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DESIGN OF EXPERIMENTS (DOE):
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DESIGN OF EXPERIMENTS (DOE):

] , , , Design and

analysis of experiments (Douglas C.Montgomery) 538 ,

(

)—Factorial experiments, Fractional Factorial, and Taguchi
Method

D :

@)) ?
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DESIGN OF EXPERIMENTS (DOE):
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DESIGN OF EXPERIMENTS (DOE):

QOF ©):; ©)
T C O
C )
T C
T 1525°F
C 0.6%
0 O5°F
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DESIGN OF EXPERIMENTS (DOE):

(One factor at a time)

T, 1450°F 1600°F, C
0 ——C=0.5%,0=70°F
4
8 3-1 ,1600°F
1450 S%
— C=0.5%, 0=70°F
C=0.7% 0=120°F 1450°F
1600°F ?
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DESIGN OF EXPERIMENTS (DOE):

One Factor at a Time

For example, vary steel temperature:

% 4
100 4
L
3 % .90 +
o8 .
SO 80+ e
(75 ° |
[ ]
70 4+ s
T —
1450°F 1600°F
Steel Temperature
1450°F 1600°F
72 78
- % springs 70 77
w/0 cracks " 75 78
77 81

AVERAGE 73.5% 78.5% = difference=5%

From this we might conclude that 1600°F is
the better temperature ...

(One factor at a time)
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DESIGN OF EXPERIMENTS (DOE):

24
C )
Ronald A_Fisher, 20
(Factorial Design)
(
), 8
8
4. Factorial Design
Fisher ” 4-1
C )
T( ) C(C
) oC )
8 2°
C ) —
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DESIGN OF EXPERIMENTS (DOE):

Standard T cC 0 Springs w/o
Order Steel Carbon O Temp. cracks
Temp.
1 1450 0.50 70 87%
2 1600 0.50 70 7%
3 1450 0.70 70 61%
4 1600 0.70 70 75%
5 1450 0.50 120 .59%
6 1600 0.50 120 90%
7 1450 0.70 120 52%
8 1600 0.70 120 87%

Each line in the table oorresponds to one singie run. Inthe

columns labeled T, C and O, it is indicated how the three factors
should be adjusted.

52 87
i
0.7% &1 : (75
o . !
< 1 '
2)_ '
= | ;
S ,
Q : '
§ :
= : 120°F
g | Jgof-------- =480
o T s ' / O oil temperature
-:/ -\ []
0.3;0 67\ 79
L= 7oeF
1450°F ~d——veeeeneeenes —>1600°F

T sieel temperature
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DESIGN OF EXPERIMENTS (DOE):

4-1 (Main effect)
4-1-1 T
4-2, T  1450°F 1600°F 4
; C ., C 0)
T 4
4-2 , ,T T=1600°F ( )
Th= 79+ 75+ 90+87 /4 4-1
T=1450°F ( )
Tl= 67+ 61+ 59+ 52 /4 4-2
,T
Tm= Th- TI  79+75+90+87-67-61-59-52 /4 4-3
, X Xm,
Xh XI

Xm= Xh- XI 4-4
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DESIGN OF EXPERIMENTS (DOE):

4-2

C carbon content

o
[+)]
1=

52) 87)
N -
- 2
:
]
]
t
[}
: L
L 120°F
|| E— =P

/’ O oil temperature

o.sv.(@)ﬁ

79

70°F

1450°F ¢

> 1600°F

T steel temperature

Steel Temperature Effect:

T

7/9—-67= 12
75—-61= 14
90-59 = 31
87 —-52= 35

Average = +23

1450°F 1600°F 4
C . C 0)
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DESIGN OF EXPERIMENTS (DOE):

4-1-2 C

C 0 4-3.

Top-Bottom: Carbon Effect

I
i

Ay

“ i '
[ i |

l | ...,..

<1

4-3 C 0 Carbon effect, Oil

temperature effect



DESIGN OF EXPERIMENTS (DOE):

Cm= Ch- Cl= 61+ 52+ 87+ 75 /4- 67+ 59+ 90+ 79 /4=
= 68.75- 73.75= -5.0

Om= Oh- Ol= 59+ 52+ 87+ 90 /4- 67+ 61+ 75+ 79 /4=

= 72- 70.5= +1.5

4-2 (Interaction effects)
(D) 0=70°F T :(2)
0=120°F T -4 45
) 0 ) T ( )
T
, A B LA B ]
,B A
, T 0

(1) 0=120°F, T

90 59 87 52 /2= 31+ 35 /2= 33 4-7
(2) O0=70°F , T
79 67 75 61 /2= 12+ 14 /2= 13 4-8

Tx0 33 13 /2= 10 4-9

DOE-
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DESIGN OF EXPERIMENTS (DOE):

C carbon content

Interaction Effects

Steel Temperature Effect:

79-67= §2
75-61= B2

90 - 59 = |31
87 —-52= (35

Average = +23

o7 BF
| e P
T R/'/ //(; oil temperature

...... 70°F

——1600°F
T steel temperature

4-4

DOE-
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DESIGN OF EXPERIMENTS (DOE):

4
33
13 7
1 :".' —
1450°F - 1600°F
A steel temperature
4-5 T O
Tx0 90 59 87 52 /2 79 67 75 61
/2 /2= 90+ 87+ 67+ 61- 59- 52- 79- 75 /4
4-10

TxC CxO 4-6
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DESIGN OF EXPERIMENTS (DOE):

TxC

Cx0O

4-6 Tx0 TxC Cx0

DOE-
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DESIGN OF EXPERIMENTS (DOE):

4-3
=0
Tx0 90 59 87 52 /2 79 67
/2 /2
4-4 ,

(1) C=0.7% , Tx0

87 52 /2 7% 61 /2 17.5- 7.0= 10.5

(2) C=0.5% , TxO

90 59 /2 79 67 /2= 15.5- 6.0= 9.5

T,0,C

Tx0xC= 10.5- 9.5 /2= 0.5

Tx0xC= 87 52 /2 75 61 /2 90 59 /2
/2= 87+61+59+79-52-75-90-67 /4

75 61
4-11
4-12
4-13
4-14
79 67 /2

4-15

DOE-
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DESIGN OF EXPERIMENTS (DOE):

uogn yl R y2 s s y8

A More Comprehensive Notatien:

Standard
Order T C O  Response
1 1450-  0.5- 70— y, =67%
2 1600+  0.5- 70— Y, =7%%
3 1450- 0.7+ 70- y,=61%
4 1600+ 0.7+ 70— y,=75%
5 1450~  0.5- 120+ y;=5%%
6 1600 + 0.5- 120+ Yyg=%%
7 1450- 0.7+ 120+ ¥r=52%
8 1600 + 0.7 + 120+ Yy =87%
-4+ +++
(®
3 @

)

l\+ —-=+ +-+

= 5 —®

O O (1, C, )

Q/ G
- o +—-—
T (+, C, 0)
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DESIGN OF EXPERIMENTS (DOE):

€Y

Tm= Th- TI y2+y4+y6+y8 /[40-  yl+y3+y5+y7 /4=
= -yl+y2-y3+y4-y5+y6-y7+y8 /4=

= -+ -+-4+-+ /4

4-16
4-7, , 4-7 T
Cm= - -++--++ /4 4-17
Om= ----++++ /4 4-18
(2 ( 4-8):
, 1x0 .

Tx0=  90+87+67+61-59-52-79-75 /4=
y6+y8+yl+y3-y5-y7-y2-y4 /4=

y1-y2+y3-y4-y5+y6-y7+y8 /4=
= +-+--+-+ /4 4-19
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DESIGN OF EXPERIMENTS (DOE):

4-8, , Tx0 ( ) T 0
TxC= + --++--+ /4 4-20
Cx0= ++----++ /4 4-21

RUN Y T C 0 TC TO 0 TCO Yi

Y1l
Y2
Y3
Y4
Y5
Y6
Y7
Y8

coO N o o1 A W0 D P

4-8

Tx0xC,
TxOxC= 87+61+59+79-52-75-90-67 /4=
= y8+y3+y5+y2-y7-y4-y6-yl /4=
= -yl+y2+y3-y4+y5-y6-y7+y8 /4=
= -++-+--+ /4 4-22
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DESIGN OF EXPERIMENTS (DOE):

4-8
4-8

, TxOxC (

ya= ++++++++ /8

4-5
y= a0+ al -
a6- XC-

XT= T-

= 2T-
XC= C-
= 2C-
X0= O-
= 20-

X0+ a7- XT- XC- XO

T.+T. /2 /

T.+ T.

C.+C. /72 /

C.+ C

0.+ 0. 72 /

0.+ 0.

/

/

/

y(

T+_T- /2
T+_ T_

C+_C- /2
C+_ C-

O+_O- /2
O+_ O-

)

+u , ya

4-23

XT+ a2- XC+ a3- X0+ a4- XT- XC+ a5- XT- XO+

4-24

) T,C,0

4-25

4-26

4-27

DOE-
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DESIGN OF EXPERIMENTS (DOE):

y a0,al, ,a7 ?

a0= ya

al= Tm/2

a2= Cm/2

a3= 0m/2

ad= TxC/2

ab= Tx0/2

a6= Cx0/2

a7= Tx0xC/2

, al, ,a7
s 1,C,0 TxC, Tx0, Cx0, TxOxC (
) =D A (FD), 2,
al, ,a7 2 ,
a0 .

4 , 2° ( ) 4-9
5 ,2° ( ) 4-10
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DESIGN OF EXPERIMENTS (DOE):

Data obtained in a process development study arranged in standard (Yates) order

order
observation conversion of
number 1 2 3 4 (%) runs variable - +
| - - - = 71 (8) 1 catalyst charge(lb) 10 15
2 + - - - 61 ) 2 temperature (°C) 220 240
3 - 4+ - - 90 (10) 3 pressure (psi) 0 80
4 + + - - 82 4) 4 concentration (%) 10 12
5 - - + - 68 (15)
6 + - + - 61 )
7 - + + - 87 ¢))
8 + + + - 80 (13)
9 - - - + 61 (16)
10 + - - + 50 (5)
1 - 4+ - + 89 (11)
12 + + - + 83 (14)
13 - - + + 59 3)
14 + - + + 51 (12)
15 - 4+ + + 85 (6)
16 + + + + 78 )
4-9 4 , 2 ( )

DOE-
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DESIGN OF EXPERIMENTS (DOE):

4-10 5

Results from 2° factorial de-

sign, reactor example

variable

- +
1 feed rate (liters/min) 10 15
2 catalyst (%) l 2
. 3 agitation rate (rpm) 100 120
4 temperature (°C) 140 180
§ concentration (%) 3 6
variable response
(% reacted)
run 1 2 3 4 5§ y
1 - - - - - 6!
2 + - = - - 53
*3 - 4+ - = - 63
4 + + - - - 61
*5 - - + - - 53
6 + - + - = 56
7 - + + - - 54
*8 + + + - - 61
*9 - - - + - 69
10 + - - + = 61
11 - + - + - 94
*12 + + - + - 93
13 - - + + = 66
*14 + - + + - 60
1S - + + .+ - 95
16 + + + + = 98
*17 - - - - % 56
18 + - - - + 63
19 - + - - + 70
*20 + + - - + 65
21 - - 4+ - + 59
*22 + - + - + 55
23 - + + - + 67
24 + 4+ + - + 65
25 - - - %+ + 44
*26 + - - + + 45
*27 - + - 4+ + 78
28 + + - + <+ 77
*29 - - + + + 49
30 + - + + + 42
- o+ o+ o+ o+ 81
*32 + + + o+ o+ 82
, 2 )

DOE-
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DESIGN OF EXPERIMENTS (DOE):

4-7

4-8

4-8-1

(D
@)

N
M
Y(1b/in?)

(N1)

(Mn)

(24:8)

DOE-

26



DESIGN OF EXPERIMENTS (DOE):

Mean N M NM

1 35
2 46
3 42
4 40
2 2 2°=4
’ ( 4_1) ’
C )
4-11
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DESIGN OF EXPERIMENTS (DOE):

4-11
4-8-2 2:
(Brainstorming),
¢H) M
) D
€)) A( Ni )

DOE-
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DESIGN OF EXPERIMENTS (DOE):

(D)
)

) A

M- low M. high
D- low D. high
A- 0.5% Ni A. 0.8% Ni

4-12.

(

4-13)

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Order b A #pgorgd
1 - - - 60
2 + - - 77
3 - + - 59
4 + + - 68
5 - -  + 57
6 + - + 83
7 -+ o+ 45
8 +  + + 85

M: metal temperature (low, high) =7-
D: die temperature (low, high) =7

A: alloy (type 1,type 2) =7

run# mean M D A MD MA DA MDA#p%‘?%d
1 + - - - + * - 60
2 + + - - - - + 77
3 + - 4+ - - + + 59
4 T+ + + - + - - €3
5 + - -+ + - + Y4
6 + + - + - + - &3
7 + - + + - - - 45
8 + + + + + + + 85 -

mean = 66.75 MD=15

M=23 MA =10

D=-5.0 DA=0

A=15 MDA =55

4-12

DOE-
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DESIGN OF EXPERIMENTS (DOE):

45 8s
57
- 83
A 59
P 68
— , /,/ . D/
60 7/
- M - -
4-13.

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Increase M=(+) and A=(+). Runa
new experiment using old M=+ as new

—and old A=+as new -. Use this new <. 2

experiment to obtain more information
on the effect of D.

4-14

5. (Blocking)

(Randomization)

5-1 (Blocking)

5_1 23 ’

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Example: Quenching

Suppose that only four experimental runs can be
made in a single day.

Run T C O Springs w/o  Day
# Steel Temp. Carbon Cil Temp. cracks Run
1 - - - 67% 1
2 + . -_ 79% 2
3 — + bt 61°/o 2
4 + + - 75% 1
5 - = + 59% 2
6 + —_— + 90°[o. 1
7 — + + 52°/o 1
8 + + + 87% 2

5-1 2°
5-2 2
Tx0xC
D 5 3
D, D, TCO

DOE-
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DESIGN OF EXPERIMENTS (DOE):

b

0.70% A 61 : \/
N
'
Carbon '
Content '
O,
(%) 59l ~c-cca- .- {@0) g120°F
R &
e N
0.50% C?}' 70°F oqé
. Y 6 o
_ - 79 ,@5
- -
1450°F 1600°F

Steel Temperature

5-2

Tx0xC 5 1

DOE-



DESIGN OF EXPERIMENTS (DOE):

RUN T C 0 TC TO CO TCO D Yi

Y1l
Y2
Y3
Y4
Y5
Y6
Y7
Y8

coO N oo o1 A W0 D P
N P PR DD R DN DN

,D TCO ; TCO

Fisher .

DOE-
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DESIGN OF EXPERIMENTS (DOE):

5-2 (Randomization)
D 4 , 1,2,3,4
)
®)
3
6.

(Blocking) (Randomization)

DOE-
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DESIGN OF EXPERIMENTS (DOE):

’ ?
6-1
What is a normal plot?
100 .
[ =/
/° /
/¢ 7
£ 50 " S soE 7
Q * Q. -/'
o ./'
; . 7
; 7
s / )
0 /r ] 3 1 T T i ] T i
(b} Plotted on ordinary graph paper (c) Protted on normal probability paper

6-1
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DESIGN OF EXPERIMENTS (DOE):

20

10

0.5

0.2

6-1 (a)

DOE-

0.2

0.5
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DESIGN OF EXPERIMENTS (DOE):

PEESOMREE
(RFFFIBSEAER Pz)

/
Kj_._._,_

] ° o=
1z} xx0 xxl  xx2 xx3 Xx4 xx5 xx6 xx7 xx8 xx9
4.0 .00003
3.9 00005 .00005 . 00004 .00004 .00004 .00004 .00003 .00003
3.8 .00007 .00007 .00007 .00006 .00006 .00006 .00006 .00005 .00005 .000
3.7 .00011 .00010 .00010 .00010 00009 .00009 .00008 .00008 .00008 .00008
3.6 00016 .00015 .00015 .00014 00014 .00013 .00013 .00012 .00012 .00011
3.5 00023 .00022 .00022 .00021 00020 .00019 .00019 .00018 .00017 .00017
34 .00034 .00032 .00031 .00030 .00029 .00028 .00027 .00026 .00025 .00024
33 00048 .00047 .00045 .00043  .00042 .00040 .00039 .00038 .00036 .00035
3.2 00069 .00066 .00064 .00062 .00060 .00058 .00056 00052 .00050
3.1 .00097 .00094 .00090 .00087 .00084 .00082 .00079 .00076 .00074 .00071
3.0 00135 .00131 .00126 .00122 00118 00114 .00111 .00107 .00104 .00100
2.9 .0019 0018 .00i8 0017 0016 0016 .0015 0015 .0014 .0014
2.8 .0026 .0025 .0024 .0023 0023 .0022 .0021 .0021 .0020 .0019
2.7 .0035 0034 .0033 .0032 0031 .0030 .0029 0028 0027 .0026
2.6 .0047 0044 .0043 0041 0040 .0039 .0038 .0037 .0036
25 .0062 0060 .0059 .0057 0055 0054 .0052 .0051 .0049 .0048
24 .0082 .0080 .0078 .0075 0073 0071 .0069 .0068 .0066 .0064
2.3 0107 .0104 .0102 .0099 .0096 .0094 .0091 .0089 .0087 .0084
2.2 0139 .0136 .0132 .0129 0125 0122 0119 .0116 .0113 .0110
2.1 .0179 .0174 .0170 .0166 .0162 .0158 .0154 .0150 .0146 .0143
2.0 0228 .0222 .0217 .0212 .0207 0202 .0197 .0192 .0188 .0183
1.9 0287 0281 .0274 0268 0262 0256 .0250 .0244 .0239 .0233
1.8 0359 0351 .0344 0336 0329 0322 .0314 .0307 .0301 .0294
1.7 0446 0436 .0427 0418 .0409 0401 0392 .0384 .0375 .0367
1.6 0548 .0537 .0526 .0516 .0505 0495 .0485 .0475 . .0455
15 0668 .0655 0630 .0618 .0606 .0594 .0582 .0571 .0559
14 0808 .0793 .0778 .0764 0749 0735 .0721 .0708 0694 .0681
1.3 0968 .0951 .0934 0918 0901 .0885 .0863 .0853 0838 .0823
1.2 1151 .1131  .1112 .1093 1075 .1056 .1038 .1020 .1003 .0985
1.1 1357 .1335 .1314 .1292 1271 1251 1230  .1210  .1190 .1170
1.0 1587 .1562 .1539 .1515 1492 1469 .1446 .1423 .1401 .1379
0.9 1841 .1814 .1788 .1762 1736 1711 .1685 .1660 .1635 .1611
0.8 2119 .2090 .2061 .2033 2005 1977 1949 (1922 .1894  .1867
0.7 2420 .2389 .2358 .2327 2297 2266 .2236 .2206 .2177 .2148
0.6 2743 2709 2676 .2643 2611 2578 2546 .2514 .2483 .2451
0.5 3085 .3050 .3015 .2981 .2946 2912 2877 .2843 2810 .2776
04 3446 .3409 3372 .3336 3300 3264 3228 3192 3156 .3121
0.3 3821 .3783 .37145 . .3707 3669 3632 .3594 .3557 .3520 .3483
0.2 4207 4168 4129 .4090 .4052 4013 3974 .3936 .3897 .3859
0.1 4602 4562 4522 .4483 4443 4404 4364 4325 .4286 .4247
0.0 5000 .4960 .4920 .4880 .4840 4801 4761 4721 4681 .4641
6-1 (b)

DOE- 39



DESIGN OF EXPERIMENTS (DOE):

F(x) z

0.99997 4 A
099865 3 v
0.9772 2

0.8413 1 »

0.50 0 /

0.1587 -1 —

0.0228 . -2 <

0.00135 -3 .

0.00003 -4

6-1 (c)
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DESIGN OF EXPERIMENTS (DOE):

€Y

)

6-2 2

1 6 2
15 A B C D AB AC AD BC BD CD ABC ABD
BCD CDA ABCD
@) . i
©) P=100(i-0.5)/15
. |

4)

DOE- 41



DESIGN OF EXPERIMENTS (DOE):

o
Table: Data obtained in a process development
arranged in standard (Yates) order*
= -
order. | A B C D| ®erson orderd fators = 4
1 - - - - 71 (8) JA catalyst charge (Ib) ICRE
2 + - - - 61 (2) } B temperature (°C) 220 24
3 - 4+ - - 90 (10) § C pressure (psi) 5 &
4 + + - - 82 (4) | D concentration (%) 10 1
5 - - 4+ = 68 (15)
6 + - 4+ - 61 (9)
7 - 4+ + -] -8 (1)
8 + + + - 80 (13)
9 - - - % 61 (16)
10 + - - 4 50 (5)
11 - 4+ - 4+ 89 (11)
12 + + - + 83 (14)
13 - - 4+ 4 59 (3)
14 + - 4+ + 51 (12)
15 - + + 4 85 (6)
16 + + + + 78 (7)

6-2

Table: The 15 ordered effects and the probabdzty points P,
process development example*

Order number i

1 2 3 4 5 6 7 8

Effect

-80 55 -225 -125 075 -0.75 -0.25 -025

Identity of effects

A D  ¢C BC ABC BCD CD ACD

P=100(i-3)/15
Order number i

33 100 167 233 300 367 433 800
9 10 11 12 13 14 15

Effect

025 000 050 075 100 450 2408

ldentity of effects

ABCO AD ABD AC AB 8D g

P=100(i-3)15 -

567 633 700 767 83 900 967

DOE- 42



DESIGN OF EXPERIMENTS (DOE):

®) ( )

( 6-3) :

ya= 72.25
Am= -8.0
Bm= 24.0
Dm= -5.5

(b)

]
y= ya+ Am/2 XA+ Bm/2 XB+ Dm/2 XD+ BD/2 XB XD
= 72.25+ -8.0/2 XA+ -24.0/2 XB+ -5.5/2 XD+ 4.5/2 XB XD

® =yr-y
yr 6-4

DOE-



DESIGN OF EXPERIMENTS (DOE):

P(%) -i

W e

800 14 , °®

833 13

76.7 12

70.0 11

633 10

$6.7

$0.0

433

368.7

30.0

b OV OO N O ©

233

187 3 .

100 2

Qe

33 1 ®

@
9
DY)

0%0_

’lnlnl-.ol'

]
-10 -5 0

K:0n|||.|.|;|5

n—|-0
L J

Figure: Normal plot of effects, process development example

6-3
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DESIGN OF EXPERIMENTS (DOE):

| Significant Effects:
= 72.25

average

A
B

BD

-8.0
24.0
-5.5

4.5

*
Model:
 — -8.0 24.0 =55 R
y=72.25+(3%x, + (_)XB +(22)xp +(48)x5x,
observed | predicted | .. observed | predicted | .
value value | residual §UUn e value | residual
y y y-y y y y=y
71 69.25 1.75 61 53.25 1.75
61 61.25 -0.25 50 5125 | -1.25
90 8875 | " 1.25 89 87.75 1.25
82 80.75 1.25 83 79.75 3.25
68 69.25 ~1.25 59 5025 | -0.25
61 61.25 —0.25 51 51.25 -0.25
87 88.75 -1.75 85 §7.75 -2.75
80 80.75 075 78 7975 | 175

6-4

DOE-
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DESIGN OF EXPERIMENTS (DOE):

3.1

16

15

14
13

12

n O N o w o

—~ oeoe

1

2

Figure: Normal plbt of residuals, on normal probability paper,
precess development example’

DOE-
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DESIGN OF EXPERIMENTS (DOE):

b k b ]
k=4 2=16 k=5 2°=32 k=6 2°=64 k=7 2'=128

(Dr.Taguchi)

Taguchi

7-1 (Orthogonal arrays)

Taguchi ,
L12, L16, L32, ,

L8

DOE-

- L8,
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DESIGN OF EXPERIMENTS (DOE):

- L Latin square
8
7 17 2 7 3 L8, L12, L16 7 4
. {3 1” {3 2” .
Lg

2 11 1 1 2 2 2 2
w3 i 2 2 1 1 2 2
=
£ 4 1 2 2 2 2 1 a
<
=
=
Z 5 2 -1 2 a1 2 1 2
(&)

6 | 2 1 2 2 1 2 2
7 { 2 2 1 1 2 2 2

a .
b c

onoe

Preferred Columns:

ZCX= 3 factors (Full fact.)

= 4 factors (R4)

5-7 factors (R3)

DOE-



DESIGN OF EXPERIMENTS (DOE):

O =6 - 11 Factors = Low Resolution

A B c DO E F G H

K

oYoloYolololololo

® @

—

1 1 1 1 1 1 P11 1 1 1
2 1 1 1 11 2 2 2 2 2 2
3 1 2 2 2 11 2 2 2
4 102 1 2 2 12 2 1 1 2
S 1 2 2 1 2 z 1 2 1 2 1
6 1 2 2 2 1 2 21 2 1 1
7 2 1 2 2 1 2 2 1 2 1
8 2 1 2 )Y 2 z 2 1 1 1 2
Q 2 1 12 2 2 1 2 2 1 1
10 2 2 2 1 i i1 2 2 Y 2
i} 2 2 1 2 1 z 1 1 1 2 2
12 2 2 1 1 2 io2 01 2 2 1
Preferred Columns:
O = 6- 11 factors
7 2 L12
DOE-
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DESIGN OF EXPERIMENTS (DOE)

Preferred Columns:

L
Py
U
L)
L
~~
—t «
~ ~ M
g 0
fe 0
~r ~r [7;]
3]
n u o
1Y M ¥
[¢] [o] (3]
R 3 S
(3] U w
N o
44 44 ﬂ.u
< [Ty] (Vo]
o

8-15 factors (R3)

Lis

SNO LLVNTUWOO

@ " o o o ~ " w" o
- - N N~ N - - N — N N~ N - - N
- .

@r - N N - Lala N - N — - N N — L)
~N - N N - - N ~N - — 0N ~N— - N -
-

@ - N N N — N ~N -~ o~ - N - N
o - N - N N o~ - N — N N - ~N -
- .

@- N N N N N~ N ~N ~N e~

@ - - N - N -~ - N - N - N — N

@ e NN NN e NN e e NN
L e NN NN e - NN NN - e

n Lol ad NN - - NN ~N N - - ~N N Lol o
4

@ e NN e NN - NN e NN

@- - LXK o NN ~N N ~N N NN - Lol o
m_ - e NN NN L alkad Ladl o ~N N L

_@— - - - - - NN NN NN NN

- M NG W 0O —n Mme o
- L adk o L o o - -

©0UVUvV

nNuvo

L16

50
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DESIGN OF EXPERIMENTS (DOE):

Celuf:_{%,,] 1 2 8 4 5 6 7 8 9 10 11 12 13 M 15
m3 2 5§ 4 7 6 9 B 11 10 13 12 15 WM

2 1 6 7 4 5 10 11 8 9 14 15 12 8

3 7 6 S5 4 11 10 9 & 15 4 18 12

W 1 2 3 12 13 K 15 8 5 10 .1

) 8 2 13 12 15 14 % 8 11 10

- ) 1 14 15 12 18 10 11 8 8

Preferred Columns: M 15 14 18 12 11 10 9 8
@ 1 2 8 4 5 6 7

[J= 4 factors (Full fact.) @ 3 2 5 & 7 8
E)__ R _ 60 1 6 7 4 5
= 5 factors (R5) a0 7 6 5 4
(::>= 6-8 factors (R4) @1z 3
3 8 2

9=-15 factors (R3) e 1

Interactions between Two Columns

7-2

7-2-1 L8

DOE-



DESIGN OF EXPERIMENTS (DOE):

AB

AC

BC

ABC Yi

Y1l
Y2
Y3
Y4
Y5
Y6
Y7
Y8

[11 ” 111 1” 111
ab=3 c=4 ac=5 bc=6 abc=7
L8

4

c=A b=B a=C,
7 3
7 4
a=1 b=2
7 5

DOE-
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DESIGN OF EXPERIMENTS (DOE):

7 2 2°
A B C AB AC BC ABC Yi
(o b a bc ac ab abc Yi

Y1l
Y2
Y3
Y4
Y5
Y6
Y7
Y8

DOE-



DESIGN OF EXPERIMENTS (DOE):

a b ab c ac bc abc Yi

Y1l
Y2
Y3
Y4
Y5
Y6
Y7
Y8

DOE-



DESIGN OF EXPERIMENTS (DOE):

a b ab c ac bc abc Yi

Y8
Y7
Y6
Y5
Y4
Y3
Y2
Y1l

DOE-



DESIGN OF EXPERIMENTS (DOE):

7 5 2° L8

a b ab C ac bc abc Yi
1 1 1 1 1 1 1 Y8
1 1 1 2 2 2 2 Y7
1 2 2 1 1 2 2 Y6
1 2 2 2 2 1 1 Y5
2 1 2 1 2 1 2 Y4
2 1 2 2 1 2 1 Y3
2 2 1 1 2 2 1 Y2
2 2 1 2 1 1 2 Y1

, , L8 2 «( 22)
, ( )

2° ( ), ©oor “ 2

+” “ 17 , 1
M1 1+1+1+1+2+2+2+2 /4 = /4 =
= +y8+y7+y6+y5-y4-y3-y2-yl /4 =
= -yl-y2-y3-y4+y5+y6+y7+y8 /4= Cm 7-1

DOE-

(
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DESIGN OF EXPERIMENTS (DOE):

M4 = +1+2+14+2+1+2+142 /4 = /4 =
+y8-y7+y6-y5+y4-y3+y2-yl /4 =

-yl+y2-y3+y4-y5+y6-y7+y8 /4= Am 7-1

, L8 . a b ab ¢ ac bc abc 1
2 3 45 6 7 s

L8 ( 7 5
') 3 (A B ©)
,L8 7 L8 3 :
2 , L8 7
? 1 2 4
e 4 (A B C D)
) 3 ) 1,2,4
4 . ?
1,2,4,7 7
, A,B,C,D
1,2,4,7 , L8 ,D ABC
, L8 7 D
, ABC , ,D ABC
, , : L8 D
7, ABC ,D
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DESIGN OF EXPERIMENTS (DOE):

7 5 . ( 3,5,6) . ,
,A,B,C
€)) 5,6,7
4 1,2,4,7 . 3,5,6
7 5
71-2-2 L16
L16 . 24 . [13 1” 111 +H . [14 2” [{1 ”
3 ( ) 7 ( )
24 , 7] " [ 255,
‘o4 “ 17 , L16 . a b ab ¢ ac bc abc
d ad bd abd cd acd bcd abcd 1 2 3 45 6 7 8
9 10 11 12 13 14 15 .
L16 4,5,6,7,8,9,10,11,12,13,14,15
L16 ( 7
6):
€Y 4
L16 2", L16 4 , 2
4 1,2,4,8
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DESIGN OF EXPERIMENTS (DOE):

Confounding Patterns for an L8 Array

‘= 3 Faztors

CA

B

= Full Factorial

o v = ()

c

A

e e — )

A
Col:A

A s A

n

D'.’ 4 Faszzors = Medium Resolution

Trials

A

B

co
AB
|

B> BC
AC AD

COI:B El

!
s 7]

5-7 Factors = low Re;clu:;cn
FG EG EFf €6 CF CE C©D
2% oF G BT 35 83 3=
BC AC A3 AE AD AG AT
| ] 1 | | | ]
A B c D E F G
Csl: 1 2 3 4 S 6 7
Lg
AIAL s {A] s s |7
p bl 2 b b3 : - -
2 1l 1l b 2 2 2 2
3 3 2 2 1 1 2 2
4 b 2 2 2 2 1 1.
5 ] 1 2 1 2 1 2
6 2 by 2 2 1 2 1
7 2 2 1 1 2 2 1
8 2 2 1 2 1 1l 2
a b a s [} b a
b [ c b
c

L8

DOE-
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DESIGN OF EXPERIMENTS (DOE):

D: 4 Factors = Full Factorial

A32D
ABC A3 ATD BCD
A3 AZ BC | AD | BO | (oo} ! { |
A B l [ | | D | | | | ] { 1
| ] | 1 | ! I ! ! ! }
E|2| 3 l¢| 5 6 7 (8] 9 10 21 212 13 14 35
O'.’ $ Factors = High Resolution
AB AC BC DE AD BD CE CD BT Ax
A B | & | | I D | ] | 1 ] i E
} t i 1 | 1 1 ] ! 1
@ @ 3 @ 5 [ 7 9 10 1l 12 13 14 @
O:G-B Factors = Mediuz Resolution
GH b TG DE fore] DF DE
TT jote] bt cG = cE cr
cD 2D BC BT = BY S
AB AS AD AZ AT AG AH
i i i 1 i ] i
A | B | c | D | E ] F | G | B
| 1 1 1 | | |
Q: 0 Q<0 ®»0 =@

@

9-15 Pactors = lov Resolution

Lie
@ooad 0O O © @
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
? 1 v LR 1 ? 2 2 I T 2
3 1 1 ' b H 2 2 1 ] 1 1 ? H 2 2
¢ 1 [ 2 2 2 2 2 2 1 [
H 1 t ] 1 ? 2 11 2 1 2
’ 1 ? 2 1 2 ? 2 1t ? 2 [
Lo I I  JE S T 1 1 T 2 T 2 1
'; : 1 2 ? 2 1 2 2 1 1 ? 1
-l
8
= L) ? 12 1 2 1 2 12 1 2 L 1 1
19 b 12 12 2 t SR 2 2 T
1 2 v 2 P | 2 12 12 2 1 t |
12 2 12 2 2 2 ? 12 v 2
13 ? ? 1 2 2 1 1 2 2 1 2 2
1" 2 P vt 2 ? T 12 b B T 2
s 2 r I I 12 12 ? 2 1 2
16 ] 1 2 1 1 2 I 12 T t S
s » ] [3 » » L] L] [ [ 4 » ® (]
» 3 [ L] [ ] d [} [} [ c [}
[3 aq [] d <
)

L16

DOE-
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DESIGN OF EXPERIMENTS (DOE):

O (A,B,C,D,E)
5 1,2,4,8,15 L16 , 15
: 7 6
7 DE+ABC  ~DE
11 CE+ABD  ~CE
13 BE+ACD  ~BE
14 AE+BCD  ~AE
15 E+ABCD  ~E
1) ) E
DE, CE,BE,AE
, 1,2,3,4,5,6,8,9,10,12
©) 6-8
1,3,5,7,9,11,13,15 ,
. 7 6
4  9-15
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DESIGN OF EXPERIMENTS (DOE):

7-2-3 L12
L12 ,
11 , ,
2,
7 7

Resoluticon lens

D reses e ieimilibe
razy visibility clear visibility
0f terms

Number ¢f Factecrs

2 [g] 6 1 G=-==11]12 --'l
| | A ‘ ! O } @ @ i ‘ 1
7 77 7 ST/

T4 T / / ; . . n
- | Ty 7T / // //’ // ///“ot possizle

| | | | |
Ls | | full] Med | Low-=——=——==== > //

! i | i |

| |

Lle i i ful-i Hi | Med------==m- >|  Low--—=—-- j==>

! | | | | :

| |
L1z | | Low commmmmmmmammmea—es >

I | /
7 7

DOE-
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DESIGN OF EXPERIMENTS (DOE):

7-3
Blocking , Randomization
7-4
7-4-1 1
7 8
7 9 ; 3 ;
7

A=Lifter/Bore Clearance /

B=Head Gasket Orifice

C=0il level in Pan

D=Bearing Clearances

E=0il Pump Gear Clearance

F=Regulator(psi) ( / )

G=0il pan volume

2
y:-gallery oil pressure

y2-oil pressure in head

DOE- 63



DESIGN OF EXPERIMENTS (DOE):

3 4
A = Lifter/

ENGINE OIL SYSTEM [EE [}) [%]l{] I%J? ﬂ[?dﬁlj
(0 R R g @ﬁw:::“

( B = Head Gasket Orifice

A

F = Regulator ‘(psi)

o ""“

A FILTER
6

Y, = gallery oil pressure

h ~D = Bearing
Clearances

HEWHGERENEY

3 4 a MAIN BRGS.

6 6] ¢
' [4] rop BRGS.
: d d

VT
b

7 8(A)

DOE- 64



DESIGN OF EXPERIMENTS (DOE):

A=Lifter/Bore Clearance /
B=Head Gasket Orifice

C=0il level in Pan

D=Bearing Clearances

E=0il Pump Gear Clearance

F=Regulator(psi) ( / )
G=0il pan volume

Filter ,MAIN BRGS ,ROD BRGS
CAM BRGS ,

y:-gallery oil pressure

y2-oil pressure in head

G L

€)) Y1( )

Am=  309+345+377+270-271-276-294-172 /4=
309+345+377+270 )/4 - ( 2714276+294+172 /4=
325.25 253.25

“ 2" ):

DOE-
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DESIGN OF EXPERIMENTS (DOE):

A 11 1"
253.25

325.25

Engine 0il Pressure Case Study

Responses: y, = oil pressure (kPa) in block oil gallery

Y, = 0il pressure. (kPa) in head

Levels

Factors (1) (2)
A = Lifter/Bore Clearance low high
B = Head Gasket Orifice yes no
C = 0il level in pan "Add" line "Full" line
D = Bearing Cleafances Min Max.
E .= 0il Pump Gear Clearance min. max.
F = Regulator (psi) 65 75
G = 0il pan volume deep regqular

79 ( | )

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Bm=  309+345-377-270+271+276-294-172 /4=
309+345+271+276 )/4 - ( 377+270+294+172 /4=

= 300.25 278.25
B * 1 300.25
278.25
@) Y2( )

Fm=  232-254-356+271+151-153-262+164 /4=
= 232+271+151+164 )/4 - ( 254+356+153+262 /4=
= 204.5 256.25

F “ 1 204.5
256.25

Gm=  232-254-356+271-151+153+262-164 /4=
= 232+271+153+262 )/4 - ( 254+356+151+164 /4=
= 229.5 231.25

G “ 1 229.5
231.25

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Input Factors ("Knobs")

- & & o
o t»oo ,’C”oc
o o> o5 et *
99° e° © 3 * c\’e,t’-‘ o 0 40‘&0‘“
-oe‘" 0° N 31 — \}"o ¢
\M e® o> ° 2oF LS v&qo >
L8 »° ® , c” 0° % ¢” ¢ Output Data
: 1 2 ‘3 4 5 6 7 { y = 0i1 Press.
| | gallery head
! = 1=" 1=] 1= Add 1=Min 1= Max 1= 65 1= Deep 309 232
I .
T2 1= - Yes 2=Max 2=Mm 2= 2= 345 264
| I Low s f«&
R 3| 1= 2=] N 2= 1= Min 1= Max 2= 2= arvy 156
| o
I 4 | 1=] 2= 2= 2=Max 27 1=] 1= Dee .
‘A Rl Min___|6S P 270 2m
A 5 { 2=) 1=] v 2= 1=Min 2= 1=} 2= Rea. { 2t 151
L -
6 : ol W 1= ¢ - 2=Max 1= Max 2=] 25 1= : 276 153
s 7 : 2= ? 2=]N 1=] Add 1= Min 2= Min 2= 1=|7%%P : 294 262
[+]
8 : 2= 2= 1=] 2=Max 1=Max 1=65 2= Reg. || 172 !(,,4-

Taguchl Data Sheet for 7 factors In an L8 (highly confounded!!)

L8 Orthogonal Array

L8

DOE-
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DESIGN OF EXPERIMENTS (DOE):

RESPONSE PLOTS

6000 rpm and 130 deg. C 0il Temp.

)

a

=

o A

S

2 350 1

\

Q

e

(=N

‘e 300

b

'™

2

[
2501

il

=i

-3

A E C D E F G

Lifter/Bore oOrifice oil Bearing 0il  Regulator Oil pan
Clearance level Clearances ruxmp volune
- Clearance

250

200

yo = head oil pressure (kPa)
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DESIGN OF EXPERIMENTS (DOE):

?

¢ Y1 Y2, 7 4

AC 7/ ),B( ).D( ).F( )
) ( A D
) ( F) 75psi 65 psi

4)

DOE-
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DESIGN OF EXPERIMENTS (DOE):

7-4-2  2:
Taguchi
Taguchi
® Taguchi
(¢)) (Control factors)= ; , ;
, Design factor ,

Nominal value

(2 (Noise factors)= , , ,
® Taguchi s
Robust
Taguchi
7 12 Y (
)
Response =y=temperature of seal( )

A=Primary Ring width(mm)

B=Water Pressure (psi)
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DESIGN OF EXPERIMENTS (DOE):

C=Face Runout(inch)

D=Mating Ring Finish(u inch)
E=Primary Ring Finish(u inch)
F=Mating Ring Flatness(u inch)
G=Primary ring Flatness(p inch)
H=Spring Load (1bf)

8 ; ? L16 , 7
7 L16 8 8 L16

7 13 L16 )

Am=

2+6+9.5+1.7+6.4+8.9+4_6+4-20.1-15.9-2.7-0.6-6.6-0.6-1.7-3.9)/8=
= 5.3875 6.5125

E2=

2+6+9.5+1.7-6.4-8.9-4.6-4+20.1+15.9+2.7+0.6-6.6-0.6-1.7-3.9 /8=
= 7.3125 4.5875

Bm=

2+6+9.5+1.7-6.4-8.9-4.6-4-20.1-15.9-2.7-0.6+6.6+0.6+1.7+3.9 /8=
= 4 7.9

E4=

2+6-9.5-1.7+6.4+8.9-4_.6-4+20.1+15.9-2.7-0.6+6.6+0.6-1.7-3.9 /8=
= 8.3125 3.5875
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DESIGN OF EXPERIMENTS (DOE):

/ Frinary Ring
spring . ".c.. ‘:..'::. .

Mating Ring

Water Pump Case Study
- ¥y = temperature

Response = y = temperature of seal
(correlates well with seal life)

Levels:
Factors (1) (2)
A = Primary Ring Width (mm) 2.5 1.5
B = Water Pressure (psi) 15 50
C = Face Runout (inch) 0.003 0.008
D = Mating Ring Finish ( M inch) 6 30
E = Primary R;.ng Finish ( (M inch) 6 30
F = Mating Ring Flatness (M inch) 10 60
G = Primary Ring Flatness (A inch) 10 60
H = Spring Load (‘lbf) ' 6 12

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Input Factors ("Knobs")

r - A
0° 0%
o 9 10° 0°
& e “o‘) 1\5‘" g‘»‘\\‘ 1\" 130"' ‘P,b
« oo* « 29 R 5,1\6 ) .3
o o5° £o° . > .. ¥ - 2 69&1‘ Output Data
L16 v ° ¢’ 0° e ¢+’ 6’ +°
. y = Temp.
|
|1 3 5 7 9 11 13 15 above
U B ! coolant
| ; )
1 1=) 1= 1= 1= 1= @ 1= 1o 1= 10 1= G© 2
2] 1= = 5 1= .003 1=] @ 2=30 2= GO 2a 2] (]
| t _Ja,o 1”2
3] 1= 1= 2=1 ooa .27 1= G 1= 10 2 2 Q.5
a1=\pg 1= 2= ° 2= 2= 30 2 1= 1= G 2.7
| * 30 ©0 10
5 | 1= 2= 1<] 003 2= = 6 2a) - 1= 2= 12 6.4
T 6| 1= 2= 1=) 2= 2=30 1= lo, 2= 1= 8.9
| 50 ]c.o ©
R 7} 1= 2= 2=) 1= 6 1:36 2= ?6 2=, o 1= 4'6
8 | 1=J 2= 2= 1= 2=30 1= 10 1= | 2s
1| .008 12 u
A9 : 2= 2a 2= 24 3¢9 2130 2= GO 2= 60 2-J 20.1
10 | 2= 252 2¢3 28 1= 6 1= 10 1=’ 1 15.9
L 50 . ]m ]6
11 | 2= 2= 1=] 003 1¢ 2=30 2= 60 1= 1= 2.
s 12 | 2= 2= 1=] ° 1= 1= G 1< 25 2= 12 0.6
1 hs A 6 }o ©0
13 | 2= 1= 2=] ,008 I 2=32 1= 2 1= G . 32
14 | 2= 1= 2= 1= 1= 2= 1< 2a X
: : 15 0 @0 Jno ]l?. .
15 | 2= 1= 1= 2+ 2= 1= 10 14 2= .
16 | 2= 1= 1= 003 2= 30 1= ¢ 2= 0 2a O 1= G 3.9
|
Taguchi Data Sheet for 6-8 factors in an L16
7 13 L16
7-14
?
’ ’
4 E4 7 6
E4= AC+BD+EG+FH
AC EG FH

E4~ BD
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DESIGN OF EXPERIMENTS (DOE):

7-15 BxD B
, D=30 2 , D=6(1L)

Ring width (—— Pressure ; Face Runout M. Ring Pinish

Noigse ==> use worst case

>
P. Ring Finish M. Ring Flatness P. Ring Flatness Spring Load
Optimal Combination: c, = 0.003 inch
(low temp.) D, = 6 _A4 inch
G. = 10 AA inch
7-14

DOE-
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DESIGN OF EXPERIMENTS (DOE):

How can we be robust to noise?

B x D Interaction

* D = M. Ring Finish
I+ ———————-———— 30 = rough

o

2 10

S

o

=%

E

v - X

-

E 5 4

0 6 = smooth

l l R AR

>

: ZEnarrow output .

0.- i |
15 50
B = Water Pressure = Noise
Robust choice
(least sensitive output)
7-15 BxD
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DESIGN OF EXPERIMENTS (DOE):

BxD

BxD [ 1 1 yi+ 1 1 y2+ 1 2 y3+ 1 2 vy4+

yo5+ 2 2 y6+ 2 1 y7+ 2 1 y8+

yo+ 2 2 yil0+ 2 1 yll+ 2 1 yl2+

yl3+ 1 1 yl4+ 1 2 yls+ 1 2 yl6] /8=
yl+ 1 1 y2+ 2 1 y7+ 2 1 y8+

yll+ 2 1 yl2+ 1 1 yl13+ 1 1 vyl4] /8+
+[ 1 2 y3+ 1 2 y4+ 2 2 y5+ 2 2 y6+

+ 2 2 y9+ 2 2 yl0+ 1 2 yl5+ 1 2 yl6] /8=
{f 1 1 yi+ 1 1 y2+ 1 1 yl3+ 1 1 yl4]/8+
+[ 2 1 y7+ 2 1 y8+ 2 1 yll+ 2 1 yl12] /8}+
+H{[ 1 2 y3+ 1 2 y4+ 1 2 ylb+ 1 2 yl6]/8+
+[ 2 2 y5+ 2 2 y6+ 2 2 y9+ 2 2 vyl0] /8}

+
+
+

[

+

N b P N DN
P kP, NNDN

(1) D=1, B=1 ,

Ra= yl+y2+y13+yl4 /4= 2+6+6.6+0.6 /4= 3.8

(2 D=1, B=2 |,

Ra= y7+y8+yll+y12 /4= 4.6+4+2.7+0.6 /4= 2.975

(3 D=2 B=1 |,

DOE-



DESIGN OF EXPERIMENTS (DOE):

Ra= y3+y4+yl15+y16 /4= 9.5+1.7+1.7+3.9 /4= 4.2

() D=2 B=2 |,

Ra= y5+y6+y9+yl0 /4= 6.4+8.9+20.1+15.9 /4= 12.825

7-15 , D=6 1 ,B )
B , Taguchi ) D=6 1
2
) 8 , 4 :
B,C,D,G BD
@) ,
€)) . B .
“4) ( B) :
D 1 ,
(5) C,D,G ,

SPC

DOE-
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DESIGN OF EXPERIMENTS (DOE):

7-4-3 2:

Cadillac

1

2 :
C )
(D)

@

T A

DOE-
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DESIGN OF EXPERIMENTS (DOE):

Cadillac Head Lamp Aiming Example

2.0" Up

///—} 0 = Nominal
= = 25" down
- 25 ft >
Adjusting
Screw
) — Head lamp aim changes
i el -
peirin — after adjustment as the
Pin 77, . result of hood slamming
s T—
Lamp Can W& Spring
Preset Screw
) —
{i‘l . 1 Lubricant
SR S
S q& Delrin Pin
= -
\ - '\ 5 //
\iE |
i T~
Spring
7-16. Cadillac
7-6 ( )
2 1
(A) Ib/in *
®) *
© *
() *
*

DOE-
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DESIGN OF EXPERIMENTS (DOE):

L8
7-7 L8
A B C D [in]

1 1 1 1 1 8

2 1 1 2 2 7

3 1 2 1 2 3

4 1 2 2 1 6

5 2 1 1 2 2

6 2 1 2 1 4

7 2 2 1 1 5

8 2 2 2 2 1

, 4
3 4
7-8
Z 10 log §°
7-8
Z
Y [in] S

1 0.25 0.40 0.60 0.20 0.3625 0.1797 |14.91
2 0.00 0.10 -0.40 |0.20 -0.025 0.2630 | 11.60
3 0.75 1.80 1.10 1.10 1.1875 0.4404 7.12
4 0.00 0.00 0.75 0.60 0.3375 0.3944 | 8.08
5 1.60 1.00 1.10 1.40 1.275 0.2754 |[11.20
6 0.50 0.80 0.90 0.40 0.650 0.2380 |12.47
7 0.75 0.75 -0.60 |0.60 0.375 0.6538 | 3.69
8 0.90 0.35 0.00 0.90 0.538 0.4423 | 7.09

DOE-
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DESIGN OF EXPERIMENTS (DOE):

A.
7-9 L8 Y
A B c D [in]
1 1 1 1 1 0.3625 8
2 1 1 2 2 -0.025 7
3 1 2 1 2 1.1875 3
4 1 2 2 1 0.3375 6
5 2 1 1 2 1.275 2
6 2 1 2 1 0.65 4
7 2 2 1 1 0.375 5
8 2 2 2 2 0.538 1
Y
—= —B —ZEco  © “ACED  ADBC  DRAEC
v— R B AR
7-17 Y
7-10
| 1 2 3 4 5 6 7
-0.550 |-0.313 |-0.244 |-0.044 |0.081 0.194 0.425
AB+CD D A B BC+AD AC+BD C
P=100(i-0.5)/7 | 7.14 21.43 35.71 50 64.29 78.57 92.86
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DESIGN OF EXPERIMENTS (DOE):

PiE] i

9286 7

785 B

423 5
5000 4

3B/A 3

21.43 2

0714 1

ACHE

L J

BC+

o

D
CD

-2 1]
FHERMAE A

-0.244
0.425
0.313

-0.55

y*= .5875626+(-0.244/2)XA+(0.425/2)XC+(-0.313/2)XD+
+(-0.55/2)XC-XD

7-11 Y

y y yy' y y yy'
0.3625 0.247 0.116 1.275 1.353 -0.078
-0.025 0.135 -0.160 0.65 0.616 0.034
1.1875 1.109 0.079 0.375 0.491 -0.116
0.3375 0.372 -0.035 0.538 0.378 0.160
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DESIGN OF EXPERIMENTS (DOE):

7-12 Y
1 2 3 4 5 6 7 8
-0.160 |-0.116 |-0.078 |-0.035 [0.034 |0.079 |0.116 |0.160
100*(i-0.5)/8 | 6.25 1875 | 3125 |4375 |56.25 |68.75 |81.25 |93.75
Pzl
9375 8 .
g5 7 -
B375 6
BGZ5 5 -
4375 4 &
N5 3 B
1875 2 /=
06.25 1
T Y Y T R 1= 2
HE
7-19 Y
0 [ i) CxDIEE1ERE
L=
i)
b
.i..
..!'..
3 €
7-20 Y

DOE-




DESIGN OF EXPERIMENTS (DOE):

B Z
7-13 L8 Z
A B C D Z
[db]

1 1 1 1 1 14.91 8

2 1 1 2 2 11.60 7

3 1 2 1 2 7.12 3

4 1 2 2 1 8.08 6

5 2 1 1 2 11.2 2

6 2 1 2 1 12.47 4

7 2 2 1 1 3.69 5

8 2 2 2 2 7.09 1

Z dB
n - '\\ e r”f‘ \\ .\\' MH
? —
B T AEGD € AGED  AD-BE  DeARC
7 dB — RS EREERYZ--20 109 S
7-21 Z
7-14 Z
| 1 2 3 4 5 6 7
-0.580 | -0.395 |0.535 1.600 1.755 1.815 6.050
C AB+CD D+ABC BC+AD AC+BD A B
P=100(i-0.5)/7 | 7.14 21.43 35.71 50 64.29 78.57 92.86
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DESIGN OF EXPERIMENTS (DOE):

P
s
Iy B
q¢gn 7 7 ¥
g
F 3 ___."
7EE7 B e
A=A
429 5 ;{
500D 4 »
o -_.-'"'
15713 ’
o i
2ldd & '-.-_,-'
0714 1 ,f +
1.1I | I: | I.I.‘I IIIEEI 11 I-1:II IIEEII 1
FoEEEE A
7-22 Z
B 6.05
Z"= 9.52+(6.05/2)XB
7-15 Z
Z Z" -7 VA Z" Z-7°
14.91 12.545 2.365 11.2 12.545 -1.345
11.60 12.545 -0.945 12.47 12.545 -0.075
7.12 6.495 0.625 3.69 6.495 -2.805
8.08 6.495 1.585 7.09 6.495 0.595
7-16 Z
1 2 3 4 5 6 7 8
-2.805 | -1.345 | -0.945 | -0.075 | 0.595 |0.625 |1.585 |2.365
100*(i-0.5)/ | 6.25 18.75 [31.25 |43.75 |56.25 |68.75 |81.25 |93.75
8
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P

9375

6E.75

Gk 25
4375

1z

1678

e 25

DESIGN OF EXPERIMENTS (DOE):

8 <
'--.-r
7 — -
o
= .
5 P!
] -.._____,
3 1
L
z T
.-___-"'-.-.
i o
T TR 0 TR 275
e
7-23 Z
)
6 10 target=0
A @ ); B @ )
C 2 ); D 2 )

y*= _5875626+(-0.244/2)XA+(0.425/2)XC+(~0.313/2)XD+
+(-0.55/2)XC-XD
Z"= 9.52+(6.05/2)XB

7-6 ( )
2 1

®) Ib/in *
®) *
© *
® *
)

100 25
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7-24

87



DESIGN OF EXPERIMENTS (DOE):

Robust
Engineering

Confirm Improvement

After

Before
49 z‘
s n=36lamps| < I n=100 famps
N T usL & ] Lst usL
g 16 4 g 16 .
o 14 o "
4 )
™ 12 &= 12 4
[ 10 . BEd © 10 -
5 1 s
g ] Bl \I\l 2 .
2 il 2
R s ] : Ty e B e T
Distance off target at 25ft (in) Distance off target at 25ft (in)
Lubricant Yes Yes
Adj. Screw No -Yes
Pin No No
Spring Medium Light

7-24
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DESIGN OF EXPERIMENTS (DOE):

8.
8-1

D

)
[
[
[
o (Brainstorming), (Fishbone diagram)
[

L8,L16,L12
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DESIGN OF EXPERIMENTS (DOE):

®
4)

®)

8-2

€Y

)

®

4)

®)
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DESIGN OF EXPERIMENTS (DOE):

€Y

)

®
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DESIGN OF EXPERIMENTS (DOE):

DOE
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DESIGN OF EXPERIMENTS (DOE):

(DOE)
1
2
3
4 (Brainstorming), (Fishbone diagram)
5
6
7 L8,L16,L12
3 ( )

1

2

3

4

5

6 Robust design
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DESIGN OF EXPERIMENTS (DOE):

Machines Materials

Defective from
supplier

Damaged in
handling

Methods

—

Incorrect
specifications

attitude Insufficient

Faulty training

gage
Inadequate

Inspectors don't
supervision

understand specification

Measurement Personnel

Cause and effect diagram

Ambient

temperature
too high

Environment
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DESIGN OF EXPERIMENTS (DOE):

20

10

0.5
0.2
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DESIGN OF EXPERIMENTS (DOE):

20

10

0.5
0.2
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DESIGN OF EXPERIMENTS (DOE):
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DESIGN OF EXPERIMENTS (DOE):

A3

A4
AS
A6
A7

A
B C;
A B C

1 - - - 9, 7
2 + - - 10 12
3 - + - 9 11
4 + + - 12 15
5 - - + 11 10
6 + - + 10 13
7 - + + 10 8
8 + + + 16 14
A= 3.375

B= 1.625

C= 0.875

AB= 1.375

AC= 0.125

BC= -0.625

ABC= 1.125

: A, B, AB
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