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What is a Designed
Experiment (DOE)?

In other words we will be able to effectively identify
what factors make a difference and quantify the
Y=F(x) relationships within a process.
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Designing an Experiment

All DOE’s have the following in common:

— Factors will be selected that we want to study based on
the knowledge gained about the Y=f(x) relationships.

— Factor settings (a high and a low) will be selected for each
factor.

— Response variable(s) will be chosen (what we measure).

— Runs (or treatments) will be created with specific factor
settings defined (per DOE rules).
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g Example

Full Factorial - Cookie DOE

AYTOCE Cookie Company produces packaged cookie
dough. Their marketing department is interested in
developing cookie instructions that will yield the best taste,
texture and appearance of the cookie. They are interested
in understanding the effects of two factors, bake time and
bake temperature:

1. Bake Time (A).
2. Bake Temperature (B).

- What other factors are there?
-  How would those factors be discovered?
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OBJECTIVE:
Improve taste, texture and appearance of cookies and to determine the
range for the instructions.
TWO VARIABLES:
Bake Time (A).
Bake Temperature (B).
1. What questions should be asked?
2. What should the response be?

3. Construct a 22 factorial design.

4. How should the experiment be run?
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DOE design and result:

A B Y
Bake

Bake

Which factors are important?
How should the important factors be set?
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Six Sigma Rules of Analysis:

> Practical
» Graphical

» Practical:
> Once the experiment has been run, there are a host of methods to assist in
analysis. The first consideration, before applying any statistical analysis

techniques, is whether the results are of any practical importance.

v" Did the response variable change?
v" Did it change the desired amount?

» If the response variable did not change enough, it may be that:
1. Factor levels were not set far enough apart.
2. The selected factors do not affect the response variable.
3. The measurement system is not adequate
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Practical View

A B Y

Practically speaking, what observations can be made about

the data if:
« achange of 10 is required?
« achange of 50 is required?

What preliminary actions would you recommend right now?
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To begin analyzing the importance of each o P Y
factor, code the levels as (-) or (+) as shownto | Tme | 2 | Taste
. (Min)
’ 10(+) | 375 () 50
6 (=) | 450 (+) 47
10 (+) 450 (+) 35
Create a coded column for the AB interaction. A B 2 Y
It is the product of the A and B signs. rime T |Interaction| Taste
Example: (-) x (-) = (+) co T30 ® a1
We have added the interaction column to the 160((_*)) j;j(<+)) 8 -
table on the right. 10¢) | 450¢5) | ) 25
_ _ _ A B AB Y
We will sort the response (Y) in ascending Bake | oo _
order and look for patterns of “level” iy | Teme | Imeraction Taste
separation. This is called an ANOG. 10() | 450() |7 (). <+>\ 35
, 6 () 375 (), |\ () / 41
T 45000 |/ O\ | 4
10 | 8150 |\ 0 J| =0
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Analyzing the Main Effects
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The importance of a factor is called the “effect”. It is determined by subtracting

the averages of the high & low levels for a factor.

Effect of Factor A :
_ _ A = AB Y

We want A(+) - A(-): Bake | poke .
_ Time Interaction| Taste
A(+)=(50+35)2=42.5 Min) | T€™P
A(-) = _ 6 () | 3750) (+) 41
Therefore, the main effect of A =42.5-44=-1.5 6 () | 450 (+) (-) 47

' 10 (+) | 450 (+) +) 35
Effect of Factor B :

We want B(+) - B(-):

B(+)=(47+35)2=41

B(-)=(41+50)/2=45.5

Therefore, the main effectof B=41.0-45.5=-4.5
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Graphical View

] Main Effects Plot (data means) for Taste

£ ] o8 P
H A

| 45 -

Taste
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Analyzing the Interactions

The AB interaction =(41+35)/2—-(50+47)/2=-10.5
A B AB Y
Interaction Plot: Bake
Time TB: r:e Interaction| Taste
50 Pevrfect (Min) P
B_(450) B(375) 6 () |35 | 41
ok | 10 (+) | 375 () -) 50
R Tem 6 () | 450(+) | () a7
(taste) (Temp) 10 (+) | 450 (+) (+) 35
40 TGQ%&@YE))
B (450)
35 Tac Done
6 A (Time) 10
Copyright 2007, The Tech Group I JI Rights Reserved Page 18
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Analysis Summary

Now that we have calculated the effect for time, temperature, and the
time/temperature interaction we can compare the relative importance of each:

Factor Effect In this experiment, the Time x Temperature
Interaction has the largest effect and is,

Time 15 therefore, the most important.

Temperature 4.5

Time x Temperature

F’erfe;;t

- B(375
Controlling Time or Temperature Of 0 =
alone will not ensure good tasting R "35
cookies. Time and Temperature Haste) |
should be analyzed and set together 40 |, B L370)
to ensure the best tasting cookies.

Practical Significance: 50

(Temp)

. B (450)
35 Tao Done

6 A (Time) 10
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cun Stop Pin L::gl‘;h Te;is:)" Interactions Yavg
A B C |/AB\ AC | ABC
- 3 - M = / ~1 \ 1 1 92
" § ) +1 %,ﬂ L }_1 +1 | 91
e s B \\ -1 / -1 -1 | 87
% 8\\+1 +1 +1 | ST H +1 81
] h\\1 H| N = 78
] i St [ H \_1 +1 74
. +1 +1 = +1 ) = 5 74
1 = i \\ 1 / oo | B3 Y
N

(Example only)

Perform an ANOG on your data:

1. Color code all of one sign (yellow minus signs in this case)

2. Sort data by Y, (ascending or descending OK)

3. Look for patterns of separation in data. We want the S|gns to cluster
together at opposite ends.
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Coded vs. Uncoded Units
Stop Pin (A)
The predictive equation you created is based on = ot ——reoree
the assumption that the high settings for each of ;I?; : =
your factors is “+1” and the low setting for each
. 7 ” P Tension Pin (C)
factoris “—1”. So the coefficients of the Soded Tocaiod
predictive equation are said to be in “coded Low o
units”. High T | 4
. ; : Launch Angle (B)
We must convert coded units to uncoded units if oded TOresded
we wish to set our statapult based on the I
predictive equation. Low [ 068 | 159
-0.52 161
For your convenience, a conversion chart has e .
been provided on the right. Use this chart to 012 | 166
. 0.04 168
complete the exercise on the next page. 0.2 170
0.36 172
0.52 174
High 0.68 176
0.84 178
1 180
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Inference Space

* The area within which you test and draw conclusions
based on the results of your experiment.

* Level settings — start BOLD and reduce space between
levels as you approach optimum conditions.

Narrow Bold ;

1 lot of material Several lots ;
1 Day Several weeks ;
1 Machine 5 Machines ;
1 Operator Many Operators ;
‘(100—110 psi V1OO—-2000 psi ’
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Replication vs. Repetition

# of Replications: Refers to the number of times a treatment combination is set up
and run. The data collected from a single sample from each run is called a replication.

Example: A 22, four run experiment is run and response variable measurement are
taken on one part for each run. The values of the single set of response variable
measurements is one replication. If the treatment combination is changed then set up
again and measured (the experiment is done again), the total data collected (8 values,
4 for each experiment) would represent two replications.

# of Repeats: Refers to the number of parts taken and measured from each
treatment combination.

Example: A 22, four run experiment is run once and response variable
measurement are taken. Three parts are measured per run. The total data
collected (12 values, 3 from each run) would represent three repetitions.
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1 1 1
2 2 1 1
3 3 1 1
4 4 1 1
5 5 1 1
6 6 1 1
7 7 1 1
8 8 1 1
g g 1 1

10 10 1 1

11 11 1 1

1 1

i
3%
—
%]
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= Replication vs. Repetition

(con’t)

Significance is determined by comparing variation between
runs to variation within runs.

Replications give us data so we can calculate variation
within runs (Setup-to-setup how consistent is a specific set
of settings (run) vs. other settings (runs).

Replications gives us an “error term” so we can calculate
significance, repetitions do not.

Without an error term we cannot estimate significance.
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Interpretation of Significance

Pareto Chart of the Standardized Effects Normal Probability Plot of the Standardized Effects
(response is Cmaxavg, Alpha = .10) {response is Cmaxavg, Alpha = .10)

A: Inj Spee A: Inj Spee
B: Hold Pre B: Hold Pre
C: Mold A C: Mold A
D: Mold B D: Mold B
E: Man/Spru 1 E: Man/Spru
F: Nozzle I F: Nozzle
G: Tip G: Tip

H: Pac Vol H: Pac Vol

Normal Score
(]
|

e A

-8 -4 0
Standardized Effect

Which effects are significant based on the data above?
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Fractional Factorial Fit: Cmaxavg versus Inj Speed, Hold Press, ...

Estimated Effects and Coefficients for Cmaxavyg {coded units)

Tern Effect Coef SE Cosf T
Congtant ~25. 17 11.4823 ~-2.18
Inj 8pee ~{, 85 ~0. 47 p.0582 ~7.99
Hold Pre -0.21 -0, 11 0.1534 -{. 68
Mold A -0.13 -{. 07 {a.0586 -1.13
Mold B -0.19 ~0.08 00,0658 -1.44
Man/8pru ~0. 06 -0, 03 0.0638 -0, 47
Nozzle ~0.30 «0.15 0.107% ~1.37
Tip 0.28 0.14 0.0617 2.24
Inj Spee*Hold Pre -{3.14 -0.07 0.0607 -1.18
Inj Spee*Mold A g.11 0.05 0.0616 H.87
Inj Spee*Mold B 0.27 0.13 - D.0gs® 1.56 (.142
Inj Spee*Man/Spru 0.03 0,01 0.0817 0.21 0.837
Inj Spee*Nozzle 0.01 p0.ao 0.0653 0.06 0,857
Inj Spee*Tip g.07 .03 0.0643 g0.51 0.620

Analysis of Variance for Cmaxavyg (coded units)

Source DF Seq S8 Adj 88 Adj Ms F P
Main Effects g 7.4720 7.7278 0. 9660 9.10 0.000
2-Way Interactions 7 0.7876 0.9140 00,1306 1.23 0.354
Regidual Error ER: 1.3804 1.3804 0. 1062

Total 33 11.0974
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Randomization

» Randomization is the cornerstone underlying the use of
statistical methods in DOE'’s.

» Statistical methods require that the variation (noise or
error) be independently distributed random variables.

* Averages out the effects of extraneous factors that may
be present.

For example: Slight differences in temperature that may occur
throughout a DOE.
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Planning is the single most
important part of a DOE. An
important tool to help
facilitate the planning and
document the expectations
is the DOE Planning
Template (shown on left).

DOE Planning Template
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_ DOE Planning Temnplate
R Il -
Name Trae~TCaceatte SOOTE8I Nod 92
THis: $hodd Dt oy RISk
ToORE I e WHATACION AR ST PIOdHCRg s @ & Bled Rapoite UETBDRL, K Yo W
. jelibe @k DU OIETAR 3 pooess Rt piodice shK co eDarpanmet 1r < be eualured by
ObReU9e ! loortroipupaces. Utinat iy & Wfomatos wil k0 be t5ed golg heant D optin ke e prooeLs wier
imarterBickange & prtd place.
Hok 82 ¢ @ 16 Canly 10t ol Datprodece d faa e £ 6 ATGAgE Tk Sppeds Bbe & kolied
SHehgroundg; eIt e DOE f D hg oo deated 1 M 10000398 ¢ 3 PORE DR CONBOIAW VIIMAR Y SR 3
G Un process deushped.
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HOD B fesst oapgetd] Tt
ol pregsure ik d ve oty kv e 2 1h&e 25 Waen
FERIETD SO0 VLR 39 £
Hayit ) & Sprie Temp s 3
T tethgs (8 440 S8
Feglh GhowM e ~0ay1 & dagd) FRE FRiEE
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Mo g6
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WE PROVIOE INNOVATIVE SULUTIONS

Name: Date: Title:
Phone No: Location: Project:
Objective:

Background Information:

Assumptions:

The first portion of the DOE Planning Template provides areas to
collect general information.
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Response Variables: Measurement Techniques:
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Factors: Level (-1) Level (+1)

Fixed Process Parameters:

Noise Variables: Control Method:

Design Matrix:

The second pdrtion of the DOE Planning Template provides areas
to complete information about the process and the design matrix.
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Class Problem #1

Label-Me, a U.S. manufacturer of labels, is in the final
steps of developing a new label product.

Historically, Label-Me has experienced problems with the thickness of their label
backings. Label-Me investigates the possible process configurations that may
contribute to the thickness problem. Label-Me decides they need to select a new
paper supplier. Also, since the labels can be printed at one of two plants, they need

to select a plant.

Two factors are considered worthy of investigation to eliminate the thickness
problem. They are:

L= Paper Supplier (Supplier A and Supplier B)
P= Plant 1 and Plant 2 (P1 and P2)

Theyrdecide to run a factorial experiment with factors L and P (in first and second
columns respectively). The experiment is run over the course of one week.

A 2 x 2 factorial design was run with three replicates for each experimental condition
(treatment combination).

The Tech Group
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' Class Problem #1 Tiie Tech fErpuR

(con'’t)

Specification = 0.062 + .006

Historical data on similar labels: CR=0.50

Cpk=0.66

What, historically has been the problem (centering, variation)?

How does the statement of the problem affect the experiment
strategy?

Knowing there are two variables of interest, Paper Supplier (L) &
Plant (P), what questions should be asked?

How should the data be organized to meet the objectives?
What assumptions have been made in running the experiment?

How might these assumptions affect our conclusions?
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(con’t)

Response —
{(0.0xX} x R
- -+ 62 65 69

-~
L
r
T

+[+

F 1 |+
!
I
& h
L o
n
L8]]
|
i

/. Based on the experimental results shown above, draw and analyze an
interaction plot (use the following page).

8. What else could be analyzed from the experiment results?

9. What are the effects of L, P and the LP interaction?

LP=

10. What conclusions could be made?
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Interaction Plot

S0

Copyright 2007, The Tech Group I1 11 Rights Reserved * Page 48



LSL

y ]
3 I
W &
\ N

6o

A 4
A
\ 4

- Class Problem #2 The Tech Group

A machine shop provides parts for the automotive industry. They want to
improve the average and consistency of product yields (first pass) in the next
generation of parts, and thereby, reduce production costs. Current process
yields average 83%. After logical problem solving activities, 2 factors are
deemed most likely to cause low yields. An experiment was set up for the
factors:

Cutting fluid (C): - Water Base
+ Oil Base

Steel (S): - 310 Stainless
+ 302 Stainless
A 2 x 2 factorial design was run with four replicates for each treatment
combination.
Questions:
1.How could this experiment be replicated?

2.How could this experiment be repeated?
3.How should this experiment be run?
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Class Problem #2 (con’t)

Response X R
C S CS (“%Yield) | avg | range
76,80,81,83
80,84 88 8%

80.80,82,86
86,90,82,02

+1r 1+
= N s

+i+4 |

1. What comments can be made about the response
variable?

2. What observations can be made about the data?
3. What factors may have influenced the results?

4. How could the data be analyzed?

Copyright 2007, The Tech Group In¢ " Rights Reserved / “age 50



LSL SN & | o

N
AN ¢

The Tech Group

Summary

« Designed experiment’s are a powerful way to solve
complex problems with many variables.

« What are factors and levels and how do you pick them?

« (Go bold with factor levels. What could happen if you go too
bold? Not bold enough?

 Why do we want an error term in our experiment? How do
you get it?

 What is the difference between replication and repetition?

 What is the definition of an interaction?

« Why is it important to randomize?
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