Analyse of day sevens switch time 

results gives a better understanding of the life length of the display. 

 

The results from the analysis of the factors effects conclude: 

 

- Factor A, Elyte is not significant on either day one or seven. 

 

- Factor B, Additive is significant on both day one and seven. When adding Factor B the 

switch time decreases. The effect is -0,62 seconds for day one and -30,53 seconds for 

day seven. 

 

- Factor C, Web speed is significant both for day one and seven. When increasing web 

speed switch time decreases. The effect is -0,31 seconds for day one and -18,86 

seconds for day seven. 

 

- Factor D, Encapsulation is the most significant factor on day seven but not significant 

at all on day one. Encapsulation before UV exposure decreases the switch time with 

the effect of -35,22 seconds on day seven.  

 

 

Using the optimised process settings found in the experiment results in a switch time of 10,97 

seconds for day seven. Compared to the settings used before the experiment this is an 

improvement with 84,6 seconds, i.e. approximately 9 times. 

 

No significant factors affecting the standard deviation of switch time were found. None of the 

factors thereby affects the reproducibility.  

 

The standard deviation measured on day seven is significantly larger than for day one. 

 

None of the factors have any affect on the delamination of electrolyte from the PEDOT:PSS-

substrate. 

 

The position of the applied electrolyte in relation to the EC-pattern defines the size of the area 

that will be switched. It is important to keep this relation fixed to reduce the variability 

between the switch time measurements. 
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Appendix A – Screen drum EC-patterning 

 
Screen drum used for EC-patterning, marked “Exjobb 1 2005-10-05”. The type of drum used 

is the RotaMesh 305/13 with 305 mesh/linear inch and 13% open area. The resolution of the 

drum is 100 microns. Note: The numbers are not a part of the drum pattern. They are a 

notation used to keep track of which pixels (also called displays) that has been measured. 

1 
2 

3 
4 

6 5 7 8 

9 
10 

11 
12 

14 13 15 16 



Appendices 

 

63 

Appendix B – Screen drum electrolyte 

 

 
Screen drum used for applying electrolyte, marked “Exjobb 1 2005-11-05_E”. The type of 

drum used is the RotaMesh 75/40 with 75 mesh/linear inch and 40% open area. The 

resolution of the drum is 350 microns. 
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Appendix C– Front panel from LabView, used for EC-resistance 
measurements  
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Appendix D– Front panel from LabView, used for Switch time 
measurements 
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Appendix E – Random data sampling 

The data in this report is collected randomly from a population. The mean of the random 

samples y1, y2, … , yn can thereby be calculated as: 

 

  

n

y

y

n

i

i∑
=

=
1

  n = nr of samples 

   

 

When sampling data randomly from a population we can expect that
64

: 

 

1. In average the random sample mean is equal to the populations mean. 

2. The distribution for y , when sampling is repeated from the same population, 

approaches the normal distribution as the number of observations from one sample 

increases. This applies even if the population is not normally distributed, except for in 

degenerate cases. This is called the central limit theorem. 

 

To summarise the above: If the population do not look to strange and if n is large, then y  is 

normally distributed with µ as mean and σ2/n as variance. 
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Appendix F – Factors that can affect the printing process, SPC 

 

Web related: 

- Web tension (pulling force) at finish roll (4), not absolute, measurable 

- Web tension (braking force) at in feed roll (4), not absolute, measurable  

- Nip roller force at finish roll (minimum 4), not absolute, measurable 

- Web magazine pressure, not absolute, measurable 

 

Screen printing: 
- Squeegee pressure (angle) against the inside if the screen drum, not absolute, 

measurable 

- Parallel adjustment of the screen drum against the web, not measurable, visually 

- Mesh of the screen (number of treads per inch), measurable, 1 

- Open area (holes) in the screen (percent of the surface), measurable, 1 

- Circumference of the rollers (12 to 18 inches), measurable, 1 

- Thickness of the screen shablon, measurable, 1 

- Web width, measurable 

- Percentage of the surface that is printed/patterned, measurable 

- Web speed, measurable 

- Killyte amount, time dependent, measurable 

- Duration of printing, measurable 

- When measurement occurs, 2 times, trackable 

- Rakel nr, age, measurable (order new) 

- Total printing time for drum(pinholes effect), measurable (order new) 

 

Curing: 

- Ramping of UV,dryer, not absolute, measurable 

- Power of UV curing (in percent of maximum capacity), not absolute, measurable 

- Temperature of hot air curing, measurable 

 

Ink, (Killyte in our case): 

- Temperature, not absolute, changes over time 

- Density, measurable 

- Particle size, not measurable 

- Rheology, measurable 

- Viscosity, measurable 

- Surface Energetics, uncontrollable, not measurable  

- Solubility parameters, uncontrollable, not measurable 

- Thickness of printed ink (wet and dry), wet dependent of printing technique, dry 

measurable 

- Adhesion, not measurable 

- (Abrasion resistance, ) 

- (Dynamic Mechanical and Tensile Properties) 

- (Flexibility and Toughness) 

- Hardness, difficult to measure, not of interest 

- Environmental Resistance 

- Conductivity (for electrolyte), measurable 

- Age of the killyte, since mixturing, measurable 
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- Storage conditions of the killyte, store all in same place 

 

Electrochemical Patterning: 

- Potential (V), measurable 

- Current (A) over time, measurable 

- Length between the patterning and the counter electrode 

- Surface resistance of the substrate (Ω/square), difficult to measure 

- Pattern, analyse with microscope, necessary? 

 

Substrate: 

- Dimensions, width and thickness, 1 

- Moister content, difficult to measure 

- Age, delivery time 

- Surface characteristics, microscope, wetability, profilometer(dectac) 

- Temperature. Is room temperature enough 

- Supplier, trade mark/name, 1 

- Bulk, porosity  

 

Other: 

- Operator 

- Time of day 

- Air humidity 

- Temperature 

- Previous run 

- Cleaned machine 
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Appendix G – Runcard template 

Previous run: yyyy-mm-dd

Date yyyy-mm-dd

Operator(s)

Runtime: 00:00

Lab temperature: tt,t/tt,t 
o
C

Lab humidity: bb/ss %

Batch number Killyte Elyte Web speed Encapsulation UV power Start time Stop time Total time

1 00:00:00

2 00:00:00

3 00:00:00

4 00:00:00

5 00:00:00

6 00:00:00

7 00:00:00

8 00:00:00

00:00:00

PARAMETERS VALUE UNIT COMMENTS NOTE!

Killyte Type Name

Temperature tt,t
o
C from viscometer

Viscosity xx,x mPas viscometer

Conductivity xx,x mS conductivity meter

Age hh hours date killyte when mixed

Batch yyyy-mm-dd date Mixed 3 oct 2005

Killyte amount, beginning 135 ml 135 ml/dispencer

Elyte Type Name

Temperature tt,t
o
C from viscometer

Viscosity xx,x mPas viscometer

Conductivity xx,x mS conductivity meter

Age dd days date killyte when mixed

Encapsulation Type CO-tape

Machine use Voltage hhh hours time voltage applied

Running hh hours time machine runned

Substrate batch number 99.16617159 152 index check previous runcard or label on roll

batch age xx weeks check previous runcard

Web related

Web tension (pulling 

force) at finish x,x N/A should be 6,0

Web tension (braking 

force) at in feed roll x,x N/A should be 1,5

Web magazine pressure x,x N/A should be 0,6

Web width 24; 19,5 cm

Screen printing Squeegee number 1 index use nr 1

Killyte Squeegee rubber age - hours

Squeegee pressure 

(angle) against the inside 

of the screen drum 8 index should be 8

Screen name Exjobb

Screen age - hours

Screen printing Squeegee number 2 index use nr 2

Elyte Squeegee rubber age - hours

Squeegee pressure 

(angle) against the inside 

of the screen drum 10 index should be 10

Screen name Exjobb

Screen age - hours

Curing Temperature of hot air curing 80
o
C should be 80 

o
C

EC patterning Potential 150 V should be 150 V

Comments:

 
Template for the runcard used for logging process parameters in each run. Killyte, web 

related, screen printing, curing and EC patterning parameters should be kept on a constant 

level as often as possible from one run to the other.  
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Appendix H – Setting up controls charts 

Complete the following steps: 

 

1. Chose sample size and collect data 

2. Calculate centre line and control limits 

3. Insert control limits in the control chart 

4. Insert the data in the control chart 

5. Review the data 

 

Step 1- Chose sample size and collect data 

Chose sample size, larger sample size yields to better estimation of the variation within the 

sample but is time consuming to measure. Pick a sample size between 5 and 10 based on 

Figure 5.4. For sample sizes larger than 10 observations use the X -s-chart. For smaller sizes 

both the X -s- and X -R-chart can be used. 

 

Collect measurements from at least 20 samples. The samples should be taken at different 

times and from different runs. 

 

Step 2- Calculate centre line and control limits 

Start with calculating the mean ( x ) and standard deviation (s) for each sample based on:  
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Thereafter calculate the grand average of all samples ( x ) and the mean of the samples 

standard deviations ( s ) as follows: 
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where: 
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samplesofnumberm =  

 

These values are used for calculating the control limits in the control charts.  

 

Limits in the X -chart: 

 

Centre line: CL = x  

Upper control limit: UCL = x  + A3 
. 

s  

Lower control limit: LCL = x  + A3 
. 

s  
 

A3 is based on the sample size, see table below for values. 

 

Limits for the s -chart: 

 

Centre line: CL = s  

Upper control limit: UCL = B4 
. 

s  

Lower control limit: LCL = B3
.
 s  

 

B4 and B3 is based on the sample size, see table below for values. 

 

 
n A3 B3 B4 

2 2,659 0 3,267 

3 1,954 0 2,568 

4 1,628 0 2,266 

5 1,427 0 2,089 

6 1,287 0,030 1,970 

7 1,182 0,118 1,882 

8 1,099 0,185 1,815 

9 1,032 0,239 1,761 

10 0,975 0,284 1,679 

Constants used for designing the 

X - and s- control charts 

 

Step 3 - Insert control limits in the control chart 

Two charts are created, one for x  and one for s. Software like Microsoft Excel can be used 

for creating the chart. The calculated control limits are inserted as straight lines in the control 

chart based on their values. The scale of the axels in the chart should be adjusted to the values 

of the samples. 

 

Step 4 - Insert the data in the control chart 

Plot the values of the samples mean in the X-bar chart and draw straight lines between them. 

Do the same for the S-chart but using the standard deviation. See figures below for an 

illustration of them both. 
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X-bar Chart

2
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3

3,5

1 2 3 4 5 6 7 8 9 10

 

S Chart

-0,1
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0,5

0,7

0,9

1 2 3 4 5 6 7 8 9 10

 
A X-bar ( x )-chart on the left-hand side and a s-chart on the right hand side. The red lines are the Upper and 

Lower control limits, while the green line is the centre line. 

 

Step 5 - Review the data 

Check if any of the points are outside of the control limits in the two plots. If any is found, 

check if there is a cause for this point being outside of the limits. If a cause can be determined 

then this sample should be discarded from the calculations of the centre lines and control 

limits. Go back to step 2 and recalculate the limits without including that point. 

 

NOTE! There can be points outside the limits without the process being out of statistical 

control, find a reason before discarding any sample. 
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Appendix I – Summary of EC-measurements for the control charts 

 

 
In the summary are also some effects that are believed to affect the measurements included. 
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Appendix J – Patterns and trends found in the EC-patterning process 

Start-up pattern, 2005-10-18
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The plot shows an example of a start-up pattern from a run. The same kind of pattern was seen in several runs. 
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Plot of the measurements done on the pixels with 200µ-lines. Pixel number 0 was printed first down to pixel 

number 80 that was printed last. The plot shows that the resistance decreases during the run.  
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Plot of the measurements done on all the pixels with 200µ-lines, a total of eight pixels on each repetition. The 

plot clearly shows that there is a difference in the resistance between the pixels on each repetition. Pixel nr 6 

shows the highest resistance. The same pattern was observed on several runs.  
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Appendix K - Seven key steps when performing an experiment65 

 

1. Statement of the problem – In this early stage of the experiment it is important to keep 

an open mind. It is not always easy to see the problem or how experiments are needed. At 

this stage it is important to collect information from all involved in the process. To 

formulate questions that are to be answered by the experiment can be of help to specify 

the problem. A well defined problem makes it easier to understand the result of the 

experiment. In large problems with many factors it is usually better to use a series of 

smaller experiments instead of one big experiment. 

  

2. Choice of factors, levels, and range – The units used to monitor and control the 

experiment are called factors. A factor can have several values. The numbers of values are 

called levels. The difference between the highest and lowest level of a factor is called the 

range.  

 

There are two types of factors that might affect the system, they are classified as either 

potential design factors or nuisance factors. The potential design factors can be further 

categorized in design factors, held constant factors and allowed-to-vary factors. 

Design factors are the factors that are of interest for the experimenter. Held constant 

factors are factors that might have an influence on the response variable but are not of 

interest in this experiment; therefore they are held at a constant rate. Allowed to vary 

factors are factors that might have an effect on the system but are allowed to vary, this 

variability is expected to balance out through randomization of the experiment. 

 

Nuisance factors are factors that might have a large effect on the system but they are not 

of interest in the experiment. Nuisance factors can be classified as controllable, 

uncontrollable, or noise factors. By using different techniques the effect of the nuisance 

factors can be controlled. The important thing is to identify the nuisance factors so that 

their effect on the experiment can be reduced.  

 

After identifying the design parameters the experimenter must chose in which range these 

parameters will be varied and how to measure them. To be able to do this, good process 

knowledge is required.  

 

3. Selection of response variable – It is crucial to select response variables that are of 

importance to the system. The next step is to decide how to measure and quantify the 

response with high accuracy. This is important because large errors in the measurements 

can destroy the value of the experiment. Usually several measurements are made and the 

mean, standard deviation or both are given as response variable. 

 

The first three steps given above are called pre-experimental planning. Conducting a 

thorough pre-experimental planning is crucial to a successful experiment.  

 

4. Choice of experimental design – In the choice of experimental design there are some 

important decisions to make, like choosing sample size, use blocking to reduce influence 

of a factor, use reduced factorial design to reduce number of runs. The experiment might 

be run in different ways depending on what the experimenter wants to measure. Using 

                                                 
65

 Montgomery Douglas C. Design and Analysis of Experiments 5e (2001),13-17 
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statistical software can help with choosing experimental design and setting up the 

experiment. 

 

5. Performing the experiment – When running the experiment it is important to follow the 

plan made in the steps described above. If not, the result of the experiment will be of no 

value. Making a few trial runs can help to see if everything is in order or if the pre-

experimental plan should be changed. To run the experiment in a randomized order is 

crucial to reduce the influence of nuisance factors.  

 

6. Statistical analysis of the data – Data received from the experiment should be analyzed 

by using statistical methods so that objective conclusions can be made. If trying to test a 

hypothesis, statistical methods can show how likely it is that the hypothesis is true or 

false. The statistical methods can also indicate how well the factors in the experiment 

describe the process.  

 

Graphical models can often be used to visualize the data. To construct an equation that 

mathematically describes the relationship between the input factors and the response 

variable can also help. The same kind of software used to set up experiments can often 

also be used to analyze the data. 

 

7. Conclusions and recommendations – When all the data has been analyzed the 

experimenter must draw practical conclusions and decide a course of action. To validate 

the conclusions of the experiment follow up runs should be made.  
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Appendix L - Factors that can affect the DOE-experiment 

 

Potential design factors: 
 

Design 
– Electrolyte base. E230 and E235. 

– Hygroscopic additive 

– Length til encapsulation after elyte step 

– Web speed 

 

Held constant 

– Elyte thickness, width and length 

– Killyte thickness, width and length 

– Pedot batch 

– Viscosity of elyte and killyte 

– Conductivity of elyte and killyte 

– UV temperature 

– Encapsulation material, PP-tape 

– Length til curing 

– EC patterning voltage (and current) 

– Machine properties (Squeege pressure, angle, roller forces et c) 

– UV power 

 

Allowed-to-vary 
– Curing time 

– Age of killyte 

– Age of elyte 

– Killyte and elyte amount 

– Time til curing 

– Time til varnishing/lamination after elyte step 

 

 
Nuisance factors: 
 

Controllable 

– Operator 

– Time a day 

 

Uncontrollable 
– Previous run 

– Wetability 

– Contact angle 

– Sheet resistance of PEDOT:PSS-substrate 

– Total printing time for drums 

 

Noise 

– Room temperature 

– Humidity in room 
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Appendix M – Design matrix DOE  

 
StdOrder RunOrder Elyte Additive Web speed Encapsulation Switchtime

1 6 E230 None 5+ After UV S1

2 1 E235 None 5+ After UV S2

3 10 E230 Add1 + Add2 5+ After UV S3

4 12 E235 Add1 + Add2 5+ After UV S4

5 13 E230 None 8+ After UV S5

6 7 E235 None 8+ After UV S6

7 11 E230 Add1 + Add2 8+ After UV S7

8 15 E235 Add1 + Add2 8+ After UV S8

9 5 E230 None 5+ Before UV S9

10 16 E235 None 5+ Before UV S10

11 8 E230 Add1 + Add2 5+ Before UV S11

12 9 E235 Add1 + Add2 5+ Before UV S12

13 4 E230 None 8+ Before UV S13

14 3 E235 None 8+ Before UV S14

15 2 E230 Add1 + Add2 8+ Before UV S15

16 14 E235 Add1 + Add2 8+ Before UV S16  
Design matrix for the experiment, S1-S16 represents the response from each run. RunOrder 

denotes the randomized order in which the experiment was performed 

Hidden replication from the reduced experiment. When factor A (Elyte) is removed the switch 

times S1 and S2 represent replicates of the same run, the same for S3 and S4, S5 and S6, and 

so on. 

StdOrder RunOrder Elyte Additive Web speed Encapsulation Switchtime

1 6 E230 None 5+ After UV S1

2 1 E235 None 5+ After UV S2

3 10 E230 Add1 + Add2 5+ After UV S3

4 12 E235 Add1 + Add2 5+ After UV S4

5 13 E230 None 8+ After UV S5

6 7 E235 None 8+ After UV S6

7 11 E230 Add1 + Add2 8+ After UV S7

8 15 E235 Add1 + Add2 8+ After UV S8

9 5 E230 None 5+ Before UV S9

10 16 E235 None 5+ Before UV S10

11 8 E230 Add1 + Add2 5+ Before UV S11

12 9 E235 Add1 + Add2 5+ Before UV S12

13 4 E230 None 8+ Before UV S13

14 3 E235 None 8+ Before UV S14

15 2 E230 Add1 + Add2 8+ Before UV S15

16 14 E235 Add1 + Add2 8+ Before UV S16
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Appendix N – Run schedule for DOE project 

  

RUN #1, 2005-11-21

Order Elyte Additive Web speed Encapsulation Comments

1 E235 none 5+ After UV

2 E230 Add1+Add2 8+ Before UV

3 E235 none 8+ Before UV

4 E230 none 8+ Before UV

RUN #2, 2005-11-23

Order Elyte Additive Web speed Encapsulation Comments

1 E230 none 5+ Before UV

2 E230 none 5+ After UV

3 E235 none 8+ After UV

4 E230 Add1+Add2 5+ Before UV

RUN #3, 2005-11-28

Order Elyte Additive Web speed Encapsulation Comments

1 E235 Add1+Add2 5+ Before UV

2 E230 Add1+Add2 5+ After UV

3 E230 Add1+Add2 8+ After UV

4 E235 Add1+Add2 5+ After UV

RUN #4, 2005-11-30

Order Elyte Additive Web speed Encapsulation Comments

1 E230 none 8+ After UV

2 E235 Add1+Add2 8+ Before UV

3 E235 Add1+Add2 8+ After UV

4 E235 none 5+ Before UV  
 

Note: Add1 and Add2 are secret ingredients 
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Appendix O – Rules for the DOE runs 

 

• In the Run schedule (see Appendix D4) are instructions on the settings for 

each run. It is very IMPORTANT that the run order on the schedule is 

followed! 

 

• Use the roll of PEDOT:PSS-substrate that belongs to the project. This roll 

shall be used for all runs. 

 

• For every run is 20 metres of displays going to be printed after that the 

printing steps has been adjusted correct. 

 

• The killyte shall be mixed directly after the morning meeting and 

thereafter be kept untouched until it is time to print. This time ought to be 

at least half an hour. 

 

• Control that there are enough killyte in the EC-drum before running a new 

DOE-run. If not, fill it up and make a note in the runcard. 

 

• The electrolyte used shall be stirred for two minutes in the “mixer” at 700 

rpm just before the run. 

 

• In between every run shall the electrolyte drum be emptied and cleaned 

from electrolyte. The drum shall also be cleaned before the first run. 
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Appendix P – Complete switch time analysis day seven 

 

Factors and interactions included: 

All 

 
Factorial Fit: Switch time, day7_p4 versus Elyte; Additive; Web Speed; Encapsulation  
 
Estimated Effects and Coefficients for Switch time, day7_p4 (coded units) 

Term                              Effect    Coef 

Constant                                   45,83 

Elyte                               9,79    4,90 

Additive                          -30,53  -15,26 

Web speed                         -18,86   -9,43 

Encapsulation                     -35,22  -17,61 

Elyte*Additive                     -6,40   -3,20 

Elyte*Web speed                    -8,13   -4,06 

Elyte*Encapsulation                -2,16   -1,08 

Additive*Web speed                  8,13    4,06 

Additive*Encapsulation             14,88    7,44 

Web speed*Encapsulation             3,35    1,67 

Elyte*Additive*Web speed           11,52    5,76 

Elyte*Additive*Encapsulation       -7,54   -3,77 

Elyte*Web speed*Encapsulation      -0,68   -0,34 

Additive*Web speed*Encapsulation    0,53    0,27 

Elyte*Additive*Web speed*           7,28    3,64 

  Encapsulation 

 

 

Analysis of Variance for Switch time, day7_p4 (coded units) 

Source              DF   Seq SS   Adj SS  Adj MS  F  P 

Main Effects         4  10497,0  10497,0  2624,2  *  * 

2-Way Interactions   6   1640,9   1640,9   273,5  *  * 

3-Way Interactions   4    761,1    761,1   190,3  *  * 

4-Way Interactions   1    211,9    211,9   211,9  *  * 

Residual Error       0        *        *       * 

Total               15  13110,9 
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Pareto chart of Switch time day seven. Factor B and D are significant based on Lenth´s 

method 

 

 
Normal probability plot of all effects included in the experiment day seven. Factors B and D 

are significant based on Lenth´s method. 
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Appendix Q - Reduced switch time analysis day seven 

 

Factors and interactions included: 

B, C, D, BC, BD, CD and BCD 
 
Factorial Fit: Switch time, versus Additive; Web speed; Encapsulatio  
 
Estimated Effects and Coefficients for Switch time, day7_p4 (coded units) 

Term                              Effect    Coef  SE Coef      T      P 

Constant                                   45,83    3,752  12,22  0,000 

Additive                          -30,53  -15,26    3,752  -4,07  0,004 

Web speed                         -18,86   -9,43    3,752  -2,51  0,036 

Encapsulation                     -35,22  -17,61    3,752  -4,69  0,002 

Additive*Web speed                  8,13    4,06    3,752   1,08  0,310 

Additive*Encapsulation             14,88    7,44    3,752   1,98  0,083 

Web speed*Encapsulation             3,35    1,67    3,752   0,45  0,667 

Additive*Web speed*Encapsulation    0,53    0,27    3,752   0,07  0,945 

 

S = 15,0086   R-Sq = 86,26%   R-Sq(adj) = 74,23% 

 

Analysis of Variance for Switch time, day7_p4 (coded units) 

Source              DF   Seq SS   Adj SS   Adj MS      F      P 

Main Effects         3  10113,6  10113,6  3371,20  14,97  0,001 

2-Way Interactions   3   1194,1   1194,1   398,04   1,77  0,231 

3-Way Interactions   1      1,1      1,1     1,13   0,01  0,945 

Residual Error       8   1802,1   1802,1   225,26 

  Pure Error         8   1802,1   1802,1   225,26 

Total               15  13110,9 

 

Obs  StdOrder  day7_p4      Fit  SE Fit  Residual  St Resid 

  1         2  112,300  101,050  10,613    11,250      1,06 

  2        15   15,125   16,968  10,613    -1,843     -0,17 

  3        14   20,948   23,961  10,613    -3,013     -0,28 

  4        13   26,975   23,961  10,613     3,014      0,28 

  5         9   23,549   48,137  10,613   -24,588     -2,32R 

  6         1   89,800  101,050  10,613   -11,250     -1,06 

  7         6   70,800   71,244  10,613    -0,444     -0,04 

  8        11   31,975   23,825  10,613     8,150      0,77 

  9        12   15,675   23,825  10,613    -8,150     -0,77 

 10         3   39,900   48,050  10,613    -8,150     -0,77 

 11         7   28,500   33,438  10,613    -4,938     -0,47 

 12         4   56,200   48,050  10,613     8,150      0,77 

 13         5   71,688   71,244  10,613     0,444      0,04 

 14        16   18,810   16,968  10,613     1,842      0,17 

 15         8   38,375   33,438  10,613     4,938      0,47 

 16        10   72,725   48,137  10,613    24,588      2,32R 
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Pareto chart of Switch time day seven from the reduced experiment. Factors B, C and D are 

significant based on their P-values. 

 

 
Plots used for analysis of the residuals. The residuals look like a normal distribution and no 

trends can be found.  
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Appendix R – Improved reduced switch time analysis day seven 

Factors included: 

B,C,D and BD 
 
Factorial Fit: Switch time, versus Additive; Web speed; Encapsulation  
 
Estimated Effects and Coefficients for Switch time, day7_p4 (coded units) 

Term                    Effect    Coef  SE Coef      T      P 

Constant                         45,83    3,464  13,23  0,000 

Additive                -30,53  -15,26    3,464  -4,41  0,001 

Web speed               -18,86   -9,43    3,464  -2,72  0,020 

Encapsulation           -35,22  -17,61    3,464  -5,08  0,000 

Additive*Encapsulation   14,88    7,44    3,464   2,15  0,055 

 

S = 13,8572   R-Sq = 83,89%   R-Sq(adj) = 78,03% 

 

Analysis of Variance for Switch time, day7_p4 (coded units) 

Source              DF   Seq SS   Adj SS  Adj MS      F      P 

Main Effects         3  10113,6  10113,6  3371,2  17,56  0,000 

2-Way Interactions   1    885,1    885,1   885,1   4,61  0,055 

Residual Error      11   2112,2   2112,2   192,0 

  Lack of Fit        3    310,2    310,2   103,4   0,46  0,718 

  Pure Error         8   1802,1   1802,1   225,3 

Total               15  13110,9 

 

Obs  StdOrder  day7_p4     Fit  SE Fit  Residual  St Resid 

  1         2  112,300  95,578   7,746    16,722      1,46 

  2        15   15,125  10,965   7,746     4,160      0,36 

  3        14   20,948  26,618   7,746    -5,670     -0,49 

  4        13   26,975  26,618   7,746     0,357      0,03 

  5         9   23,549  45,481   7,746   -21,932     -1,91 

  6         1   89,800  95,578   7,746    -5,778     -0,50 

  7         6   70,800  76,715   7,746    -5,915     -0,51 

  8        11   31,975  29,828   7,746     2,147      0,19 

  9        12   15,675  29,828   7,746   -14,153     -1,23 

 10         3   39,900  50,175   7,746   -10,275     -0,89 

 11         7   28,500  31,312   7,746    -2,812     -0,24 

 12         4   56,200  50,175   7,746     6,025      0,52 

 13         5   71,688  76,715   7,746    -5,028     -0,44 

 14        16   18,810  10,965   7,746     7,845      0,68 

 15         8   38,375  31,312   7,746     7,063      0,61 

 16        10   72,725  45,481   7,746    27,244      2,37R 

 

 

Note: The R-Sq(adj) increases from 74,23% to 78,03% when the interactions effects BC, CD 

and BCD is removed from the model. 
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Appendix S - Complete switch time analysis day one 

 

Factors and interactions included: 

All 

 
Factorial Fit: Switch time, day1 versus Elyte; Additive; ...  
 
Estimated Effects and Coefficients for Switch time, day1 (coded units) 

Term                               Effect     Coef 

Constant                                    3,7588 

Elyte                              0,0900   0,0450 

Additive                          -0,6175  -0,3088 

Web speed                         -0,3088  -0,1544 

Encapsulation                     -0,1512  -0,0756 

Elyte*Additive                    -0,1400  -0,0700 

Elyte*Web speed                   -0,0337  -0,0169 

Elyte*Encapsulation               -0,2038  -0,1019 

Additive*Web speed                 0,0963   0,0481 

Additive*Encapsulation             0,0637   0,0319 

Web speed*Encapsulation            0,1600   0,0800 

Elyte*Additive*Web speed           0,0463   0,0231 

Elyte*Additive*Encapsulation      -0,0337  -0,0169 

Elyte*Web speed*Encapsulation      0,0350   0,0175 

Additive*Web speed*Encapsulation  -0,0850  -0,0425 

Elyte*Additive*Web speed*          0,1150   0,0575 

  Encapsulation 

 

Analysis of Variance for Switch time, day1 (coded units) 

Source              DF   Seq SS   Adj SS   Adj MS  F  P 

Main Effects         4  2,03044  2,03044  0,50761  *  * 

2-Way Interactions   6  0,40473  0,40473  0,06745  *  * 

3-Way Interactions   4  0,04691  0,04691  0,01173  *  * 

4-Way Interactions   1  0,05290  0,05290  0,05290  *  * 

Residual Error       0        *        *        * 

Total               15  2,53498 
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Pareto chart of Switch time day one. Factor B is significant based on Lenth´s method 

 

 

 
Normal probability plot of all effects included in the experiment. Factor B is significant based 

on Lenth´s method. 
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Appendix T - Reduced switch time analysis day one 

 

Factors and interactions included: 

B, C and BC 

 
Factorial Fit: Switch time, day1 versus Additive; Web speed  
 
Estimated Effects and Coefficients for Switch time, day1 (coded units) 

Term                 Effect     Coef  SE Coef      T      P 

Constant                      3,7588  0,05550  67,73  0,000 

Additive            -0,6175  -0,3088  0,05550  -5,56  0,000 

Web speed           -0,3088  -0,1544  0,05550  -2,78  0,017 

Additive*Web speed   0,0963   0,0481  0,05550   0,87  0,403 

 

S = 0,221996   R-Sq = 76,67%   R-Sq(adj) = 70,84% 

 

Analysis of Variance for Switch time, day1 (coded units) 

Source              DF   Seq SS   Adj SS   Adj MS      F      P 

Main Effects         2  1,90653  1,90653  0,95327  19,34  0,000 

2-Way Interactions   1  0,03706  0,03706  0,03706   0,75  0,403 

Residual Error      12  0,59139  0,59139  0,04928 

  Pure Error        12  0,59139  0,59139  0,04928 

Total               15  2,53498 

                 

Obs  StdOrder     day1      Fit   SE Fit  Residual  St Resid 

  1         2  4,70000  4,27000  0,11100   0,43000      2,24R 

  2        15  3,40000  3,34375  0,11100   0,05625      0,29 

  3        14  3,83000  3,86500  0,11100  -0,03500     -0,18 

  4        13  3,93000  3,86500  0,11100   0,06500      0,34 

  5         9  3,93000  4,27000  0,11100  -0,34000     -1,77 

  6         1  4,30000  4,27000  0,11100   0,03000      0,16 

  7         6  4,05000  3,86500  0,11100   0,18500      0,96 

  8        11  3,70000  3,55625  0,11100   0,14375      0,75 

  9        12  3,25000  3,55625  0,11100  -0,30625     -1,59 

 10         3  3,47500  3,55625  0,11100  -0,08125     -0,42 

 11         7  3,32500  3,34375  0,11100  -0,01875     -0,10 

 12         4  3,80000  3,55625  0,11100   0,24375      1,27 

 13         5  3,65000  3,86500  0,11100  -0,21500     -1,12 

 14        16  3,27500  3,34375  0,11100  -0,06875     -0,36 

 15         8  3,37500  3,34375  0,11100   0,03125      0,16 

 16        10  4,15000  4,27000  0,11100  -0,12000     -0,62 
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Pareto chart of Switch time day one from the reduced experiment. Factors B and C are 

significant based on their P-values. 

 

 
Plots used for analysis of the residuals. The residuals look like a normal distribution and no 

trends can be found.  
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Appendix U – Complete standard deviation of switch time analysis day 
seven 

Factorial Fit: Stdev, day7_p4 versus Elyte; Additive; ...  

 
Estimated Effects and Coefficients for Stdev, day7_p4 (coded units) 

 

Term                              Effect    Coef 

Constant                                  10,933 

Elyte                              3,643   1,822 

Additive                          -9,408  -4,704 

Web speed                         -1,906  -0,953 

Encapsulation                     -6,837  -3,418 

Elyte*Additive                    -4,812  -2,406 

Elyte*Web speed                   -0,201  -0,101 

Elyte*Encapsulation                1,807   0,904 

Additive*Web speed                 1,794   0,897 

Additive*Encapsulation             2,678   1,339 

Web speed*Encapsulation           -4,249  -2,125 

Elyte*Additive*Web speed           3,301   1,651 

Elyte*Additive*Encapsulation      -2,260  -1,130 

Elyte*Web speed*Encapsulation     -4,947  -2,473 

Additive*Web speed*Encapsulation   3,795   1,897 

Elyte*Additive*Web speed*          4,954   2,477 

  Encapsulation 

 

Analysis of Variance for Stdev, day7_p4 (coded units) 

 

Source              DF   Seq SS  Adj SS  Adj MS  F  P 

Main Effects         4   608,67  608,67  152,17  *  * 

2-Way Interactions   6   219,64  219,64   36,61  *  * 

3-Way Interactions   4   219,49  219,49   54,87  *  * 

4-Way Interactions   1    98,16   98,16   98,16  *  * 

Residual Error       0        *       *       * 

Total               15  1145,96 
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Pareto chart showing the standard deviation of the switch time day seven. None of the factors 

are significant based on Lenth´s method. 

 

 
Normal probability plot of all effects include in the experiment. None of the factors are 

significant based on Lenth´s method. 
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Appendix V – Complete standard deviation of switch time analysis day 
one 

Factors and interactions included: 

All 

 
Factorial Fit: Stdev, day1 versus Elyte; Additive; ...  
 
Estimated Effects and Coefficients for Stdev, day1 (coded units) 

Term                                Effect      Coef 

Constant                                     0,17375 

Elyte                             -0,05500  -0,02750 

Additive                           0,01500   0,00750 

Web speed                         -0,04000  -0,02000 

Encapsulation                      0,05500   0,02750 

Elyte*Additive                     0,03250   0,01625 

Elyte*Web speed                   -0,03250  -0,01625 

Elyte*Encapsulation               -0,09750  -0,04875 

Additive*Web speed                 0,03750   0,01875 

Additive*Encapsulation            -0,08250  -0,04125 

Web speed*Encapsulation           -0,02750  -0,01375 

Elyte*Additive*Web speed          -0,04500  -0,02250 

Elyte*Additive*Encapsulation      -0,02500  -0,01250 

Elyte*Web speed*Encapsulation     -0,02000  -0,01000 

Additive*Web speed*Encapsulation   0,02500   0,01250 

Elyte*Additive*Web speed*          0,03250   0,01625 

  Encapsulation 

 

 

Analysis of Variance for Stdev, day1 (coded units) 

Source              DF    Seq SS    Adj SS    Adj MS  F  P 

Main Effects         4  0,031500  0,031500  0,007875  *  * 

2-Way Interactions   6  0,082350  0,082350  0,013725  *  * 

3-Way Interactions   4  0,014700  0,014700  0,003675  *  * 

4-Way Interactions   1  0,004225  0,004225  0,004225  *  * 

Residual Error       0         *         *         * 

Total               15  0,132775 
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Pareto chart showing the standard deviation of the switch time day one. None of the factors 

are significant based on Lenth´s method. 

 

 
Normal probability plot of all effects include in the experiment. None of the factors are 

significant based on Lenth´s method. 


