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Teaching and Learning from
Effective Experimentation

What the Practice of DOE Teaches Us About

Deriving Meaning from any Data
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e DOE - WHAT & WHY?

e CASE STUDY

e 5 CARDINAL RULES
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DESIGN OF

EXPERIMENTS
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“Design of experiments (DOE) is a systematic,
rigorous approach to engineering problem-
solving that applies principles and techniques
at the data collection stage so as to ensure
the generation of valid, defensible, and
supportable engineering conclusions.

In addition, all of this is carried out under the
constraint of a minimal expenditure of

engineering runs, time, and money.”

NATIONAL INSTITUTE OF
'STANDARDS AND TECKNOLOGY
U5 DEPARTMENT OF COMMERCE

supportable conclusions.

minimal expenditure

BATICHALINSTITUTE OF
STANDARDS AND TECHNOLOGY
US DEPARTMENT OF COMMERGE.

applies principles and techniques

OPTIMIZE




CASE STUDY

(based on a true story, creative liberties taken for dramatic effect!)
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Manufactured Parts
PART B
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ACME - COMPONENT
DESIGN & MFG.

PART B

PINNACLE - FINAL

PRODUCT ASSEMBLY

14

Manufactured Parts

CASE 1
Perfectly Aligned

16

ACME Designed & _ i

ACME Designed & _

Manufactured Parts

CASE 3
Misaligned
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PART B
(-0.15/0.15)
GOOD
ASSEMBLY
(Pinnacle)
PART A
(-0.13/0.13)
PART B
(-0.15/0.15)
ASSEMBLY
(Pinnacle)

PART A
(-0.13/0.13)




ACME Designed &

Manufactured Parts

CASE 3
Misaligned

PART B
(-0.15/0.15)

DEFECTIVE
ASSEMBLY

(Pinnacle)
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OBJECTIVE & STRATEGY

OBIJECTIVE

Design (ACME) A& B
for robustness to
misalignment during
assembly (Pinnacle) to

minimize % defectives.

STRATEGY

BRAINSTORM

SCREEN

FOLLOW-UP

OPTIMIZE

CONTROL
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STRATEGY

BRAINSTORM

SCREEN

FOLLOW-UP

OPTIMIZE

CONTROL

. = ACME Controlled

. = Pinnacle Controlled

Method

Materials

Equipment

Measurement

Defective
Assembly
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BRAINSTORM

FOLLOW-UP

OPTIMIZE

CONTROL
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SCREENING

PLACKETT-BURMAN

Name | Units

e Low High

SCREENING

o
CmMiabgames |
O A= dDames

B s-Fantamee
.

o,
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‘ BRAINSTORM ‘

SCREEN

STRATEGY

FOLLOW-UP

OPTIMIZE

CONTROL

Method Materials
[F) Pinnacle ©
(customer)
e Controlled
Defective
Assembly
° /0
ACME
° Controlled L]
Equipment Measurement

‘ BRAINSTORM ‘

SCREEN

STRATEGY

2-level design studies

OPTIMIZE

CONTROL
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e Part B

-0.15 mm/0.15 mm

° Part A

-0.13 mm/0.13 mm

: | Misalignment
| 0.0 mm/0.6 mm

FIVE CARDINAL RULES

31
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CARDINAL

RULES

DIFFERENTIATE
NOISE AND REAL
EFFECTS
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Misalign = 0.0 mm

DESIGN TO ----

NOISE AND

DIFFERENTIATE
gl | REALEFFECTS [y
5 .

e

5 IDENTIFY
INTERACTIONS

ISOLATE CAUSE |
AND EFFECT /

ECONOMIZE IDENTIFY
RESOURCES CURVATURE

Differentiate
Noise and
Real Effects

1) 0.0 mm
2) 0.0 mm
3) 0.0 mm
4) 0.0 mm
5) 0.0 mm
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DESIGN TO ----

DIFFERENTIATE
NOISE AND REAL
EFFECTS

ISOLATE

IDENTIFY

CAUSE AND
EFFECT

INTERACTIONS

ECONOMIZE IDENTIFY

RESOURCES CURVATURE

Run
Replicates

RUN REPLICATES

10%  11% 12%  13%  14%
Failed Applications

1.5%
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|
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Run All Combos
— Factors and
Levels
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two
o 2-LEVEL, 2-FACTOR
_ FACTORIAL
2 |Part B Diameters t J
factors
IDENTIFY X|2 Misalignments o IDENTIFY factors
INTERACTIONS INTERACTIONS
=4 combos
levels
=4 combos
CODE ODE
LEVEL CODE J LEVEL CODE
IDENTIFY IDENTIFY
INTERACTIONS INTERACTIONS
Low -1 SIS
mm mm
HIGH 1 +0.15 +0.6
mm mm

2@* factor 2@— factors

(-0.15mm) (+0.15 mm)
g (1) e
€ E«‘ T o
3=? 93
IDENTIFY IDENTIFY
INTERACTIONS INTERACTIONS .
oo
= (DESIGN
v SPACE)
=

(1-)
ww 00

‘ .

0.0 mm
1
( =

1 Part B Diam. +1
(-0.15 mm) (+0.15 mm,

-® \ ¢

1 Part B Diam. +1
(-0.15 mm) (+0.15 mm,
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DESIGN FOR ALL COMBOS
of LEVELS & FACTORS

DESIGN FOR ALL COMBOS
of LEVELS & FACTORS

* Design Order

DESIGN 5 T
ez code g ﬂ

* Replicate
N

IDENTIFY IDENTIFY 1 9 0.0 1
INTERACTIONS INTERACTIONS
2 2 +1 0.0 =il
3 3 -0.15 -1 0.6 +1
4 4 +0.15 H1 0.6 +1
5 -0.15 -1 0.0 -1
6 +0.15 +1 0.0 -1
7 -0.15 -1 0.6 +1
8 +0.15 +1 0.6 +1
R_[*® € .
R [ ]
1,
/“ro‘z.
),
g1 %o g1
< (oN <
0'6‘
7
. gL
IDENTIFY @ IDENTIFY ®
INTERACTIONS - INTERACTIONS
x| R
5 5
g 8
ST ST
Misalignment = 0.0 mm Misalignment = 0.0 mm
5 : % —-
PART B Diameter PART B Diameter
-0.15 mm 0.15 mm -0.15 mm 0.15 mm
x
3
3
g .
|dentif
IDENTIFY @ e n I
INTERACTIONS
X
5 Curvature
IDENTIFY
8 CURVATURE
R
o
| Misalignment I
0.0 mm 0.6 mm
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IDENTIFY
CURVATURE

IDENTIFY
CURVATURE

CENTER POINTS

IDENTIFY
CURVATURE
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Misalignment
\ ! /
_‘Q?._
4 N
-
Run Center
o
Points
?c;,,
:g:,,
§,,
¢

g
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R
o
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10% 20% 30% 40%
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0.0 mm

@ 0.6 mm
Misalignment
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TESTING FOR
CURVATURE WITH 2
OR MORE FACTORS?

IDENTIFY
CURVATURE

RUN CENTER POINTS

(2 e | = e =
1 -0.15 =1l 0.0 =il
+0.15 +1 0.0 -1
-0.15 -1 0.6 +1
+0.15 +1 0.6 +1
-0.15 -1 0.0 -1
+0.15 +1 0.0 -1
-0.15 -1 0.6 +1

+0.15 +1 0.6 +1

IDENTIFY
CURVATURE

00 N o U oWwWN

RUN CENTER POINTS

+ Center point = all factors simultaneously at their mid-level

DESIGN . "
“
1 Al 00 -1

-0.15
2 +0.15 +1 0.0 =il
3 -0.15 -1 0.6 +1
4 +0.15 +1 0.6 +1
5 -0.15 -l 0.0 1
6 +0.15 +1 0.0 1
7 -0.15 = 06  +1
IDENTIFY
CURVATURE 8 +0.15 +1 0.6 +1
9 0 0 0.3 0
10 0 0 0.3 0

RUN CENTER POINTS

« Center point = all factors simultaneously at their mid-level
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2@— factors

(-0.15mm) (+0.15 mm)
g (1) ¢ o
ES T
x =
s* 9 £3
0.3 mm Misalignment,
% 0.0 mm B Diam.
g e
IDENTIFY s 0
CURVATURE

0.0 mm
1
o
o
(1)
ww 0’0

RUN CENTER POINTS
-1 Diam. B +1

(-0.15 mm) (+0.15 mm’

DESIGN ) it
u
1 =1 0.0 =1l

-0.15
2 +0.15 +1 0.0 =il
3 -0.15 =1l 0.6 +1
4 +0.15 +1 0.6 +1
5 -0.15 -1 0.0 -1
6 +0.15 +1 0.0 =il
7 -0.15 -1 0.6 +1
IDENTIFY
CURVATURE 8 +0.15 +1 0.6 +1
9 0 0
10 0 0

RUN CENTER POINTS

* Center point = all factors simultaneously at their mid-level

IDENTIFY
CURVATURE

RUN CENTER POINTS

0.0 mm 0.3 mm 0.6 mm
Misalignment
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.
IDENTIFY
CURVATURE
RUN CENTER POINTS
0.0 mm 0.3 mm 0.6 mm

Misalignment

IeVeIS @2 <«— factors

(-0.15mm) (+0.15 mm)
e (1) (0,+1) (+1)
£2 —0— z2
o 0.0mm, 0.6 mm 3
C
o0 (0,0)
R X
= (-10) 0.0mm,0.3mm (+1,0)
IDENTIFY S
CURVATURE
/ £ 0.0mm, 0.0 mm _ g
£ I =3
RUN CENTER POINTS [EHSHR bl » =3
-1 Diam. B 1
(-0.15 mm) (+0.15 mm

N
/\

Start w/2-Level Designs/screen
for curvature w/Center Point

Replicate on Center Points

ECONOMIZE ‘ . )
.
RESOURCES Design Fractionals

Design Multiple Small
Experiments instead of One
Large One
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IeVeIS @2 <+— factors

(-0.15mm) (+0.15 mm)
e (1) (0:+1) =) g
e & £3
oS 3
c
oo (0,0)
3
IDENTIFY s 4 o
CURVATURE
o
v g _o
RUN CENTER POINTS S f £3
= 0-1)
-1 Diam. B +1
(-0.15 mm) (+0.15 mm’

4.
Economize
Resources

ECONOMIZE
RESOURCES

* Start w/2-Level Designs

FACTORS LEVELS COMBOS

5 3 3° Lk

ECONOMIZE
RESOURCES
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* Start w/2-Level Designs

FACTORS LEVELS COMBOS

ECONOMIZE
RESOURCES

* Replicate on Center Points

REPLI- CENTER
- o

5 25 32 2 2

ECONOMIZE
RESOURCES

* Use Fractionals

FACTORS comBos RUNS

5 2° 32 4

ECONOMIZE
RESOURCES
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* Start w/2-Level Designs

FACTORS LEVELS COMBOS

EERN 243

ECONOMIZE
RESOURCES

Center Point to Screen
for Curvature

80

* Replicate on Center Points

REPLI- CENTER
- -~ o

5 2 32 2 2 K3

ECONOMIZE
RESOURCES

S | 22 | 2 il

* Use Fractionals

FACTORS comBos RUNS

B 36

ECONOMIZE
RESOURCES

14



ECONOMIZE
RESOURCES

ISOLATE CAUSE &
EFFECT

ISOLATE CAUSE &
EFFECT

* Design Multiple Small
Experiments instead of
One Large One

FACTORS comBsos CENTER | stupies | RUNS

10 201 512 4 1 Y

5.
Isolate Cause
and Effect

Randomize Run Order

DESIGN RUN . o
E
-1 (00 -1

-0.15

+0.15 +1 [ 00 -1
015 -1 | 06 +1
+0.15 +1 [ 06 +1
015 -1 |00 -1
+0.15 +1 [ 00 -1
015 -1 | 06 +1

0 N o Uu B~ W N =

+0.15 +1 | 0.6 +1
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* Design Multiple Small
Experiments instead of
One Large One

FACTORS comBos CENTER | stubies | RUNS

ECONOMIZE
RESOURCES

\'/

_,\_

-
e Randomize Run Order

ISOLATE CAUSE & |t s
EFFECT * Block

* Document

Randomize Run Order

DESIGN RUN
ORDER ORDE

e
1 r1-015 -1 00 -1
2 +0.15 +1 | 00 -1
AM —
ISOLATE CAUSE & & 5| A | )
EECl 4 L [+015 +«1 | 06 1
5 71-015 -1 |00 -1
6 +0.15 +1 | 00 -1
PM —
7 -0.15 -1 0.6 +1
8 L|+0.15 +1 | 0.6 +1

15



10/25/2023

Randomize Run Order

DESIGN | RUN . el
B
1 =il 00 -1

Randomize Run Order

DESIGN | RUN | oo
ORDER | ORDER am-
5 1 0 =1

-0.15 -0.15 -1

2 +0.15 +1 00 -1 3 2 -0.15 -1 06 +1

ISOLATE CAUSE & = el Il ISOLATE CAUSE & / S o e Il
SERECL 4 +0.15 +1 | 06 1 ERECL 2 4 [+045 +1 [ 00 -1

5 0.15 -1 00 -1 6 5 [+0.15 +1 | 00 -1

6 +0.15 +1 00 -1 1 6 -0.15 -1 00 -1

7 -0.15 -1 06 +1 8 7 (+0.15 +1 | 0.6 +1

8 +0.15 +1 0.6 +1 4 8 |+0.15 +1 06 +1

BLOCK BLOCK - RANDOMIZE

BRI

1 Block 1 8 -0.15 = 0.0 13 Block 1 1 -0.15 £ 06 1

3 Block 1 5 #0.15 31 0.0 1 15 Block 1 2 015 a1 0.6 1

5 Block 1 4 -0.15 -1 (X3 “1 1 Block 1 3 015 a1 0 -1

7 Block 1 6 20.15 a1 06 e 5 Block 1 4 -0.15 1 06 1

9 Block 1 7 -0.15 E 00 B 3 Block 1 5 015 a1 o 1

ISOLATE CAUSE & - 1 Block 1 8 #0.15 a1 0.0 -1 ISOLATE CAUSE & 7 Block 1 6 0.15 a1 0.6 1

EFFECT 13 Block1 1 015 4 06 « EFFECT 9 Block 1 7 015 E 0 -

15 Block 1 2 #0.15 31 0.6 1 1 Block 1 8 -0.15 £ 0 -1

2 Block2 | 14 015 4 00 K 16 | Block2 9 0.15 a1 06 1

4 Block2| 10 20.15 1 0.0 1 4 Block2 [ 10 20.15 a1 0 -1

6 Block2 | 11 -0.15 4 06 “ 6 Block2 | 11 -0.15 E 06 1

8 Block 2 15 #0.15 31 0.6 1 12 Block 2 12 *0.15 1 0 -1

10 Block 2 16 -0.15 -1 0.0 -1 14 Block 2 13 -0.15 4 0.6 1

12 Block2| 12 20.15 *1 0.0 1 2 Block2 | 14 015 4 0 ES

14 Block2| 13 -0.15 4 06 “ 8 Block2 | 15 #0.15 a1 06 1

16 Block 2 9 #0.15 31 06 €1 10 Block 2 16 -0.15 ES 0 -1

SE®ARDINAL RULES

* Document DESIGN

*Held-constant variables DIFFERENTIATE
IDENTIFY IDENTIFY ECONOMIZE ISOLATE CAUSE
ISOLATECALSE & o g INTERACTIONS CURVATURE RESOURCES AND EFFECT
ERRECT *Conditions that could EFFECTS
* Run Replicates * Run All Combos * Run Center « Start with 2-Level  « Randomize Run
affect resu ItS of Factors and Points Designs Order

Levels

* Replicate on * Block
*Unusual events Center Points

* Document
 Design Fractionals

« Design Multiple
Small Experiments
Instead of One
Large One

96
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FIVE-STEP PROTOCOL
w/Example

97
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EXAMPLE

PROTOCOL

PROTOCOL

DEFINE

1. Define Objective

D E F | N E 2. Name Response Variables
3. Name Control Factors/Levels

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. Design Study

101

100

DEFINE

1. Define Objective
2. Name Response Variables

3. Name Control Factory/Levek

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. Design Study

102

Design parts A & B to:

* Minimize vulnerability to
defective assemblies for
misaligned components A
& B during finish product

manufacturing.

17



DEFINE M

PART B
(a15/.5)

PART B

fohuck)
{0.15/015)

PART A
£0.130.13)
1. Define Objective

2. Name Response Variables
3. Name Control Factors/Levek

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. DesignStudy

GOOD
Assembly

DEFECTIVE
Assembly

103

DEFINE

* Assembly Speed

1. Define Objective

2 Mo Raap Vo . Assembly Stroke
3. Name Gontrol Factors/Levels

4. Define/Document Held-Constant Variables

ST R ¢ Feedstock Material

6. DesignStudy

105

1. Runinrandom order
DEFl NE 2. Wait 15 minutes after
feedstock change

3. Wait 5 minutes after line

1. Define Objective sto p

2. Name Response Variables

3. Name Control Factors/Levek 4

Document ambient temp. and
RH, Raw Materials Lot
numbers

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. Design Study
5. Validate measurement
process

107
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DEFINE

1. Define Objective

2. Name Response Variables

3. Name Control Factors/Level

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. Design Study

-0.15 mm/0.15 mm

o Part B

Misalignment
0.0 mm/0.6 mm

° Part A

-0.13 mm/0.13 mm

104

DEFINE

1. Define Objective

2. Name Response Variables °
3. Name Control Factory/Levek

4. Define/Docment Held-Constant Variables

5. Name Nuisance Variables/Strategies °

6. Design Study

Line Stops

End of Feedstock

Ambient Temperature/RH

106

DEFINE

1. Define Objective
2. Name Response Variables

3. Name Control Factory/Levek

4. Define/Document Held-Constant Variables

5. Name Nuisance Variables/Strategies

6. Design Study

THREE FACTOR
TWO LEVEL
FACTORIAL,

4 CENTER POINTS

23

108

18



10/25/2023

ORDER ORDER Diameter | Diameter | "\ " ORDER ORDER Diameter | Diameter | "\ "
DEFINE . —T T DEFINE T T T T

2 + - - 2 6 + - -

3 = + - 3 = + o

4 + + - 4 1 + -
1. Define Objective 1. Define Objective

5 o o + 5 12 o o +
2. Name Response Variables 2. Name Response Variables

6 + - + 6 7 + - +
3. Name Control Factors/Levek 3. Name Control Factors/Levels

7 - + + 7 4 - + +
4. Define/Document Held-Constant Variables 4. Define/Docment Held-Constant Variables

8 + + + 8 8 + + +
5. Name Nuisance Variables/Strategies 9 0 0 0 5. Name Nuisance Variables/Strategies 9 3 0 0 0
. Design Study 10 0 0 0 6. Design Study 10 2 0 0 )

11 0 0 0 1 5 0 0 0

12 0 0 0 12 10 0 0 0

109 110

DESIGN RUN A-A B-B o DESIGN RUN A-A B-B o
ORDER ORDER | Diameter | Diameter M::ae'r'i"' ORDER ORDER meter | Diameter M::aelr-‘gtn-
DEFINE —T T T T DEFINE 4 1 o1 o015 00
10 2 0 0 0 10 2 0.00 0.00 0.3
9 3 0 0 0 9 3 0.00 0.00 03
- 7 4 - + + o 7 4 -0.13 0.15 0.6
11 5 0 0 0 11 5 0.00 0.00 0.3
Name Response Variables 2. Name Response Variables
2 6 + - o 2 6 0.13 -0.15 0.0
. Name Control Factors/Levek 3. Name Control Factors/Levels
6 7 + - + 6 7 0.13 -0.15 0.6
. Define/Document Held-Constant Varisbles 4. Define/Document Held-Constant Variables
8 8 + + 8 8 0.13 0.15 0.6
. Name Nuisance Variables/Strategies 3 9 . . ) 5. Name Nulsance Variables/Strategies 3 9 -0.13 0.15 0.0
. Design Sty 12 10 0 0 0 b e 12 10 0.00 0.00 0.3
1 11 o o o 11 -0.13 -0.15 0.0
5 12 - - + 12 013 -015 06

111 112

. Define Methods

MEASURE MEASURE

2. Confirm Calibration

3. Confirm Gauge R&R

4. Run DOE/Measure Responses

113 114
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MEASURE

. Define Methods

. Confirm Calibration

. Confirm Gauge R&R

. RunDOE/Measure Responses

115

MEASURE

. Define Methods
. Confirm Calibration
. Confirm Gauge R&R

. RunDOE/Measure Responses
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MEASURE

. Define Methods

. Confirm Calibration

. Confirm Gauge R&R

. RunDOE/Measure Responses

119

Factors:
A Diameter—Calipers (0.01 mm)
* B Diameter— Calipers (0.01 mm)

* Misalignment— Dual Dial Indicators (0.1 mm)

Reponses:

* Defective Assembly - Visual Inspection

GOOD DEFECTIVE
Assembly Assembly

v REPRODUCIBILITY

- Messurement Systems Ansiysi for Messsrement (cm).

v' REPEATABILITY

DESIGN RUN A-A B-B %
ORDER | ORDER | Diameter | Diameter mem Defective

0.13 0.5 19%

10 2 000 000 03
9 3 000 000 03
7 4 013 015 06
11 5 000 000 03

6 013 -015 0.0

7 013 -015 06
8 8 013 015 06
3 9 -013 015 0.0

12 10 000 000 03
1 11 -.013 -015 00
5 12 013 -015 0.6

MEASURE

. Define Methods

. Confirm Calibration

. Confirm Gauge R&R

. RunDOE/Measure Responses

116

MEASURE

. Define Methods
. Confirm Calibration
. Confirm Gauge R&R

. RunDOE/Measure Responses
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MEASURE

. Define Methods

. Confirm Calibration

. Confirm Gauge R&R

. RunDOE/Measure Responses

120
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v' CALIBRATION

Bia

True Observed
Value Mean

DESIGN | RUN B-B Mlsalln
ORDER | ORDER eter | Diameter meg Defe:tlve

013 015 0.0

10 0.00 000 03
9 0.00 000 03

-0.13 015 06
1 0.00 0.00 0.3

0.13 -0.15 0.6
0.13 015 06
-0.13 015 0.0
12 10 000 000 03
1 11 -013 -015 0.0
5 12 013 -015 06

2
3
4
5
6 0.13 -0.15 0.0
7
8
9

DESIGN RUN B- %
ORDER | ORDER eter | Diameter Defective
mem

0.13 0.5 19%

10 000 000 03 | ‘=
9 0.00 0.00 0.3 [WE
7 -0.13 015 06 |
1 0.00 0.00 03 [WEZ

0.13 -0.15 0.6 0%
49%
0%
0%
49%
19%

0.13 015 06

013 015 0.0
12 10 000 000 03
1 11 013 -015 00
5 12 013 -015 0.6

2
3

4

5

6 013 -015 00 | kP
7

8

9
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ANALYZE

121

1 Select Statistically Significant Eflects
2. Model

3. Plot Hiects

123

1 Select Statistically Significant Eflects

2. Model

3. Plot Hiects

1 o013 o1s oo [T
2 oo ooo o3 WAl i / —
3 o000 oo0 o3 FEA -

4 013 015 06

B o B
6 o1 o015 oo PTA ] -
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ANALYZE
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1. Select Statistically Significant Effects

2. Model

3. PlotEffects
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1. Define Improve Criteria

2. Design to Model Curvilinear Responses
3. Develop Solution/Predict Improvement
4. Confirm Predictions

I M P ROVE | M P ROVE 5. Visualize Improvements

6. Examine Robustness
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IMPROVE
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3. Develop Soktion/Predict mprovernent
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IMPROVE

1 Definelmprove Criteria

2. Design toModel nnllrurnqms]

3. Develop Soktion/Predict mprovernent

4. Conflrn Predicions.
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5 Viewiizels ANOVA fo Reduced Quadrtic model
6. Examine Robustness
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1 Definelmprove Criteria

2. Design tolodel nnllrurnm]

3. Develop Soktion/Predict mprovernent
4. Confern Predicions
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6. Examine Robusiness

Defective Asseas (%)
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MINIMIZE DEFECTIVE
ASSEMBLIES

IMPROVE

1. Define Imprave Criteria
2. Designto Model Curvilinear Responses Desired Result
3. Develop Solution/Predict Improvement

4. Confirm Predictions

5. Visualize Improvements

[ Robustness Defective Assemblies = 0.0 %
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VISUALIZE IMPROVEMENTS

Defective Assemblies (%)

B: B-Diameter (mm from Nominal) A: A-Diameter (mm)
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VISUALIZE IMPROVEMENTS
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VISUALIZE IMPROVEMENTS
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VISUALIZE IMPROVEMENTS

8: 8-Diameter (mm from Noninal) A: A-Diameter (mm)

146

VISUALIZE IMPROVEMENTS
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VISUALIZE IMPROVEMENTS
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VISUALIZE IMPROVEMENTS
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CONTROL

1. Define Targets

2. Define Process Window
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Max Defective = 0.65%
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CONTROL
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Max Defective = 0.65%
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PROTOCOL

1. Define Methods
2, Confirm Caltbration
3, ConfirmGaugeR&R

4. Run Combos/Measue

Varlables/Strategles

6. DeslgnStudy
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LESSON 1
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1. isti i 1. Define Targets
SlgnificartEffects

.
1 it
2, D

2.

2. Model Improvement
3. Dlagnose/Optimize 3, Confirm Predictions
Model
4. Visualize Improvements

4. Plot Effects
5. Examine Robustness

1. Define Your Objective(s)
+ RANGE OF INTEREST

* CHARACTERIZE

* DISCOVER CAUSE AND EFFECT
* QUANTIFY CAUSE AND EFFECT
* PREDICT

* OPTIMIZE

* COMPARE AND SELECT

10/25/2023

PROTOCOL SUMMARY
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LESSONS FOR DERIVING
MEANING FROM ANY
DATA
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2. Validate Measurement

LESSON 2 i

CALIBRATION
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REPRODUCIBILITY -
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3. Distinguish Noise vs. Effects

LESSON 3

SIGNALS

5 7
| SECONDS °

5. Distinguish between
actual factors vs. assumed
factors

LESSON 5

* ASSUMED = PRESSURE
* ACTUAL = TURNS

7. View Relationships from

LESSON 7
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LESSON 4

LESSON 6

LESSON 8
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4. lsolate Effects
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9. Confirm Predictions @10. Cautious w/Extrapolation

Name Level Lowlevel | High Level

A DIAM -0.13 0.13 | 10.13

LESSON 9 : B DIAM 'M).15| -0.15 | +0.15 LESSON 10

msauan | Los) | 00 | os

DEFECTIVES %

B Prediction
DEFECTIVE 02%

176

11.Combine Data & Visuals to
Communicate Results

12. Open Your Mind

LESSON 11 § LESSON 12

N RN
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HAPPY EXPERIMENTING!
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