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ABSTRACT

Purpose: We research on the efficient response surface methodology(RSM) design to develop a design space
in Quality by Design(QbD). We propose practical designs for the successful construction of the design space
in QbD by allowing different number of replicates at the box points, star points, and the center point in the
rotatable central composite design(CCD).

Methods: The fraction of design space(FDS) plot is used to compare designs efficiency. The FDS plot shows
the fraction of the design space over which the relative standard error of predicted mean response lies below
a given value. We search for practical designs whose minimal half-width of the tolerance interval per a stand-—
ard deviation is less than 4.5 at 0.8 fraction of the design space.

Results: The practical designs for the number of factors between two and five are listed. One of the designs
in the list could be chosen depending on the experimental budget restriction.

Conclusion: The designs with box points replications are more efficient than those with the star points
replication. The sequential method to establish a design space is illustrated with the simulated data based
on the two examples in RSM.
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Chung et al.

Design of |-optimal and rotatable CCD

Table 1.
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AGdAE ALY S AT F = 337Fs T34 A (rotatable CCD)E 7102 gtk Q91 37146
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Table 2. Minimal d,,d, for rotatable CCD(in case of d, < 4.5 for FDS 80%)

(a) Designs with two factors

center N Minimal d,(Mean) Minimal d,(Tolerance) scaled
P s 80% 8%  90%  95% | 80%  85%  90%  95% | D-opt
2.2) 7 | 23| 081 083 087 094 | 442 444 448 454 | 165
3.1) 6 | 22| 079 080 082 087 | 444 445 447 452 | 1.22

7 23 | 0.76 0.78 0.81 0.85 4.37 4.39 4.41 4.46 1.24

(b) Designs with three factors

center N Minimal d,(Mean) Minimal d,(Tolerance) scaled

rep pts 80%  85%  90%  95% | 80%  85%  90%  95% | D-opt
@1 5 | 27| 08 090 091 095 | 449 450 452 456 | 123
6 | 28| 085 087 089 094 | 441 443 446 450 | 1.26
7 | 29| 083 08 088 092 | 436 438 441 445 | 128
2.2) 4 | 32| 092 094 096 099 | 436 438 440 443 | 145
5 | 33| 08 08 088 090 | 427 428 430 432 | 146
6 | 34] 081 082 08+ 088 | 420 421 423 427 | 148
7 |35 078 079 082 087 | 414 416 419 424 | 150
3,0 3 | 33| 089 090 092 094 | 430 432 433 435 | 1.09
4 | 34] 082 083 084 086 | 421 422 423 425 | 110
5 |35| 077 078 079 080 | 414 415 416 417 | L11
6 | 36| 073 074 076 078 | 408 409 410 413 | 113
7 37| 071 072 074 077 | 404 405 407 410 | 1.14
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(c) Designs with four factors

center N Minimal d,(Mean) Minimal d,(Tolerance) scaled

rep pts 80% 8%  90%  95% | 80%  85%  90%  95% | D-opt
a6 | 94| 092 08 098 10+ | 445 448 45l 457 | L39
’ 7 | 35| 090 093 097 103 | 440 443 447 453 | 142
4 | 36| 095 097 098 101 | 442 443 445 448 | 135
+1217 5 | 37| 090 091 093 098 | 433 435 437 442 | 1.37
6 | 38| 086 088 091 096 | 428 430 433 438 | 1.39

7 | 39| 085 087 090 095 | 424 426 429 434 | 141

@1 3 | 43| 091 093 094 097 | 423 424 426 428 | 110
4 | 44| 084 085 08 088 | 414 414 416 417 | L1l

5 | 45| 079 080 081 083 | 407 408 409 411 | 112

6 |46| 075 077 078 081 | 402 403 405 408 | 1.13

7 | 47| 073 075 077 080 | 399 400 402 406 | 115

1.2) 3 | 35| 098 100 102 107 | 448 449 452 456 | 161
4 |36 093 096 099 105 | 440 443 446 452 | 163

5 | 37| 091 094 098 104 | 435 438 442 448 | 165

6 | 38| 090 093 097 103 | 431 434 438 445 | 168

7 | 39| 089 092 096 103 | 428 431 435 442 | 171

2.2) 3 | 51| 099 101 104 107 | 419 421 424 428 | 1.9
4 |52 087 089 091 093 | 407 408 410 413 | 1.29

5 |53 080 081 083 085 | 398 400 401 403 | 1.30

6 | 54| 075 076 078 080 | 393 394 395 397 | 131

7 |55 072 073 075 077 | 389 390 391 394 | 132

3.1 3 | 59| 074 075 077 078 | 387 388 390 391 | 102
4 |60| 070 071 072 073 | 382 383 384 38 | 103

5 |61 067 068 068 070 | 379 379 380 381 | 1.04

6 | 62| 064 065 066 068 | 375 376 377 379 | 1.04

7 | 63| 063 063 065 067 | 373 374 375 377 | 105

(d) Designs with five factors

e center N Minimal d,(Mean) Minimal d,(Tolerance) scaled
pts 80% 85% 90% 95% 80% 85% 90% 95% D-opt

Full 8 45 1.02 1.03 1.05 1.07 4.41 4.42 4.44 4.46 1.17
(1,1 4 46 0.93 0.94 0.95 0.98 4.30 4.31 4.32 4.35 1.18
5 47 0.88 0.89 0.91 0.95 4.23 4.24 4.26 4.30 1.19

6 48 0.85 0.87 0.89 0.93 4.18 4.20 4.22 4.26 1.21

7 49 0.83 0.85 0.87 0.92 4.14 4.16 4.19 4.23 1.22

8 50 0.81 0.83 0.86 0.91 4.11 4.13 4.16 4.20 1.24

Res 7 41 0.97 1.01 1.05 1.13 4.47 4.50 4.55 4.62 1.52
(1+12D" 8 42 0.96 0.99 1.04 1.12 4.42 4.46 4.51 4.58 1.55
Res 3 45 1.02 1.03 1.05 1.07 4.41 4.42 4.44 4.46 1.17
2,1) 4 46 0.93 0.94 0.95 0.98 4.30 4.31 4.32 4.35 1.18
5 47 0.88 0.89 0.91 0.95 4.23 4.24 4.26 4.30 1.19

6 48 0.85 0.87 0.89 0.93 4.18 4.20 4.22 4.26 1.21

7 49 0.83 0.85 0.87 0.92 4.14 4.16 4.19 4.23 1.22

8 50 0.81 0.83 0.86 0.91 4.11 4.13 4.16 4.20 1.24
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center Minimal d;(Mean) Minimal d,(Tolerance) scaled

rep ots | V| som  85%  90%  95% | 80%  85%  90%  95% | D-opt
Res 6 | 42| 102 106 LIl 119 | 443 452 458 466 | 190
(1,2) 7 | 43| 101 105 110 118 | 445 449 454 462 | 1.94
8 | 44| 100 104 110 118 | 442 446 451 459 | 1.97

1) full factorial plus 1/2 fractional points (generator I=ABC)

2) full factorial plus 1/4 fractional points(generator I=AC=BCD)
3) full factorial plus 1/2 fractional points (generator I=ABCD)
4) fractional factorial plus 1/2 of resolution V fractional points

4. simulation A}

28l 7 2709 7HY W] gAE AfETt
HES A= Zh2E 270 Qe 4, Foixl 9 ElolEf oA o4
il T B RS Aestar, whgHa] B3 W9 okl HHXxAE
o W3k tolerance A#F7Ha =0.05,P=0.99)C.2 TRl AHo]| A5 153}
A, gy, 2 oAl dlraw) HOlHRZE YAl AFo]|27) 55 A

et od A9 HAA APHAZ FUFHAAL WEES Fel A oo 2T Fe PR APat B

4.1 89 = 270 A

Elibol(2002)-& Streptomyces coelicolorel &3 34 AAHS F3lel7] 9af v T HEA
X A(Perfluorodecalin, 20-60% v/v), B(Glucose, 8.75-16.25 g/l)o] 1, ¥+ (1,1)d] SA1A 374¢] 3 d715
FAAAER 2 F A4 1170t BEE¥E= Elibol(2002) = & 471& AHEsi8loy, 2 =M= Rl
(biomass concentration, B> 1.7, WtlEA), R2(Oxygen uptake rate, ¥$> 150, GEA) 2705k A}

3, AEAI R R20) B dlo]E]7} Table 3] Fojzith

o
o
2
£
e
ok
g

Table 3. Raw data for example 1

A B R1 R2
20 8.75 1.346 86
60 8.75 1.450 84
20 16.25 2.900 96
60 16.25 1.780 82
11.72 12.50 2.308 43
68.28 12.50 1.600 59
40 7.20 1.100 125
40 17.80 2.300 128
40 12.50 1.985 176
40 12.50 1.889 168
40 12.50 2.100 184
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ARRTE £12 A8 ofaf RS AARL daph 4 (DA dek i, R B

Adj— R*=0.981, MSE=0.0051, R2+ Adj— R*=0.974,MSE=759.732 43t}

R1=1.98—0.254+0.458B—0.314AB—0.13B>
R2=176+0.834+1.53B— 62.9442— 25.19 B> (7)

R1>17, R2>1509] WelelM R meE Hosleh= HHxzde &jE FopEy ssstd g
(4,B) =(—0.126,0.379) Y @ R1=2.181,R2=171.8547} H3It}. Figure 19| ()9 o] R137} R29] H3 9o
g tolerance 41 7-{Hone side)®] wF o] A ¥ A] ghob HApl 2uf|o] 27} RHEoj A A] =t} 1 o] fr= F
Ao M o] WS 5o gt tolerance A1¥3}8Hlow interval)e] Rl,, =1.847,R2,, =134.5417} %o
R27F Hbg o] W elol] B x| ool H Az k2> 150 2315 RHEHA] GobA Figure 19 (a)dl] 520
X1 upe} Rro] TARl Aujo]~7h T gto] HTh

7} WS =o) o 5], FFHAY) tolerance A F 813 3hE o] gto] whe] FFEHX
SR, R19 d,3h2 4.67, R29] 4,8k 4.83¢] ) 19dd], o HeolH o A7
78-5-oll FDS H| & 80%< WH5ahe #Aeho] 4,4k 6.847} ¥ 1L d,%k0] 4.67Y wj= FDS
A,

T tolerance d,#ko=

]_
A= BEEAk] Fhel 191

] &
Table 225E 29157} 27121 -l FDS ¥]& 80%, A3 d,gto] 4.5 olats sk F3¥ 234
g Zol, A /N7t 67, WS (3,109 SAFAAE At 34 AP IS HEste] T A
o] AL 804 AAE F o, SRS A W 9 wkEesta w3k 74 (DA R1e
o) S tlste] AT kA o2 AAE 2pE = Table 490 Fo 7t} A 289}
AR oz AE ARE 7HA AL, o] AR S @i}f\lﬁ &“éﬁ& RS FL T Rlﬂr R2E HstA7]= HAx
Z

Table 4. Additional data for sequential design of experiment

A B R1 R2

20 8.75 1.383 104.1
60 8.75 1.589 84.29
20 16.25 3.009 90.02
60 16.25 1.784 96.20
20 8.75 1.433 90.47
60 8.75 1.546 90.53
20 16.25 2.808 98.21
60 16.25 1.884 90.04
40 12.50 2.094 177.6
40 12.50 2.098 180.8
40 12.50 2.104 187.6
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(a) Raw data (b) Sequential design of experiment
: Overlay Plot : Overlay Plot
3 3
R1: 2.18065 R1: 223003
Tl Low: 1847 Tl Llow: 201236
R2: 171857 R2: 174791
Tl Low: 134542 TlLow: 151691
X1 -0.126279 X1 -0.138981
0.5 X2 0.3789 0.5 4 X2 0.372167
[+a] =]
oy 0 Lu - 2
it & 0 R2: 150 1 ] — R2: 150)
R2TI: 150
-0.5 4 -0.5
R1:1.7
- 3 3
! T T T 1 T T T
1 0.5 0 0.5 1 -1 0.5 0 0.5 1
A:A A:A

Figure 1. Design space with tolerance interval (Bright yellow : design space)

4.2, 82305 371 A=l

Myers et al.(2016)9] A7}¥ Elo]o]-& &4
W=7} 9lon) B =Ro = 270 9] ukg
AR 6709 s A7ls TAGHAEHR

==
=
> 120, WhEAD), R2(elongation at break, H<]
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Table 5. Raw data for example 2

A B C R1 R2
-1 -1 -1 103 640
1 -1 -1 120 410
-1 1 -1 117 570
1 1 -1 139 380
-1 -1 1 102 470
1 -1 1 132 270
-1 1 1 132 410
1 1 1 198 240
-1.633 0 0 102 590
1.633 0 0 154 260



Chung et al. : Efficient Designs to Develop a Design Space in Quality by Design 533

A B C R1 R2
0 -1.633 0 96 520
0 1.633 0 163 380
0 0 -1.633 116 520
0 0 1.633 153 290
0 0 0 133 380
0 0 0 133 380
0 0 0 140 430
0 0 0 142 430
0 0 0 145 390
0 0 0 142 390
R1=137.92+16.49A4+ 17.88 B+ 10.91 C+5.13AB+7.13AC+7.88 BC—3.90A%— 3.33 B*
R2=400.71—99.67A— 31.40 B— 73.92C+8.75AB+7.90 A >+ 17.28 B> ®
HESHe] W R1>120, R2>400°04 R1¥ R2E HUsMIIe HARAY & Zoldy,

(A,B,C) = (—0.412,1.000,— 0.552) & ©} R1=134.167, R2=466.1279] ]Z& AL & glt}. 1}, uhgwgo
U R1> 120, R£2> 4000 3t tolerance AlakehS AXMIEH R1,, =111.781, R2,, =395.228°] ¥ RI,
R2 B RG] W 9lef K-3hu]A] Foba] TiaR’l Aw|o] o Ao 7t 23 A A Fo Figure 29
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Table 6. Additional data for sequential design of experiment

A B C R1 R2
-1 -1 -1 114.5 669.8
1 -1 -1 107.0 416.0
-1 1 -1 104.7 555.2
1 1 -1 147.9 404.2
-1 -1 1 95.82 560.1
1 -1 1 131.9 306.2
-1 1 1 1414 439.3
1 1 1 194.0 255.0
-1 -1 -1 99.94 677.1
1 -1 -1 113.3 448.1
-1 1 -1 113.9 603.1
1 1 -1 1414 410.5
-1 -1 1 108.7 494.5
1 -1 1 140.6 279.4
-1 1 1 132.2 439.1
1 1 1 190.2 276.0
(a) Raw data (b) Sequential design of experiment
Overlay Plot Overlay Plot

Y1: 135.128
Tllow: 116753
Y3: 465.849
Tllow: 405856
X1 -029954

R1: 134165
Tilow: 111779
R2: 466,13

Tilow: 395233
X1 -0411616
X2 0.9999%9

0.5 0.5

B:B
o
|

0.5+ -0.5

Figure 2. Design space with tolerance interval (Bright yellow : design space)
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