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Abstract 
This paper considers two different studies.  Each study explored the properties of a production process 
and each had a number of issues that needed to be resolved before experimental runs could be 
performed.  In the first case, the process was a continuous rubber extrusion line, producing windscreen 
wiper blades.  Planning involved people on three different continents, so issues of building trust were 
paramount.  Only a narrow window was available for experimentation, so flexibility and a quick response 
to problems as they arose were needed.  The second study was an off-line batch process aimed at 
producing polymers suitable for artificial corneas.  There were two competing variables of 
interest.  Previous attempts to improve the product had been piecemeal and unsuccessful, but a 
fractional factorial experiment provided guidance on a way forward.  Subsequent runs then aimed to 
optimise the primary variable whilst holding the second variable constant.  By comparing and contrasting 
these studies, there are many valuable lessons to be learnt. 

1 Introduction 
Experimental studies arise in many different ways.  There might be an approach by management 
to tackle a major issue or an approach by an individual engineer who feels that a process can be 
improved.  Textbook examples often gloss over a number of issues that are important: 

• developing trust between the owner of the process and the statistician, 
• developing a clear purpose for the proposed study, 
• justifying the cost of an experimental program by using the potential gains in knowledge 

or efficiency that can come from it, 
• determining whether the experimental program should be conducted on-line or off-line 

(or perhaps both), 
• choosing which factors are important and what their levels should be,  
• making choices over what outcome variables are measured and how, and determining 

how the sampling of the process is done, 
• being flexible and agile during the conduct of the experimental program, 
• being thorough and exacting in running the experimental program and in collecting and 

labelling samples, 
• narrowing down the outcomes to the few key findings 

Along these lines, Robinson (2000, p.6) provides a 24-step checklist, which includes an outer 
circle (examining the whole process) and an inner circle (the detailed experimental program).  
Box, Hunter & Hunter (2005) spend their first chapter talking about "the learning process", a 
series of iterations which gradually uncover the truth.   
This paper will present two case studies undertaken while the author was a statistician working 
at CSIRO, a research establishment in Australia which is partly government funded and which 
undertakes both fundamental and contract research.  The case studies are similar in that both 
use fractional factorial designs to gain an understanding of the process but they differ in a 
number of ways: 
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• one was conducted on-line, and the other was conducted off-line 
• one was a working production line, producing high quality product, while the other aimed 

to develop a new process that would ultimately be scaled up to a production line 
• one involved a series of experimental runs over a one-week period, while the second 

started with a (fractional) factorial dexperiment and then had a second and third phase 
over a period of 3 months, aimed at finding an improved process. 

The methodology applied in both studies owes much to the approach espoused in Box, Hunter & 
Hunter (2005) and a number of comparisons will be made between these case studies and the 
work of these three authors. 

2 Experiments on a rubber extrusion line 
2.1 Background 
Windscreen wiper blades were traditionally made of natural rubber using a moulding process.  
The company involved here had been at the forefront of switching over to extrusion moulding, 
as this proved to be cheaper, more efficient and more reliable.  At the time of this project, the 
company had two rubber extrusion plants operating in the US and had just started up a new 
extrusion plant in the UK.  The initial settings for the new plant were chosen based on the 
experience in the US, but the line was slightly different and the quality was not quite what it 
should have been.  The Australian arm of the company did a lot of the testing and product 
development and they suggested getting CSIRO involved in trying to improve the process. 

2.2 Planning the study 
Discussions began in February, with the intention of running the trials in the UK later the same 
year, and teleconferences were held monthly, involving staff in the US, UK and Australia.  There 
were many issues involved in preparation for this study.  These included: 

• choice of factors to be altered during the study, and the levels at which they might be set, 
• how much time could be devoted to the study, since the plant might not be producing 

marketable blades during this time, 
• how long each experimental run would take, and hence how many runs could reasonably 

be done in the time available, 
• decisions about what measurements might be important, and which facility would do the 

testing, 
• standardisation of test procedures across different facilities (round robin studies), 
• consistency of the supplied rubber.   

Attempts were made to resolve all these questions before the team arrived on site.  This section 
reports on the decisions made prior to arrival on site. 
The production line 
A plan of the extrusion process was supplied, with the time taken for the rubber to reach various 
points along the process, with zero time corresponding to the point when rubber exits the 
extruder.  A simplified version of this is provided in Figure 1. 
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Figure 1: Schematic diagram of rubber extrusion line,showing progressive times at a line speed of 

20m/min 
The product 
The die for the extruder had a cross-section as shown in Figure 2.  It produced a tandem; that is, 
two wiper blades with a small section in the middle which supported the extruded rubber as it 
progressed through the production line.  The Cutter in Figure 1 cut the tandems to length, but it 
was eventually decided that the slitting (which took out the centre section between the vertical 
dotted lines in Figure 2 and produced two separate wiper blades) be done off-line.  
 
Factors 
The factors identified for the study are shown in Table 1, together with the levels chosen in the 
months leading up to the experiment.  The agreement was that the study would run over a one-
week period.  While the ideal would have been to run an initial set of experiments as a fractional 
factorial experiment and then determine how to move forward from there (see, for example, 
Box, Hunter & Hunter, 2005), the client considered this a one-off experimental program and 
moreover the testing of materials to obtain data for the experiment would take several months.  
Accordingly, it was agreed to do a response surface design, consisting of a fractional factorial 
experiment with the addition of star points and centre points.  The outer two levels for the 
factors in Table 1 are for the star points, the centre value for the centre points and the remaining 
two levels are those used in the fractional factorial.   
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Figure 2: Cross-section of the extruded rubber, with measurements in mm 

 
Table 1: Proposed levels of factors, at planning stage 

Factor Label Units Coded levels 
-2 -1 0 1 2 

Cure Temp (Salt tank) Cur degC 195 200 205 210 215 
Chlorination Level Chl % 0.8 1.0 1.2 1.4 1.6 
Line Speed LSp m/min 17 18 19 20 21 
Graphite Oven Gr degC 180 185 190 195 200 
Postcure Time PCt min 19 21 23 25 27 
Postcure Temp PCd degC 140 145 150 155 160 
Trim Length Trim mm 3.8 4.0 4.2 4.4 4.6 
Source of Rubber    Hatcham  Burton  

 
The UK plant had a graphite oven added which was not present in the US plants.  The request 
was made to consider not only the impact of changing the temperature of this oven around a set 
point of 190degC, but also the impact of having it switched off, so that the results could be 
translated to the US plants.  This would potentially lead to large changes in the outcomes, so it 
was decided to run two separate experimental programs, one with the oven off (2 days) and one 
with the oven on (3 days).  The aim at this stage was to trim the centre section from the tandem 
on-line, so this was an additional factor.  As a result, there were potentially 7 factors for the 
Graphite Off experiment and 8 factors for the Graphite On experiment. 
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Timing 
In planning the experimental program, there were a number of issues that needed to be taken 
into account: 

• Changing the level of any factor required a certain amount of time before the factor 
settled at its new value. Line Speed and Postcure Time were governed by the speeds of 
two separate conveyor belts which could be changed quite quickly with, say, 1 minute for 
this to settle down.  However, it was estimated that Cure Temp would take 45 minutes to 
stabilise, while the Chlorination Level, Graphite Oven temperature and Postcure Temp 
would each take about 15 minutes. 

• Operating a continuous process also meant that the timing of such factor changes had to 
be considered carefully, as the extruded rubber was in the process for about 35 minutes.  
The intention was that, for each experimental run, there would be 4-minutes worth of 
extruded rubber passing through the process once it had stabilised to the set values.  At a 
minimum speed of 17m/min , this would generate at least 68m of rubber which, cut into 
50cm lengths, would provide sufficient material for the variety of tests that needed to be 
made.  In order to complete sufficient runs in a reasonable time, it was necessary to start 
changing factor levels as soon as that 4-minutes worth of rubber had exited the relevant 
step in the process.  This was particularly true for the salt bath and the chlorination tank.  
Table 2 shows the calculations which give the minimum times possible between runs 
according to which factors were being changed. 

As an example, consider a run that starts at Time 0.  For the next 4 minutes, the extruded rubber 
forms our sample.  The material enters the Chlorinator at 2min and begins to exit it at 7min.  The 
last of the collected material exits the Chlorinator at 11min.  If we start to change the chlorine 
level immediately and allow 15min for it to stabilise, the Chlorinator will be ready to receive the 
next batch at 26m.  Since this point is 2min from the extruder, we can start the next batch at 
24min.  Table 2 shows similar calculations for each of the key factors.  Note here that the Line 
Speed is the speed of the line for the first 12 minutes, as the Postcure oven has a different 
conveyor system.  The last column in Table 2 contains adjustments that were made on site after 
observing the process more closely. 
 

Table 2: Changeover times between runs in minutes, depending on which factors are changing 
Factor Label In Out Changeover 

Time 
Ready to 
receive 

New 
sample can 

start at 

Revised 
on site 

Cure Temp (Salt tank) Cur 0 1 45 49 50 50 
Chlorination Level Chl 2 7 15 26 24 31+ 
Line Speed LSp 0 12 1 17 17 17 
Graphite Oven Gr 8 10 15 29 21 21 
Postcure Time PCt 12 35 1 40 28 28 
Postcure Temp PCd 12 35 15 54 42 28 
Trim Length Trim 10 12 1 17 7 - 
Source of Rubber  -3 0 1 8 5 - 
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The result of this was that the start times of successive runs needed to be separated by between 
5 and 50 minutes, according to which of the factors were being altered.  In order to complete the 
runs in a reasonable time, those factors leading to large delays (Cur and PCd) needed to be 
altered less frequently, so that full randomisation of the order of the runs was not desirable or 
possible from a practical point of view. 
Variables to be measured 
Table 3 shows the measurements that were agreed.  Wipe Quality and Flip were the key 
variables to be optimised.  Wipe Quality was determined by running a wiper blade on a test rig 
to see how well it would clean a wet windscreen, with a score on a 0-10 scale acccording to how 
it performed given by the operator.  Similar, Flip was scored as 0, 1 or 2 when the wiper blade 
changed direction, according to whether the blade failed to flip (0), partially flipped (1) or fully 
flipped (2).  
While interest centred on the settings required to achieve the best results, there was also a 
desire to understand how these were influenced by other measurable properties of the wiper 
blades, such as Young's Modulus, tan(delta) and a variety of dimensional measurements.  
Furthermore, there was interest in how the blades perform in use, so some tests were made 
after ageing, or accelerated ageing.  These are listed in Table 4.  Certain other variables were 
derived by averaging other variables, as listed in Table 4. 
The planned designs 
Prior to leaving Australia, plans were drawn up for two designs.  It was felt that, with 7 factors 
for the Graphite Off design and 8 factors for the Graphite On design, there would be insufficient 
time to complete the work in the 5 days provided.  With some reluctance, it was agreed to use a 
different source of rubber for each of the two studies.  This led to the studies being planned as 
follows: 

• Graphite Oven Off: With 6 factors of interest, the plan was to use the Plackett-Burman 24 
run design, 12 star points and 3 centre points, making 39 runs. By structuring the order so 
that the hard to change variables were altered less often, it was felt that this could be 
done in a little over two days. 

• Graphite Oven On: With 7 factors of interest, the aim as to use a quarter replicate of a 27 
design, in blocks of size 4, complemented by 14 star points and 4 centre points, making 
50 runs in all.  This could be completed in a little less than 3 days. 

2.3 Running the experiments 
Those involved with the experiment flew in from Australia and the US early in January, ready to 
start the program on the Monday morning. 
What changed? 
A number of developments took place that led to changes in the experimental program.  
Unfortunately, there was a fault in one of the heaters in the salt tank, so the first day was lost 
completely.  This necessitated a redesign of the program on Monday night ready to start 
Tuesday morning.  On Tuesday, there were problems with the cutter blades that slit the 
tandems, so only the first four runs of the Graphite Off experiment were run late Tuesday.   
From what was done, more was learnt about the time needed to stabilise after changes were 
made to the factors.  In particular: 
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Table 3: Variables chosen for measurement on new wiper blades 
Abbreviation Name Units Description Source 
Run Run number (1-29,G1-G31)  Identifier, standard order  
SetPt Set point for Chlorination % From the design  
PreP Chlorination pre Postcure % Tandems at Cutter UK 
PostP Chlorination after Postcure % Tandems after Postcure UK 
PostB Chlorination after Postcure % Tandems after Postcure US 
UpperBWa* Upper Body Width above rail mm See Figure 1 Aust 
UpperBWb* Upper Body Width below rail mm See Figure 1 Aust 
UpperBDl* Upper Body Depth left mm See Figure 1 Aust 
UpperBDr* Upper Body Depth right mm See Figure 1 Aust 
HingeLl* Hinge Length left mm See Figure 1 Aust 
HingeLr* Hinge Length right mm See Figure 1 Aust 
HingeTa* Hinge Thickness a mm Closest to upper body Aust 
HingeTb* Hinge Thickness b mm Central Aust 
HingeTc* Hinge Thickness c mm Closest to centre Aust 
TrimLm* Trim Length mm See Figure 1 Aust 
TrimA* Trim Angle deg Angle of cut when centre cut 

out 
Aust 

TrimT* Trim Thickness mm See Figure 1 Aust 
YM* Young's Modulus MPa  Aust 
WQ1u-WQ4u* Wipe Quality upstroke 0-10 Assessed on rig, 4 blades Aust 
WQ1d-WQ4d* Wipe Quality downstroke 0-10 Assessed on rig, 4 blades  Aust 
Chlpc Chlorination after Postcure % Same as PostB US 
Uheadin Underhead inches See Figure 1 US 
Uheadmm Underhead mm See Figure 1 US 
YMr Young's Modulus, room temp Mpa  US 
YMm Young's Modulus, -40degC Mpa  US 
Mod Modulus Mpa  US 
Tand Tan Delta  Ratio of elastic modulus to 

viscous modulus 
US 

Bend Bending Set deg Rubber clamped in a U-shape 
and heated; the angle is 
measured after unclamping 

US 

Tens Tensile Set % Rubber stretched and heated; 
the % increase in length is 
measured after unclamping 

US 

T40FMax* Friction test, Maximum  Trim Length 4.0mm UK 
T40FMn* Friction test, Mean  Trim Length 4.0mm UK 
T42FMax* Friction test, Maximum  Trim Length 4.2mm UK 
T42FMn* Friction test, Mean  Trim Length 4.2mm UK 
T44FMax* Friction test, Maximum  Trim Length 4.4mm UK 
T44FMn* Friction test, Mean  Trim Length 4.4mm UK 
 

JarrettPaper2 7 22/02/2016 



Table 4: Variables measured to assess long term performance and derived variables 
Abbreviation Name Units Description Source 
Run Run number  Identifier, standard order  
OvMar-OvJun Length of blades inches Monthly, to detect shrinkage US 
TLen Trim Length mm Intended trim length US 
Up/Down* Wipe Quality, Perm Set 0-10 Blades at 80degC for 72h,then tested, 

10=clear screen 
Aust 

X1-X6* Flip (6 cycles) 0-2 0=no flip, 1=partial flip, 2=full flip Aust 
AveWQu Ave Wipe Quality (up) 0-10 Average of WQ1u-WQ4u Derived 
AveWQd Ave Wipe Quality 

(down) 
0-10 Average of WQ1d-WQ4d Derived 

AveWQ Ave Wipe Quality 0-10 Average of AveWQu, AveWQd Derived 
Flip* Average of X1-X6 0-2  Derived 
AveWQ.PS* Ave Wipe Quality, after 

Perm Set 
0-10 Average of Up and Down Derived 

FMax Maximum Friction  Mean of T40FMax,T42FMax,T44FMax Derived 
FMean Average Friction  Mean of T40FMn,T42FMn,T44FMn Derived 

 
• Postcure Oven temperature stabilised to a new level within a minute, so that the 

changeover time for Postcure Temp in Table 2 became the same as for Postcure Time, 
namely 28 minutes. 

• Chlorination levels could only be checked when samples were taken from the line at the 
Cutter, 5 minutes after it exited the Chlorinator. It was noted previously that, if a run 
starts at Time 0, the last of the collected material exits the Chlorinator at 11 minutes.  If 
the chlorine level was reset immediately and 15 minutesallowed for it to stabilise, the 
Chlorine level could be checked at the Cutter at 31 minutes.  If it was OK, the next batch 
can start immediately, so the delay between runs would be 31 minutes.  If the level at the 
Cutter is not close enough, a few extra minutes could be taken before starting the next 
run. So, this extra check increases the changeover time from 24 minutesto at least 31 
minuteswhen changing the level of chlorination.  

• Chlorination levels for the Graphite On experiment were increased by 0.1 from the values 
in Table 1, so they ran from 0.9-1.7. 

This led to alterations in the planned changeover times, as shown by the last column in Table 2, 
and led to the decision to change salt bath temperature and chlorination level as infrequently as 
possible in order to shorten the length of the program.   
There were now only 3 days remaining to complete the study, so Tuesday night was spent 
redesigning the experiments once again, while trying to retain the 4 runs that had been 
completed Tuesday afternoon.  the designs as originally planned were now not possible and 
further reductions in size were needed.   
In view of the problems with the Slitter, it was decided that the slitting, to remove the centre 
section shown in Figure 1 and provide two wiper blades, would be done off-line. The extruded 
rubber would be cut to length at the Cutter (see Figure 1), the cut tandems passed through the 
Postcure Oven and the samples put into labelled boxes.  Samples would later be passed through 
a Slitter off-line.  This meant that the number of factors in the on-line studies was reduced by 
one, and the factor Trim Length became a factor at three levels nested within the on-line design.  
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For each experimental run, tandems would be chosen at random to be slit to produce blades 
with nominal Trim Length 4.0mm, 4.2mm and 4.4mm.  
In Table 3 and Table 4, variables which have an asterisk were measured separately on blades 
with each of these three levels of Trim Length.  For the purposes of this paper, results have been 
averaged over the 3 Trim Lengths, so that the data provided with this paper and the analyses 
discussed here use only this averaged data.   
With one less factor to consider, the designs were revised as follows: 

• Graphite Oven Off: There were 5 factors of interest, so a half replicate of a 25 design was 
used, with an additional 10 star points and 3 centre points, making 29 runs in all. 

• Graphite Oven On: Here, there were 6 factors of interest, so a quarter replicate of a 26 
design was used, with 12 star points and 3 centre points, giving 31 runs in all. 

Randomisation was very restricted by the changeover time issues.  Priority was given to 
completing the fractional factorial parts of each study first, since that was considered the most 
important part to get done. These were completed by having 4 blocks of 4 units, corresponding 
to the salt bath and chlorinator combinations, with the 4 blocks done in a random order, and 
then the 4 runs within those blocks being done in a random order.  These were followed by the 
star and centre points, not properly randomised but arranged to minimise changeover times. 
The rubber from each source came in batches of around 400lbs, or 180kg, each batch consisting 
of a continuous feed with dimensions approximately 10cm x 1cm which was fed into the 
extruder where it was heated, mixed and forced through the die.  With a cross-section of about 
0.84cm2, and a specific gravity of 0.9, each batch should make about 2400 metres of extruded 
rubber, lasting about 2 hours at the average line speed of 19m/min. This generally corresponded 
to about 8 experimental runs, although the exact times each batch started were not recorded.   
After a very long day, the Graphite Off runs were completed on Wednesday night.  The runs for 
the Graphite On experiment were commenced on Thursday morning and completed around 
lunchtime on Friday. The first run through the Graphite Oven at 180degC, the lowest planned 
level, produced copious amounts of black smoke, necessitating a rapid decision to reset the 
temperatures for the Graphite Oven down by 40degC to a range of 140-160degC.   
The new designs 
Table 5 and Table 6 show the two studies in the order they were performed.  In each case, the 
Run Number comes from the design written in a standard order.  All samples were labelled with 
this number and all results were ultimately given in that standard order.  The main criterion in 
determining the order for the runs to be performed was to change the salt bath temperature 
and the chlorination level as infrequently as possible, so the fractional factorial part was run in 
blocks of 4, corresponding to the levels of Cur and Chl, and then the remaining points grouped 
appropriately to minimise the changeover times.  
The factor Trim Length was applied within runs as a factor at 3 levels, so that the designs 
effectively became split plot designs.  For the Graphite Off study, there were then 29 whole 
plots, corresponding to the 29 runs, and 3 subplots in each, corresponding to the levels of Trim 
Length. 
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Table 5: Graphite Off experiment, in the order performed, showing the time each sample entered 
the salt tank 

Run Time Cur Chl LSp PCt PCd Cur Chl LSp PCt PCd 
1 18:41 -1 -1 -1 -1 1 200 1 18 21 155 
2 19:09 -1 -1 1 1 -1 200 1 20 25 145 
3 19:33 -1 -1 -1 1 -1 200 1 18 25 145 
4 20:01 -1 -1 1 -1 1 200 1 20 21 155 
5 08:43 -1 1 -1 1 1 200 1.4 18 25 155 
6 09:12 -1 1 1 -1 -1 200 1.4 20 21 145 
7 09:33 -1 1 -1 -1 -1 200 1.4 18 21 145 
8 10:05 -1 1 1 1 1 200 1.4 20 25 155 
13 11:09 1 1 1 1 -1 210 1.4 20 25 145 
14 11:39 1 1 -1 -1 1 210 1.4 18 21 155 
15 11:51 1 1 1 -1 1 210 1.4 20 21 155 
16 12:21 1 1 -1 1 -1 210 1.4 18 25 145 
9 12:55 1 -1 1 -1 -1 210 1 20 21 145 
10 13:23 1 -1 -1 1 1 210 1 18 25 155 
11 13:37 1 -1 1 1 1 210 1 20 25 155 
12 14:09 1 -1 -1 -1 -1 210 1 18 21 145 
18 14:47 0 0 0 -2 0 205 1.2 19 19 150 
17 15:11 0 0 0 0 2 205 1.2 19 23 160 
19 15:39 0 0 0 0 -2 205 1.2 19 23 140 
20 16:05 0 0 0 2 0 205 1.2 19 27 150 
21 16:34 0 0 -2 0 0 205 1.2 17 23 150 
22 17:37 0 0 0 0 0 205 1.2 19 23 150 
29 18:25 0 2 0 0 0 205 1.6 19 23 150 
24 18:56 0 0 0 0 0 205 1.2 19 23 150 
23 19:08 0 0 2 0 0 205 1.2 21 23 150 
25 19:23 0 0 0 0 0 205 1.2 19 23 150 
28 20:13 2 0 0 0 0 215 1.2 19 23 150 
27 20:32 0 -2 0 0 0 205 0.8 19 23 150 
26 21:15 -2 0 0 0 0 195 1.2 19 23 150 

2.4 Methodology for analysis 
Where measurements were made at the different Trim Lengths, analyses of the split plot designs 
were performed and it was found that, while  Trim Length had an impact, there were generally 
no interactions between Trim Length and the other factors.  Accordingly, the important effects 
relating to the other factors were those occurring in the upper part of the split plot analysis, 
corresponding to an analysis of the average values for the whole plots.  For those variables 
identified by an asterisk in Table 3 and Table 4, the analyses reported below are based on these 
averages.  Other variables were measured only once for each run. 
For both experiments, we can identify the main effects, a number (but not all) of the two-factor 
interactions and the quadratic terms in the main effects.  Two approaches were used in the 
original analyses: 

• Analysis of variance: For the Graphite Off experiments, there were 17 effects of interest 
(5 main effects, 5 quadratics and 7 identifiable two-factor interactions), leaving 11 
degrees of freedom for error.  For the Graphite On experiment,  there were 21 effects of 
interest (6 main effects, 6 quadratics and 9 identifiable two-factor interactions), leaving 9 
degrees of freedom for error.  The residual degrees of freedom are quite small, so tests 
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based on them are not that powerful.  Furthermore, there are likely to be relatively few 
strong effects, so they may get missed in an overall test.  On the other hand, if individual 
parameters are tested, there are multiple comparisons, both within a single variable and 
then especially given that there are 20-30 variables to consider, making the usual 
significance tests somewhat problematic. 

• Normal quantile plots:  If all effects are standardised to the same standard deviation, 
then the hypothesis of no effects suggests that they should behave like a sample from a 
Normal distrubtion with zero mean and constant variance.  Hence a Q-Q plot of the 
ordered effects should produce a straight line. Large values at either end, deviating from 
the straight line, would suggest real effects that may be present.  In a further refinement, 
Daniel (1959) developed the half-Normal plot, on the basis that the sign of the effects is 
irrelevant because the levels of any factor could easily have been coded in the reverse 
order, hence changing the sign (arbitarily) of any effect.  Thus, the unsigned values of the 
effects should behave like a sample from a half-Normal distribution. 

A combination of these two proved very effective in identifying the key factors that influence the 
different variables. 
Correlations were also considered, particularly among the dimensional measurements, since one 
would expect that groups of these variables would behave in similar ways. 
In preparation for the current paper, these ideas were extended on a number of fronts: 

• Half-Normal plots for all contrasts: In the original analyses, half-Normal plots were 
performed on the effects of interest, and then the slope, corresponding to the standard 
deviation implied by the residual mean square, was added.  As an alternative to this, a full 
set of meaningful orthogonal contrasts can be developed and the half-Normal plot 
applied to the full set of either 28 or 30 orthogonal contrasts, depending on the study. 

• Combining the two studies: In practice, the same factors show up as influencing 
particular variables in both studies, so the question arises as to whether common effects 
can be identified across the two studies.  The design of the studies is similar enough that 
this can be done and, ultimately, a set of 59 contrasts can be identified which enable 
questions to be asked about whether the response to the factors is the same or different 
across the two studies.  This is a more powerful approach, as it essentially doubles the 
sample size for determining the importance of the factors, while maintaining the ability 
to look for differences between the two studies. 
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Table 6: Graphite On experiment, in the order performed, showing the time each sample entered 
the salt tank 

Run Time Cur Chl LSp Gr PCt PCd Cur Chl LSp Gr PCt PCd 
G9 08:59 1 1 -1 1 1 -1 210 1.5 18 155 25 145 
G10 09:30 1 1 1 -1 1 -1 210 1.5 20 145 25 145 
G11 10:04 1 1 -1 -1 -1 1 210 1.5 18 145 21 155 
G12 10:23 1 1 1 1 -1 1 210 1.5 20 155 21 155 
G5 10:49 -1 1 1 1 1 1 200 1.5 20 155 25 155 
G6 11:11 -1 1 -1 -1 1 1 200 1.5 18 145 25 155 
G7 11:38 -1 1 1 -1 -1 -1 200 1.5 20 145 21 145 
G8 11:58 -1 1 -1 1 -1 -1 200 1.5 18 155 21 145 
G27 12:22 0 0 0 0 0 0 205 1.3 19 150 23 150 
G28 12:32 0 2 0 0 0 0 205 1.7 19 150 23 150 
G29 13:13 2 0 0 0 0 0 215 1.3 19 150 23 150 
G18 13:57 0 0 0 0 -2 0 205 1.3 19 150 19 150 
G17 14:23 0 0 0 0 0 2 205 1.3 19 150 23 160 
G19 14:50 0 0 0 0 0 0 205 1.3 19 150 23 150 
G20 15:15 0 0 0 0 0 -2 205 1.3 19 150 23 140 
G21 15:41 0 0 0 0 2 0 205 1.3 19 150 27 150 
G22 16:08 0 0 0 2 0 0 205 1.3 19 160 23 150 
G24 16:18 0 0 0 0 0 0 205 1.3 19 150 23 150 
G26 16:28 0 0 0 -2 0 0 205 1.3 19 140 23 150 
G25 16:47 0 0 -2 0 0 0 205 1.3 17 150 23 150 
G23 17:01 0 0 2 0 0 0 205 1.3 21 150 23 150 
G13 09:20 1 -1 1 -1 -1 -1 210 1.1 20 145 21 145 
G14 09:42 1 -1 -1 1 -1 -1 210 1.1 18 155 21 145 
G15 10:10 1 -1 1 1 1 1 210 1.1 20 155 25 155 
G16 11:03 1 -1 -1 -1 1 1 210 1.1 18 145 25 155 
G30 11:30 0 -2 0 0 0 0 205 0.9 19 150 23 150 
G1 12:07 -1 -1 -1 -1 -1 1 200 1.1 18 145 21 155 
G2 12:20 -1 -1 1 1 -1 1 200 1.1 20 155 21 155 
G3 12:46 -1 -1 -1 1 1 -1 200 1.1 18 155 25 145 
G4 12:58 -1 -1 1 -1 1 -1 200 1.1 20 145 25 145 
G31 13:27 -2 0 0 0 0 0 195 1.3 19 150 23 150 

 

2.5 The formal structure of the designs 
Response surface designs, such as these are generally analysed by fitting the quadratic surface, 
including main effects, quadratic effects and those two-factor interactions that are available.  
Any remaining degrees of freedom are regarded as "residual".  While this is eminently sensible, it 
may be worth identifying whether there are meaningful contrasts among these remaining 
degrees of freedom and theapproach here is to do just that. 
Graphite Off study 
Consider first the Graphite Off study.  If the 5 factors are labelled A, B, C, D, E, in order, then the 
half-replicate used confounds the contrast I=-ABDE.  The implication is that the four two-factor 
interactions involving C are estimable, being confounded with three-factor interactions, while 
the other six two factor interactions occur as three confounded pairs AB=-DE, AD=-BE and      
AE=-BD.  There are three other contrasts in this half-replicate which can be identified as       
ABC=-CDE, ACD=-BCE and ACE=-BCD. 
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When the design is extended by the addition of the 10 star points and 3 centre points, the 10 
contrasts associated with the two- and three-factor interactions stay the same, because they 
take the value 0 for all the new points.  
The other 18 contrasts can initially be identified as 

• the 5 main effects based just on the factorial part, labelled u1,...u5, 
• 5 contrasts which identify the difference within each pair of star points - these just have a 

-2 and a +2 for the star points and 0 elsewhere, v1,...v5, 
• 5 contrasts for how the average of each pair of star points differs from the average of the 

16 factorial points - these have -1 for the factorial points and +8 for the two star points, 
w1,...,w5 

• one contrast for the average of the centre points versus the rest, in this case -26 for the 
centre points and +3 for the 26 other points, z  

• 2 contrasts for the differences between the 3 centre points. 
These are all orthogonal to one another except for the set w1-w5 which have a correlation of 
0.1111=1/9 with each other.  These can be converted to "useful" and largely orthogonal 
contrasts as follows: 

• ui+vi provides the linear effect "x" for each of the factors, 
• 2vi-ui provides a set of cubic terms (x3-2x) in the main effects, , 
• the quadratic terms can be made into contrasts by taking (x2- 24/29), and these are found 

to be 
qi = {13wi-3(w1+w2+w3+w4+w5) +24z/29}/26, 

• the same 2 contrasts for the differences between the 3 centre points, and 
• the final contrast orthogonal to all of these is 

c = {-9(w1+w2+w3+w4+w5)-2z}/13 
which gives 3 for the factorial points, -6 for the star points and 4 for the centre points. 

These are all orthogonal to each other except for the five quadratic terms which have a 
correlation of -7/51=-0.1373 with each other. 
Graphite On study 
Here the 6 factors are labelled A, B, C, G, D, E, where G represents the Graphite oven, and the 
remaining 5 represent the same factors as in the Graphite Off experiment.  The quarter-replicate 
used confounds the contrast I=-ABDE=CGE=-ABCGD.  The implication is that, in the factorial 
design, there are 15 2-factor interactions, 6 of which are estimable, in the sense that they are 
confounded only with 3-factor and higher interactions (AC, BC, CD, CE, BG, GD), 6 more occur in 
three confounded pairs (AB=-DE, AD=-BE, AE=-BD), while the remaining three are confounded 
with main effects (C=-GE, G=-CE, E=-CG).  Between them, the 6 main effects and the 9 
identifiable two-factor interactions supply the 15 contrasts for the fractional factorial part of the 
experiment. 
When the design is extended by the addition of the 12 star points and 3 centre points, the 9 
contrasts associated with the two-factor interactions stay the same, because they take the value 
0 for all the new points.  The 2-factor interactions GE, CE and CG become estimable but are so 
highly correlated (0.8) with the corresponding linear terms for factors C, G and E, respectively, 
that they were ignored in the model. 
The other 21 contrasts can initially be identified as before: 

• the 6 main effects based just on the factorial part, labelled u1,...u6, 
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• 6 contrasts which identify the difference within each pair of star points - these just have a 
-2 and a +2 for the star points and 0 elsewhere, v1,...v6, 

• 6 contrasts for how the average of each pair of star points differs from the average of the 
factorial points - these have -1 for the 16 factorial points and +8 for the two star points, 
w1,...,w6, 

• one contrast for the average of the centre points versus the rest, in this case -28 for the 
centre points and +3 for the 28 other points, z  

• 2 contrasts for the differences between the 3 centre points. 
These are all orthogonal to one another except for the set w1-w6 which have a correlation of 
0.1111=1/9 with each other.  These can be converted to "useful" and largely orthogonal 
contrasts as follows: 

• ui+vi provides the linear effect "x" for each of the factors, 
• 2vi-ui provides a set of cubic terms (x3-2x) in the main effects, , 
• the quadratic terms can be made into contrasts by taking (x2- 24/31), and are found as 

qi = {14wi-3(w1+ w2+w3+w4+w5+w6)+24z/31}/28, 
• the same 2 contrasts for the differences between the 3 centre points, and 
• the final contrast orthogonal to all of these is 

c = {-9(w1+ w2+w3+w4+w5+w6)-4z}/14 
which gives 3 for the factorial points, -6 for the star points and 8 for the centre points. 

These are all orthogonal to each other except for the six quadratic terms which have a 
correlation of -5/57=-0.0877 with each other. 
 
Combining the studies 
Initial analyses suggested that the factors influencing the results were the same for both studies.  
It therefore made sense to try to combine the two studies to improve the power and precision.  
This was not done in the original report, but has been done for this paper. 

• There are 28 contrasts identified for the first study and 30 for the second study.  
• An additional contrast "O" was added, taking the value -31/30 for the first study and 

+29/30 for the second study. 
• For the 24 effects which were common to the two studies (5 linear, 5 quadratic and 5 

cubic effects, 6 two-factor interactions, 2 contrasts between the three centre points, and 
the contrast of the centre points against the others), the sum of the contrasts from the 
two studies provided an estimate of the overall effect, while the difference provided the 
interaction of that effect with the factor "O". 

• The 4 remaining contrasts which were present in the first study (CE, ABC, ACD and ACE) 
but not the second were retained. 

• The 6 remaining contrasts from the second study (the linear, quadratic and cubic effects 
of G, plus AG, BG and GD) were retained. 

If this represented the full set of 59 contrasts, then they are all orthogonal to each other except 
for the 6 quadratic terms and the 5 interactions of those terms with the factor "O". 
However, there is a further complication since the Chlorination levels were different for the two 
studies, with all the levels of Chlorination increased by 0.1 for the Graphite On study.  This 
implies that the coded levels -2 through to +2 cannot be used for the analysis.  The line labelled 
"Linear" in Table 7 shows the levels recoded so that (i) they increment by 0.25 for each 0.1 
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increase in Chlorination level, and (ii) they sum to zero over the full 60 runs, so that this forms 
the linear contrast for Chl as required.  The quadratic and cubic effects can be calculated as 
before, with the constraints that they need to be made into contrasts and, for convenience, the 
cubic is made orthogonal to the linear term.  The formulae in this case are then: 

Quadratic = x2 - 0.8624 
Cubic = x3 + 0.0210 - 2.208x 

These terms, shown in the top half of Table 7, are correlated with the "O" contrast, because 
Chlorination is higher overall in the Graphite On study.  The contrast "O" between the two 
studies is essentially a block factor since the studies were run sequentially, they had rubber 
sourced from two different suppliers, and there was the effect of having the Graphite Oven off 
or on.  For these reasons, it was considered appropriate to consider the "within block" estimates 
of these three terms.  This amounts to taking out the mean for each level of "O".  The resulting 
contrasts are shown in the lower half of Table 7.  The linear term now reverts to what it would 
have been if the chlorination levels had been the same in both studies, but the quadratic and 
cubic effects are somewhat different - for example, the original cubic term had values 0, ±1 and 
±4. 
The analyses done here replace the quadratic and cubic terms for Chl, and their interactions with 
factor "O", by the "Within Block" contrasts shown in Table 7.  As a result, there are 45 contrasts 
which are uncorrelated with all others, but 14 which have some correlation with each other, as 
shown in Table 8.  In summary, the correlations within the set of quadratic contrasts are -0.11, as 
before, and the correlations within the set which has the interactions of these with "O" are also  
-0.11, except for the Graphite term which is only estimated in the second study.  The correlations 
of concern are those involving Chl, where Ch2.O has correlations over 0.4 with Chl and rCh3, and 
Ch2 has correlations over 0.4 with Chl.O and rCh3.O.  Diagonal elements of the inverse of this 
matrix show the inflation in the variance of estimates, relative to what their value would have 
been if the contasts were orthogonal, it follows that the variance of the estimates of Chl and Ch2 
are inflated by 30% and 70%, respectively.  If the cubic terms are deleted from the model (that is, 
regarded as error terms), this inflation in variance is reduced to 23% and 34%, respectively. 
 

Table 7: Polynomial contrasts for Chlorination when the studies are combined 
 Graphite Off Graphite On 

-2 -1 0 1 2 -2 -1 0 1 2 
Chlor level 0.8 1.0 1.2 1.4 1.6 0.9 1.1 1.3 1.5 1.7 
Coded 
values 

          

Linear -2.258 -1.258 -0.258 0.742 1.742 -1.758 -0.758 0.242 1.242 2.242 
Quadratic 4.238 0.721 -0.796 -0.312 2.171 2.229 -0.287 -0.804 0.679 4.163 
Cubic -6.510 0.807 0.574 -1.209 1.459 -1.533 1.259 -0.498 -0.806 6.336 
Within Block           
Linear -2 -1 0 1 2 -2 -1 0 1 2 
Quadratic 4.206 0.689 -0.828 -0.344 2.139 2.259 -0.258 -0.774 0.709 4.192 
Cubic -6.443 0.874 0.641 -1.141 1.526 -1.596 1.197 -0.561 -0.869 6.273 
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Table 8: Correlations for the 14 contrasts that are not orthogonal 
 Chl Cu2 Ch2 LS2 Pt2 Pd2 rCh3 Chl.O Cu2.O Ch2.O LS2.O Gr2 Pt2.O Pd2.O rCh3.O 
Chl 1.00 0.00 -0.01 0.00 0.00 0.00 -0.01 0.00 0.00 0.42 0.00 0.00 0.00 0.00 -0.01 
Cu2 0.00 1.00 -0.10 -0.11 -0.11 -0.11 0.01 0.00 0.02 0.02 0.02 -0.06 0.02 0.02 -0.06 
Ch2 -0.01 -0.10 1.00 -0.10 -0.10 -0.10 -0.01 0.42 0.02 0.01 0.02 -0.06 0.02 0.02 0.45 
LS2 0.00 -0.11 -0.10 1.00 -0.11 -0.11 0.01 0.00 0.02 0.02 0.02 -0.06 0.02 0.02 -0.06 
Pt2 0.00 -0.11 -0.10 -0.11 1.00 -0.11 0.01 0.00 0.02 0.02 0.02 -0.06 0.02 0.02 -0.06 
Pd2 0.00 -0.11 -0.10 -0.11 -0.11 1.00 0.01 0.00 0.02 0.02 0.02 -0.06 0.02 0.02 -0.06 
rCh3 -0.01 0.01 -0.01 0.01 0.01 0.01 1.00 -0.01 -0.06 0.45 -0.06 -0.03 -0.06 -0.06 -0.01 
Chl.O 0.00 0.00 0.42 0.00 0.00 0.00 -0.01 1.00 0.00 -0.01 0.00 0.00 0.00 0.00 -0.01 
Cu2.O 0.00 0.02 0.02 0.02 0.02 0.02 -0.06 0.00 1.00 -0.10 -0.11 -0.06 -0.11 -0.11 0.01 
Ch2.O 0.42 0.02 0.01 0.02 0.02 0.02 0.45 -0.01 -0.10 1.00 -0.10 -0.06 -0.10 -0.10 -0.01 
LS2.O 0.00 0.02 0.02 0.02 0.02 0.02 -0.06 0.00 -0.11 -0.10 1.00 -0.06 -0.11 -0.11 0.01 
Gr2 0.00 -0.06 -0.06 -0.06 -0.06 -0.06 -0.03 0.00 -0.06 -0.06 -0.06 1.00 -0.06 -0.06 -0.03 
Pt2.O 0.00 0.02 0.02 0.02 0.02 0.02 -0.06 0.00 -0.11 -0.10 -0.11 -0.06 1.00 -0.11 0.01 
Pd2.O 0.00 0.02 0.02 0.02 0.02 0.02 -0.06 0.00 -0.11 -0.10 -0.11 -0.06 -0.11 1.00 0.01 
rCh3.O -0.01 -0.06 0.45 -0.06 -0.06 -0.06 -0.01 -0.01 0.01 -0.01 0.01 -0.03 0.01 0.01 1.00 

 
The effects of interest were determined to be the 6 linear effects, the 6 quadratic effects, 
together with their 10 interactions with "O", the factor "O", and the 10 identifiable two-factor 
interactions, making 33 effects in all. 

2.6 Analysing the results 
Our primary interest is in determining the settings for the process that will deliver high values for 
Average Wipe Quality (AveWQ) and Flip.  However, it is also important to understand why these 
settings deliver those values, so it is important to look at the other variables that have been 
measured, like Young's Modulus, to see the extent to which they "explain" differences in AveWQ 
and Flip. 
 
Performance measures 
For AveWQ, the Half-Normal plots are shown in Figure 3. The Half-Normal plot on the left looks 
at just the 33 recognised effects, with a straight line indicating the slope associated with the 26 
residual effects, while the Half-Normal plot on the right shows all 59 effects, with the residual 
effects shown as open circles.  
From the plot on the right, it is clear that there are three important effects as follows: 

• whether the Graphite Oven is Off or On, with the oven On giving higher results, 
• the salt bath temperature (Cur), with lower temperatures giving higher values, and 
• chlorination level, with lower chlorination giving higher results 

The equation describing Average Wipe Quality in terms of these three factors is: 
AveWQ = 7.404 - 0.363*Cur -0.286*Chl+0.337*O, with a SD of 0.52 

where Cur takes values from -2 (195degC) to 2 (215degC), O takes values -0.925 (GOff)  and 
+0.865 (GOn) and Chl takes values -2 to +2, corresponding to values 0.8-1.6 when the Graphite 
Oven is off and 0.9-1.7 when it is on.   
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Figure 3: Half-Normal plots for Average Wipe Quality, showing plots of (i) the 33 effects, with a 
line indicating the standard deviation of the rest, and (ii) all 59 effects, with residual effects 
shown as open circles. 
 
With the Graphite Oven Off, the best predicted result among the points in the factorial design 
occurs when Cur=-1 and Chl=-1, with a predicted result of 

7.404+0.363+0.286+0.337*(-1.033) = 7.70, 
whereas, with the Graphite Oven On, the best predicted result among the same points is 

7.404+0.363+0.286+0.337*(0.967) = 8.38. 
In each case, there are four points in the factorial design at this combination, and these give 
average values of 8.01 and  8.31, respectively. 
 
It is worth commenting on the split plot analysis that was done for AveWQ using the additional 
factor Trim Length.  The data form 60 whole plots of size 3, where each whole plot has a reading 
for each of the three Trim Lengths.  The only effects of significance were Trim and Trim.O.  When 
the Graphite Oven was off, each 0.2mm reduction in Trim Length increased the AveWQ by 1.0, 
so Trim=4.0, Cur=-1, Chl=-1 gave a predicted value of 8.70.  When the Graphite Oven is on, both 
Trim=4.0 and Trim=4.2 gave a predicted value of 8.70 at these levels of Cur and Chl. 
"Permanent set" is the process of heating the wiperblades for 3 days to mimic the ageing 
process, after which the tests are repeated.  The analysis for Average Wipe Quality after 
permanent set (AveWQ.PS) gives the Half-Normal plots shown in Figure 4.  The values are 
considerably reduced, with Cur and O now the major factors influencing the results.  Dropping 
out most of the unimportant factors reveals that Chl is also significant.  The equation relating 
these is 

AveWQ.PS = 4.772 - 0.847*Cur -0.333*Chl+0.503*O, with a SD of 0.83. 
The predicted results at Cur=-1, Chl=-1 are now 5.43 for Graphite Oven Off and 6.44 for Graphite 
Oven On.  Average values of the 4 design points at these combinations are 5.56 and 6.29, 
respectively. 
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Figure 4: Half-Normal plots for Average Wipe Quality after permanent set. 
 
Dimensional measurements 
Hinge Length and Hinge Thickness, which potentially have an impact on Wipe Quality, were 
unaffected by the factors in the experiment, so their impact on the results would only be 
determined by changing the dimensions of the die itself. Upper Body Width and Depth are 
affected by salt bath temperature and chlorination, but these differences were thought unlikely 
to directly impact the Wipe Quality. 
 
Rubber properties 
Young's Modulus (YM) is a key variable signifying the properties of the rubber.  Figure 6 shows 
the Half-Normal plots for this, indicating that having the Graphite Oven On and the salt bath 
temperature are important factors.  The equation relating them is: 

YM = 4.09-0.230*Cur+0.236*O, with a SD=0.13. 
where Cur and O take values as before.  
We might suspect that AveWQ would be well predicted by YM.  This is in fact the case, but Chl 
has an impact even after allowing for YM: 

AveWQ = 1.13 + 1.533*YM - 0.267*Chl, with SD=0.46, 
or, using the Postcure Chl levels, 
  AveWQ = 2.15 + 1.565*YM - 1.404*PostB, with SD=0.44, 
where PostB is the actual chlorination level measured in the rubber after the postcure oven, 
taking values 0.41 to 1.34.  Thus, it appears that reducing salt bath temperature (Cur) and having 
the Graphite Oven on lead to increases in Young's Modulus which is a major predictor of AveWQ.  
However, the chlorination level has an impact over and above this. 
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Figure 5: Half-Normal plots for Young's Modulus. 

2.7 Blocking and randomisation 
There were concerns that the reliability of the conclusions would be suspect due to two reasons.  
Firstly, blocking and randomisation were not done in a formal way.  Second, the rubber was 
provided in batches that lasted approximately 2 hours, enough for about 8 runs.  Each baatch 
consisted of a single strand of rubber, itself produced by a continuous process.  No records were 
kept of exactly when each batch was started, so it possible that there is autocorrelation induced 
by the continuous nature of the process as well as step changes when new batches are started.  
These concerns can be partially tested by defining blocks, corresponding to sets of (generally) 4 
runs, identified by the sets of 4 within the factorial part of the study and also by the longer 
changeovers (especially different days) in the remainder of the study.  Table 9 shows the main 
effect analysis of (i) the full design, and then (ii) separating out components for between and 
within blocks. Table 10 gives the parameter estimates obtained from the same two analyses, 
with some parameters only estimated in one of the two strata. There are a number of 
conclusions that can be drawn: 

• The between block variance is approximately double the within block variance, 
suggesting that some autocorrelation is present. 

• Some parameters are estimated largely between blocks and some within blocks.  Where 
they are estimated in both, they are remarkably similar, giving confidence in the size of 
the effects, even if their standard errors may be over- or under-estimated somewhat.  
Improved estimates could be obtained by a weighted combination of the parameter 
estimates from the two strata, but this is scarcely needed on this occasion. 
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Table 9: Analysis of variance for AveWQ, (i) without blocking and (ii) with blocking.  
(i) Without Blocking  (ii) With Blocking 

 DF SS MS VR Pr(>F)   DF SS MS VR Pr(>F) 
Cur 1 6.319 6.319 24.015 0.000  Error: Blk 
Chl 1 3.939 3.939 14.969 0.000  Cur 1 4.373 4.373 7.906 0.020 
LSp 1 0.018 0.018 0.067 0.797  Chl 1 2.297 2.297 4.152 0.072 
PCd 1 1.120 1.120 4.257 0.044  LSp 1 0.017 0.017 0.032 0.863 
PCt 1 0.001 0.001 0.002 0.963  O 1 6.802 6.802 12.296 0.007 
O 1 6.802 6.802 25.851 0.000  Resid 9 4.979 0.553   
Gr 1 0.116 0.116 0.440 0.510  Error: Within 
Resid 52 13.68 0.263    Cur 1 1.948 1.948 8.958 0.005 

       Chl 1 1.643 1.643 7.557 0.009 
       LSp 1 0.022 0.022 0.101 0.752 
       PCd 1 1.100 1.100 5.058 0.030 
       PCt 1 0.000 0.001 0.002 0.963 
       Gr 1 0.117 0.117 0.540 0.467 
       Resid 40 8.698 0.217   

 
Table 10: Main Effects obtained from (i) without blocking and (ii) with blocking 

 Mean Cur Chl LSp PCd PCt O Gr 
(i) Without Blocking 

 7.404 -0.363 -0.286 0.019 -0.153 0.003 0.337 -0.049 
(ii) With Blocking 

Between 7.404 -0.359 -0.293 -0.198   0.337  
Within 7.404 -0.373 -0.275 0.018 -0.154 0.004  -0.050 

 

2.8 What did we learn? 
The outcomes of these studies provided clear guidelines for the client in terms of the settings 
required to achieve good quality wiper blades, although it left a number of important open 
questions: 

• How much of the impact of the Graphite Oven was due to the oven and how much to the 
source of rubber? 

• How much more improvement could be made by exploring further in the direction of 
lower salt bath temperatures and lower chlorination? 

The limited amount of time available for experimentation and the lengthy delays before all 
results would be received had persuaded us to try a response surface design from the beginning, 
with nearly half the experimental runs devoted to adding star points and centre points.  The 
conclusions were essentially based on the main effects model, with the star points and centre 
points not adding a great deal of value.  The few design points in the corner of the space that 
was really of interest (lower salt bath temperature and lower chlorination) were insufficient to 
tighten our conclusions further in the interesting corners of the design space.   
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In retrospect, we may have been better served to use these points to undertake a larger factorial 
design, essentially double in size, allowing us to add "source of rubber" as a further factor and 
giving greater power and accuracy for the other factors.  The downside of this, given that it took 
about 6 months to assemble all the data, is that further exploratory or confirmatory runs would 
have been delayed by about a year. This reinforces the view expressed by Box, Hunter & Hunter 
(2005) that the initial study should only use about 25% of the resources available and that it 
should start with a (fractional) factorial experiment, followed by further experimentation 
focussed in the "corner" of the design space that looks most promising.   

3 Developing polymer-based corneal implants 
3.1 Background 
One of the research groups at CSIRO had been developing commercial uses for polymers for 
some time.  An early example of their success were polymer banknotes, first used in Australia in 
1988.  Much of their work involved optimisation of processes, and in 2002, the author gave a 
short course on the use of experimental design to identify important factors amd improve 
processes.  Three years later, one of the researchers made an approach for assistance.   
They were attempting to develop a polymer that could be used for corneal implants The cornea 
does not have blood vessels, so it needs to be e sufficiently permeable to allow nutrients to flow 
without hindrance. However, the introduction of interconnected pores to allow such nutrient 
flow can result in optical haze due to light scattering from the pore-bulk interface. The 
interconnected pores need to be in sufficient number and size to maintain corneal health by 
permeation of nutrients through the implant whilst being small enough not to scatter light and 
hence maintain acceptable levels of optically transparency (Hughes et al., 2001).  These 
conflicting requirements were causing difficulties for the experimenters.   
At this point, the experimenters had successfully implanted porous perfluoropolyether (PFPE) 
materials in rabbits and humans for 2 years without any inflammatory response or degradation 
over time.  However, the transparency was not good enough to make the polymer commercially 
viable.  Previous attempts to optimise these materials largely involved the time consuming 
approach of exploring a single factor at a time.  Furthermore, the experimental process also 
involved 8 different measurements and was very time consuming.  The formulation for the 
polymer was made up of eight components and they had undertaken a small factorial design 
based on varying three of the components.  However, they had chosen levels for the factors 
which were somewhat extreme, with the result that several of the formulations had failed to 
"work" and could not be measured.  Hence the request for assistance. 
A detailed review of the experimental process was made at this time and reached the following 
conclusions: 

• a simpler more efficient process was needed for the experimental runs and their analysis, 
• measurements on the output of the process would be reduced to two critical variables - 

Haze, the average of five measurements made with a Gardner Haze meter, and 
Permeability, as measured by the Equilibrium Water Content (EWC), the average of five 
measurements which compared wet mass, when all the pores were filled with water, and 
dry mass, and expressed the water content as a percentage, 

• with the improved process and reduced measurement load, eight runs could be 
undertaken in a day, and 
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• factorial experimentation would be used to explore the impact of a range of factors on 
these two key variables with care taken to ensure that the levels used for the factors 
would produce viable product. 

Previously, it had been shown that polmers with an EWC of 50% had sufficient permeability to 
maintain corneal health in vivo for 2 years (Xie et al., 2006). Whilst this material had sufficient 
nutrient permeability, the level of optical haze was higher than desired.  The challenge was to 
minimise Haze without reducing EWC (i.e. without reducing nutrient permeability).   

3.2 Planning the study 
An initial factorial experiment was proposed to determine the most important factors 
influencing the process.  A number of meetings were held to discuss the factors known to impact 
haze and porosity and to determine levels for these factors which were as  far apart as possible 
without jeopardising the integrity of the process. The many experimental runs already 
performed meant that the scientists knew the likely limits for each factor, but only when other 
factors were held relatively constant.  Hence there was some concern about how the process 
might fare near the "corners" of any experimental region.  Table 11 shows the factors chosen 
and their levels.  All factors except A are essentially continuous, while factor A could only take 
the two levels shown.  
The initial experiment was a 27-2 factorial design arranged in blocks of size 8.  The design was of 
Resolution IV.  Using the coded factors above, the design had the properties I=-ABCDE=DEFG=-
ABCFG, so the 7 main effects are free of two-factor interactions.  Of the 21 two-factor 
interactions, 15 were estimable free of other two-factor interactions, while the other 6 were 
confounded in pairs DE=FG, DF=EG, DG=EF.  The design points were placed in 4 blocks of size 8, 
while the three terms confounded with blocks were BC=ADE=AFG, DF=EG and ADG=AEF. 
 

Table 11: Factors and their levels for the corneal implant study 

Coded Factor Factor Low Limit High Limit 

A Zwitterion 0.050 0.200 

B MeOH 0.450 1.000 

C Fluoro-solvent 0.250 0.600 

D Water 0.000 0.100 

E Fluoro-surfactant 0.300 0.600 

F Initiator 0.010 0.090 

G Macro-monomer 0.800 0.900 

 

3.3 Analysis of the initial experiment 
As with the earlier study, an analysis of variance which considered blocks, main effects and two-
factor interactions would have only 5 residual degrees of freedom, providing a very inaccurate 
measure of the error.  This would not be conducive to determining which effects were 
important.  Instead, the Half-Normal plots described earlier were applied to the full set of 31 
orthogonal contrasts. The values of Haze were generally low and an initial analysis of Haze led to 
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negative predictions for a number of the factorial combinations, suggesting that a 
transformation of Haze might be needed.  A Box-Cox transformation analysis (Box & Cox, 1964) 
showed that the percentage of the variation accounted for by the main effects was maximised 
for Hazeλ  with 55.0=λ , suggesting that the square root transformation was appropriate.  It 
was therefore decided to analyse the square root of Haze. Figure 7 shows the Half-Normal plots 
for  √Haze and EWC, and these were highly effective in identifying the factors important for each 
of the variables.   

 
Figure 6: Half-Normal plots for the effects for √Haze (left) and EWC (right). 

 
For √Haze, the DF interaction is aliased with one of the block effects in the design and is 
presumed to be a block effect.  Apart from the main effects, the AG interaction was the most 
important of the remaining effects and is included in the model for the remainder of the paper.  
Because factor A can only take the two levels given, a separate model, accounting for the AG 
interaction, is given for each level of A.  Table 10 shows the mean and the important effects for 
√Haze and EWC, firstly for the overall analysis, and then separately for √Haze for each level of 
factor A.  The residual standard deviations for √Haze and EWC, based on 20 and 21 degrees of 
freedom, respectively, were 0.29 and 1.29, respectively. Standard errors for the main effects in 
the first two rows of Table 12 are therefore 0.10 for √Haze and 0.46 for EWC, while the standard 
error for G in each of the last two lines is 0.14. 

Table 12: Mean and main effects from 27-2 experiment, for √Haze and EWC, showing also the 
separate main effects models at A=−1 and A=+1. 

Response variable Mean A B C D E F G AG 
√Haze 3.56  0.67  0.77  0.58  −0.59  0.50  −0.84  −0.70  0.22  
EWC 55.30 −2.05 12.18 4.44 1.08 2.17 1.95 −0.55  

√Haze at A = −1 3.23   0.77  0.58  −0.59  0.50  −0.84  −0.92   
√Haze at A = +1 3.90   0.77  0.58  −0.59  0.50  −0.84  −0.49   

 
The standard approach at this point would be to determine the path of steepest descent for 
√Haze, and this would involve moving each of the factors B-G in the direction that would reduce 
√Haze.  When the factor A is at its high level (A=+1), the centre of the design, corresponding to 
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the point (+1,0,0,0,0,0,0), provides predicted values of 3.90 for √Haze and (55.3-1.0)=54.3 for 
EWC.  This achieves a level of EWC above the required 50 but a poor value for Haze.  The lowest 
prediction for √Haze just considering the corners of the cube occurs when B, C and E take the 
level -1, while D, F and G take the level +1.  This would result in a predicted value for √Haze of 

3.90 - (0.77+0.58+0.59+0.50+0.84+0.49)/2 = 2.015, 
which would be a much more desirable value to have.  However, it can be seen that, particularly 
when the level of B is moved in this direction, the value of EWC is severely impacted with a 
prediction of 

55.30 - 2.05/2 -(12.18+4.44+2.17)/2 + (1.08+1.95-0.55)/2 = 46.12. 

3.4 Finding a way forward 
Box, Hunter & Hunter (2005, p.264) consider a paint trial, consisting of a 28-4 fractional factorial 
in which two response variables are measured.  The primary variable is Glossiness which needs 
to be maximised, while a secondary variable, Abrasion Resistance, needs to be held at or above 
5.  Half-Normal plots are used to identify factors A, B and F as being significant main effects 
across the two response variables.  After viewing contour plots for the two variables as a 
function of the factors A and B, for each of the two levels of factor F, the authors draw the 
conclusion 

“the addition of F, while producing little difference in glossiness, moved up the 
acceptable region for adequate abrasion resistance, thus making possible a substantial 
improvement in glossiness while maintaining an acceptable level of abrasion resistance”  

and 
“the experiment suggested that by further increasing the amount of ingredient F it might 
be possible to produce even better levels of abrasion resistance (and) this proved to be 
the case.”   

This study faced a similar predicament.  How best to determine the settings that will provide 
suitably low values for the primary variable, Haze, while keeping the secondary variable, EWC, at 
or above 50%?  A more formal approach can be developed as follows. 
Suppose the main effects model for the primary response variable has mean m and main effects 
represented by the vector f of length p. The predicted value at any particular corner of the cube 
is m+f'c/2, where c is a vector of factor levels which take values ±1 depending on the corner of 
the cube, but which can take any other values if we choose to take different levels of the factors.  
In the p-dimensional factor space, the (p−1)-dimensional plane representing constant predicted 
yield K is then given by all vectors c = (c1, c2, ... ,cp) satisfying the set of equations  m+f'c/2 = K, so 
that, for given K, we have 

f1c1 + f2c2 + ... =2(K−m). 
The path of steepest descent actually depends on the scaling of the axes, but with the coded 
values ±1 for the corners of the cube, the path normal to the above plane, starting from the 
centre of the cube, is given by all vectors c satisfying 

c1/f1 = c2/f2 = ... = cp/fp = w, say, 
where w is negative.  Thus the path is determined by arbitrarily varying the scalar w in the vector 
c=wf.  The predicted values along this path are m+wf'f/2., so that negative values of w give 
decreasing values of the primary variable. 
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While the predicted values for the primary response variable may decrease along this path, the 
secondary response variable may well be changing in undesirable ways.  Suppose the secondary 
response variable also has a main effect model, with mean n and main effects g.  Along the line 
of steepest descent for the primary variable, the predictions for the secondary variable as w 
changes will be the vector n+wg'f/2.  Whether the predictions for the secondary variables go in 
the right direction depends crucially on the correlation between f and g.  The secondary variable 
will only decrease along this path if the correlation is positive; otherwise the secondary variable 
will stay the same or increase as w becomes more negative.  
In this case, the aim is to decrease the primary variable while holding the secondary variable 
close to the value n predicted at the centre of the cube.  Slight modifications to the following 
would allow any convenient starting point other than the centre of the cube.  The equation for 
the plane in (p−1)-dimensional space in which the secondary variable has predicted value n is 
given by all vectors c satisfying g'c=0.  The projection of the vector wf onto this space is found by 
splitting wf into two components, the first normal to the plane and the second in the plane; that 
is 

wf = w P f  +  w (I−P) f . 
where P= g(g'g)-1g' represents the projector matrix onto the space normal to the plane and I is 
the identity matrix.  Along the line represented by c=w (I−P) f, the values of the primary variable 
will now be m+w f'(I−P)f /2, while the secondary variables will remain constant with predicted 
values n+wg'(I−P)f }/2 = n, as required, because g'(I-P)=0. 
The second stage of experimentation takes a series of points along the path c=w(I−P)f.  The 
primary variable is predicted to decrease along this path at a rate given by  { f'(I-P)f }/2 so this 
provides a useful guide to the values of w to be chosen.  However, significant departures 
between the data and these predicted values for both primary and secondary variables are likely 
as the value of w becomes larger.  This will arise from two major sources  

• the linear model can not be expected to still apply as the design points move farther from 
the original design cube, and  

• the direction chosen is estimated with error, since it is based on estimates of both the 
steepest descent for the first variable and the constant plane for the secondary variables.   

A plot of the data obtained against the values of w will generally reveal an appropriate value of 
w at which to concentrate a third stage of experimentation.  A linear or quadratic regression of 
the response variables against the values of w may assist with this. 
Figure 8 demonstrates the situation.  The line of steepest descent wf runs out from the centre of 
the original design cube and cuts through planes corresponding to changing values of g'c.  In 
order to maintain g'c at a constant value of, say, 50, the vector wf is projected onto the space 
g'c=50 and the resulting path is represented by w(I−P)f. 
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Figure 7: Diagram illustrating the steepest ascent path wf for the primary variable, and the   

projection w(I−P)f of that path onto the plane g'c=50. 

3.5 Proof of the pudding 
Since the aim was to reduce the values of Haze, a path of steepest descent when A=-1 can be 
obtained by using negative values of w in the formula 

(−1, 0, 0, 0, 0, 0, 0) + w (0, 0.77, 0.58, −0.59, 0.50, −0.84, −0.92). 
When A=+1, the corresponding path would be: 

(+1, 0, 0, 0, 0, 0, 0) + w (0, 0.77, 0.58, −0.59, 0.50, −0.84, −0.49). 
These directions, while reducing the level of Haze, would lead to a rapid decline in EWC.  The 
correlation between f and g is 0.74, so moving along the path of steepest descent for Haze would 
decrease EWC also.  For example, at w = −1, still within the cube, EWC is predicted to drop to 
50.7 and 48.7 for the two paths, respectively.  The major contributor to this drop is the high 
positive coefficient for factor B for both variables, so that decreasing the level of B would result 
in a reduced value for both variables.   
Projecting these directions, as described earlier, onto the plane in which EWC was estimated to 
be constant provided the following direction when A=−1 

(−1, 0, 0, 0, 0, 0, 0) + w (0, 0.01, 0.30, −0.66, 0.37, −0.96, −0.89). 
for negative values of w.  As might be expected, the coefficient of B was close to zero. The 
contribution from factors where both main effects have the same sign was decreased and there 
was an increased reliance on factors where the main effects had opposite signs.  A calculation 
error led to the experimental runs following a slightly different direction given by  

(−1, 0, 0, 0, −0.33, 0, 0) + w (0, 0.00, 0.30, −0.66, 0.49, −0.96, −0.89), 
which started from predicted values of 10.0 for Haze and 56.0 for EWC and still gave almost 
constant predicted values for EWC.  Since the square root of Haze was predicted to fall from a 
starting value of 3.14 at a rate of 1.19 per one unit (negative) step in w, a sensible series of 
points along this path was to take values of w in −0.5 increments, so that Haze was predicted to 
be close to zero by the time w = −2.5.  Figure 9 shows the predicted line and the actual values for 
Haze and EWC for the case A = −1. Haze was markedly reduced while still holding EWC above the 
required 50%.   
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For A = +1, the corresponding trajectory was given by  
 (+1, 0, 0, 0, 0, 0, 0) + w (0, 0.01, 0.31, −0.66, 0.37, −0.96, −0.45). 

which started from predicted values of 15.2 for Haze and 54.3 for EWC.  Figure 9 shows that 
Haze decreased markedly along this path, while EWC held up well.   

 
Figure 8: Predicted and observed values for Haze and EWC, for A=−1 (left) and A=+1 (right), along 

the line represented by different values of w. 
 

A location along each of these lines was chosen as being the best compromise between low Haze 
and maintaining EWC.  For A = −1, the value w = −2.5 was used as a starting point for a third set 
of points which confirmed that this was a region in which EWC could be maintained above 50%. 

3.6 What did we learn? 
From the start of this study, the results after 3 months were quite startling.  The scientists had 
not expected to be able to reduce Haze so far without losing permeability.  Closer examination of 
the resulting polymer revealed that it had a finer structure, with more and narrower pores.  The 
initial study with 32 design points provided a clear way forward, another 16 runs pinpointed an 
area that was close to ideal and a further 22 runs were undertaken to explore this region further.  
In summary terms, the achievements were: 

For the 5% Zwitterionic Copolymer (A=-1) 
 EWC  49.8% → 50.9% 
 Haze   5.9% → 0.9% 
For the 20% Zwitterionic Copolymer (A=+1) 
 EWC  48.9% → 53.5% 
 Haze   6.6% → 2.1% 

4 Summary and Conclusions 
It is clearly more difficult to run such studies on a "live" production process.  There are strong 
financial pressures to undertake such studies quickly and there are also difficulties about 
accurately achieving desired set points for the factors.  At least some of the issues in our first 
study were difficulties with being unsure whether we had reached the set points before the next 
measurements were made.  Nevertheless, great care was taken with correctly marking and 
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identifying the samples and there were very few missing values and no (known) mixed up values 
during the measurment and analysis process. 
Half-Normal plots of either the effects of interest or the full set of contrasts proved very effective 
in determining the factors of most importance.  In this context, statistical significance is less 
relevant than the impact of an effect, with the proviso that we do not want to wrongly identify 
factors as important.  
Both studies confirm the idea that, when we are some distance from the optimum, the yield 
surface will be approximately planar, so that the model with main effects only provides a good 
summary of the results.  This also provides a way forward, by indicating a direction in which the 
yield can be continued to be improved. 
In the first study, we tried a response surface design from the outset.  This was partly a result of 
financial and other pressures, including the knowledge that the full set of results would not be 
available until about 6 months after the experimental runs were completed.  In hindsight, we felt 
that it would have been more effective to start with a factorial experiment that would have 
provided greater accuracy for the estimates and then undertake some further exploratory or 
confirmatory runs, albeit at a much later stage. 
The second study provides more of a model as to how we should conduct such studies. The 
initial factorial experiment provided a very clear picture of how the process could be improved.  
Subsequent experimental runs confirmed a region in which the required properties could be 
reliably achieved.  It also provides an innovative way of dealing with situations where there are 
variables of interest with competing priorities.  My view is that extensive response surface 
designs to pinpoint the optimum more precisely are probably not warranted - the curvature at 
this point is low, so that quite large sets of runs would be needed to determine the optimum 
with any degree of confidence.   
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