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Introduction
Six Sigma projects for manufacturing applications often 

involve two related, yet distinct, goals. 
Quality improvement:  Finding the root cause(s) of the 
quality problems, and based upon this knowledge, either 
eliminate the problem altogether or reduce its severity and 
impact.  
Optimization of a product or process:  For example, 
reducing manufacturing cycle time or raw material 
consumption, even though there is no inherent quality 
problem. 

In this case study, a team is tasked with both objectives.
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Introduction
Components Inc. is a manufacturer of aluminum 
components for high-end audio equipment. 
The aluminum components are anodized for corrosion and 
wear protection, and the anodized surface is dyed to 
produce a visually smooth, rich black surface to match the 
color scheme of the audio equipment assembled and sold 
by Components Inc.’s customer. 
Given the premium price of the final product, buyers are 
very sensitive to workmanship and aesthetics, as well as 
performance.
Discoloration of the dyed components is a chronic problem.
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Introduction
A defect occurs when the anodized parts have a purple or 

smutty black surface appearance. 
The purple color varies from a very light to a deep purple, 
and is considered unacceptable. 
The smutty black appearance, which gives the impression 
that the finish is smudged, is also unacceptable, since the 
colored anodized surface must be blemish free. 

An acceptable surface has a rich, black, blemish free (no 
smut) appearance.

Current process yields are at best 40%,  but are much less in 
most cases.
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Introduction
The team starts by developing a process map for anodize 

and dyeing.
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Introduction
The anodize process has two primary stages: anodize (A) 
and dye (D). 
Using the process map as a guide, the team brainstorms
process factors most likely causing discoloration of the 
parts.
The five process factors selected for further study are: 
• Bath Temp (A),
• Anodize Time (A),
• Acid Concentration (A),
• Dye tank concentration (D), and 
• Dye tank pH (D).  
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Introduction
The team identifies measures of quality (responses) for the 

parts.
The four primary responses are all continuous measures:

• Anodize Thickness, 
• L* (lightness of the color), 
• a* (redness/greenness of the color), and 
• b* (yellowness/blueness of the color).

L*, a*, b* are traditional measures of color.  Each color can 
be uniquely identified in a three dimensional coordinate 
system defined by these measures.
A nominal scale rating of color is also given to each part.
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Visualizing Historical Data
The team gathers data on 240 production parts to establish 

a baseline.
The L*, a*, and b* color responses are measured with a 
spectrophotometer.
The parts are also graded visually for acceptability of color 
using one of three color categories:

• Purple/Black,
• Normal Black, and 
• Smutty Black. 

Recall that only Normal Black product is acceptable to the 
customer.



2008 Indianapolis

©2008 North Haven Group, LLC

10

Visualizing Historical Data
The distribution of Color Rating shows the percentage of 
good parts, Normal Black, to be only 22.5. 
The proportion of Smutty Black parts is about twice the 
proportion of Purple/Black parts.



2008 Indianapolis

©2008 North Haven Group, LLC

11

Visualizing Historical Data
These are the 

distributions for 
Thickness, L*, a*, 
and b*.

Unfortunately, there 
are no targets or 
specifications 
defining which 
values are required 
to make good 
parts.
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Visualizing Historical Data
The team would really like to see the values of Thickness, 

L*, a*, and b* stratified by the three categories of Color 
Rating.
There are many ways to do this in JMP. 
They decide to use the simple approach of clicking on the 
bars in the bar graph for Color Rating. 
When one clicks on the bar for Normal Black, the 54 rows 
corresponding to Normal Black parts are selected in the 
data table, and JMP shades all open histograms to 
represent these 54 points. 
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Visualizing Historical Data
The shaded areas of the histograms 

reveal that only certain values of the 
four responses correspond to good 
parts (Normal Black).
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Visualizing Historical Data
The team also uses a Scatterplot Matrix in JMP to help 

better understand the relationship between the color 
ratings and the four responses. 
The regions that define each Color Rating are even more 
striking than when viewed in the histograms. 
Note, for example, that Purple/Black (the green +’s) parts 
occur in different regions than do Normal Black and Smutty 
Black (the blue X’s). 
On the other hand, some regions seem associated with 
both Normal Black and Smutty Black parts.
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Visualizing Historical Data
Scatterplot Matrix for the 

four responses stratified 
by Color Rating.
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Visualizing Historical Data
Finally, to more accurately define the region of the continuous 

measurements where parts are mostly Normal Black, the 
team uses a 3D Scatterplot in JMP.
These regions become even more striking when viewed in 
three dimensions. 
In the 3D plot we have Thickness, L*, and a* on the three 
axes, with points corresponding to Normal Black 
highlighted using the distribution plot of Color Rating. 
Using the drop down lists at the bottom of the graph, one 
can generate three-dimensional plots of all possible 
combinations of the four response measures.
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Visualizing Historical Data
3D Scatterplot with 

points highlighted 
for Normal Black. 
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Visualizing Historical Data
From the visual analysis, the engineers set the following 

targets and specifications for the four responses:
• Anodize Thickness: 0.9 ±

 

0.2 microns

• L*: 10 ±

 

2

• a*: 2 ±

 

2

• b*: 0 ±

 

2

The team next focuses on designing an experiment to 
determine if relationships exist between these four 
responses and the five process variables identified earlier.
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Designing the Experiment
The team faces a number of difficult challenges:

The experiment must be performed on production 
equipment, and only enough equipment time is available to 
perform at most 10 or 12 experimental trials.
Engineers are convinced that two factor interactions are 
likely to occur, so a design capable of resolving these 
interactions is required.
Fortunately, it is believed that interactions can not occur 
between variables in the anodize and the dye stages.  
This means that six potential two factor interactions can be 
discounted.
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Designing the Experiment
A 25-2 fractional factorial design only requires 8 runs.

However, the design is resolution III - main effects and two 
factor interactions are aliased.

Since the team can run 12 trials, and only needs to estimate 
certain interactions, they decide to make use of the flexible 
Custom Design platform in JMP.
In Custom Design, one can specify the effects to be 
estimated and the maximum allowable number of trials. 
JMP then searches for an optimal design meeting the 
specified requirements (constraints on factor settings and 
split plot constraints can also be added). 
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Designing the Experiment
Responses, Factors, 

and the Model are 
specified in the 
Custom Design 
window.
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Designing the Experiment
The team specifies a 10 run 

design. 

JMP creates a D Optimal design.

The team adds two center 
points for lack of fit testing.
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Designing the Experiment
Below is the JMP data table for the design.  

Measurements of the four responses for each trial of the 
experiment have been recorded.



2008 Indianapolis

©2008 North Haven Group, LLC

24

Analyzing the Results
To identify significant factors and 

interactions, the team uses the 
Fit Model platform for each 
response, starting with 
Thickness.
Notice that the lack of fit test 
(based on center points) is not 
significant.
Also, some of the model terms 
appear not to be significant and 
can be dropped from the model.
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Analyzing the Results
Below is the reduced model for Thickness. 

Notice that only factors in the anodize step are significant 
for Thickness.

A couple of the two factor interactions appear very 
significant.
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Analyzing the Results
The team fits reduced models for all four responses.

For each model, the Prediction Formula is saved from the 
Fit Model report window to the data table. 

These saved 
prediction formulas 
will be used later 
for optimization.
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Analyzing the Results
It is a good practice to save the script that is executed to fit 

each model.
This allows a user to recreate an analysis simply by clicking 

on the script button.
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Optimizing an Anodize Process
Having fit four separate models representing the relationships 

between the four responses and the five process variables, 
the team next attempts to optimize the process.
The objective is to find settings of the five factors, 
based on the four fitted models, that simultaneously 
result in desirable levels of the four responses.
To do this, we access the Profiler in JMP, which is located 
under the Graph menu. 
The Profiler provides a dynamic visualization of the fitted 
models, and includes a mechanism for optimization
based on the popular Desirability criterion.
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Optimizing an Anodize Process
This is the Profiler 

report window.
The last column to 
the right displays 
the desirability 
profiles for each 
response.
The response goal, 
for each response, 
is to match the 
targets set earlier.
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Optimizing an Anodize Process
These are the 

optimization 
results.
JMP provides 
settings for each 
process factor 
that achieve the 
most desirable 
levels for the four 
responses.
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Optimizing an Anodize Process
The team now has recommended settings for the five process 

factors, and is being pressed to act. 
However, before implementing these process settings, it is 
important to perform confirmatory trials to see if the 
predicted results will be achieved.
The suggested optimized settings are far from the current 
process settings, so some engineers are skeptical of the 
experimental results.
Two confirmatory runs are performed at the suggested 
settings.  Both runs have 100% yields, which have never 
been accomplished historically. 
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Optimizing an Anodize Process
Although the trials were successful, the team is not fully 

satisfied.
They recognize that some of the process factors are not 

currently well controlled, and that this will result in variation 
in the responses.

They decide they need to better understand the relationship 
between the process factors and the responses.

In particular, they are interested in understanding the 
sensitivity of the responses to variation in the process 
factors and in predicting process capability at the 
recommended settings.
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Optimizing an Anodize Process
Sensitivity of the responses to variation in the process 
factors, at the optimized settings, can be assessed in two 
ways:  

• Desirability traces, and
• Sensitivity indicators.

Desirability Traces are the traces shown in the bottom 
row of the Prediction Profiler output.  

Sensitivity Indicators are triangles plotted at the factor 
level settings on the response traces, representing the 
degree of change in the response surface in the direction 
of that factor.
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Optimizing an Anodize Process
Notice that the desirability 
trace for Anodize Temp is 
sharply peaked.
This indicates that variation 
in Anodize Temp will cause 
significant variation in the 
desirability of the four 
responses. 
The team realizes that 
temperature is not well 
controlled in the current 
process.
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Optimizing an Anodize Process
The Prediction Profiler also provides Sensitivity Indicators 

for each of the responses. 
The indicators appear as triangles on the Prediction 
Profiler output.
The height of the triangle indicates relative sensitivity of 
that response to variation in the associated process factor.
The up or down orientation of the triangle indicates the 
direction of movement in that response as the factor level 
increases.
On the previous slide, notice the substantial sensitivity of 
each response to Anodize Temp.
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Simulation at Optimal Settings
At this point, the team is interested in the impact of variation 

in the process factors on the responses.
The Profiler contains a Simulator function that can be used 

to assess capability. 
From prior process data, the team has estimates of the 

standard deviations for four of the process factors. 
Anodize time is easily controlled and is considered a fixed 
effect.
The other four factors are known to vary.
Anodize Temperature, in particular, is not well controlled.
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Simulation at Optimal Settings
Some of the output from the simulation is shown below.

Notice that predicted PPM levels are given on the far right.

The team notices that the PPM level for L* is very high. 

This indicates a potential process capability issue.  



2008 Indianapolis

©2008 North Haven Group, LLC

38

Simulation at Optimal Settings
The predicted ppm indicates that, although the 
confirmatory runs produced positive results, overall 
capability may not be acceptable. 
Recall that all of the responses, particularly L*, are very 
sensitive to Anodize Temperature.

Since Anodize Temperature is not well controlled, the team 
believes that tighter control can lead to significant 
improvement.

The team does a little research, and finds an affordable 
temperature control system for the anodize bath that they 
believe will greatly reduce variation.
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Simulation at Optimal Settings
To simulate the anticipated improvement from controlling 
Anodize Temperature, a new simulation is performed with 
the standard deviation reduced by 50%, from 1.5 from 3.0. 

The predicted PPM rate for L* is reduced from 53,200 to 
4,800.
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The Improved Process
With the data in hand, the team convinces management to 
purchase the temperature control equipment.  
In addition, process controls are put in place for Acid 
Concentration, Dye Concentration, and Dye pH.
Once the improvements are implemented, the team tracks 
the yield of the anodize process for approximately four 
months. 
The next slide shows an Individuals control chart for the 
process yield for the baseline period, and for the four 
months after the improvements were implemented.
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The Improved Process
The new process has a yield of approximately 99%! 
The customer is so delighted with the quality that they give 
the supplier increased business.  Yeah, team!
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Summary
Using the JMP visualization and Custom Design 
capabilities, a team was able to successfully improve the 
performance of a low yield anodize process.
Visualization techniques allowed the team to set 
specifications for the four quality characteristics.
The Custom Design platform allowed the team to design 
an experiment in five process factors that estimated the 
effects of interest, subject to constraints on the number of 
runs.
Using the Profiler and Desirability, the team found 
settings for the process factors that greatly improved yield.
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