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For product or process design and development, it is common to optimize multiple responses (characteristics) based
on experimental data. To determine optimal conditions, we need to design the experiment, estimate a proper model
for each response, and optimize the multiple responses simultaneously. There are several techniques and many
research results on optimizing multiple responses simultaneously, when the experimental data are available.
However, the experimental design issue for optimizing multiple responses has not been discussed yet. This paper
proposes some idea on how to plan screening design when requirements for multiple performance characteristics are
to be met in developing new products. A screening design procedure is developed for securing the requirements of
multiple responses. Initial design factors are classified into three categories; specific, non-conflicting common, and
conflicting common. After screening experiments, follow-up design region search method is suggested with respect
to the most unsatisfied or important response, or overall desirability. A case study on a synthesis of melamine
formaldehyde resin is presented to illustrate the procedure and to show the validity of the approach.

Keywords: Design of Experiments, New Product Development, Multiple Responses, Screening Design, Common
Factors, Specific Factors, Follow-Up Experiment
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Figure 1. Overall Procedure of Screening Design for Multiple Responses
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Table 2. Factors and Levels

) Low | High
F M
actors caning Level | Level
.. |Number of injections of
X; : No. of Injections Hmber of jections 0 1 2

melamine

X, : Addition pH pH during addition reaction| 9.5 10.0

pH during condensation

X3 : Condensation pH . 8 9
reaction
. T ture duri
Xs : Addition Temp | o Perature during 80 | 85
addition reaction
. Temperature during
X5 : Condensation Temp 80 85

condensation reaction

. . | Mol tio bet
X¢ : Melamine Ratio ot r.a 10 between 0.8 1.0
melamine and urea

Mole ratio of formaldehyde

X7 : Mole Ratio .
compared to melamine

2.7 3.0

Table 4. Experimental Data of the Four Responses
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Table 3. Design Matrix for the Screening Experiment

Osrtc(liér Oerzr Xoo | Ko Xo) Ko | Xs ) Ko | X
1 1 1 9.5 8 80 | 80 | 0.8 | 2.7
5 2 1 9.5 9 80 | 85 | 1.0 | 3.0
13 3 1 9.5 9 85 | 8 | 0.8 | 2.7
15 4 1 [100] 9 85 | 80 | 1.0 | 2.7
11 5 1 100 8 85 | 85 | 0.8 | 3.0
4 6 2 1100 8 80 | 80 | 1.0 | 3.0
6 7 2 195 9 80 | 80 | 1.0 | 2.7
16 8 2 100 9 85 | 8 | 1.0 | 3.0
14 9 2 9.5 9 85 | 80 | 0.8 | 3.0
12 10 2 | 100 8 85 | 80 | 0.8 | 2.7
7 11 1 [100] 9 80 | 80 | 0.8 | 3.0
9 12 1 9.5 8 85 | 80 | 1.0 | 3.0
2 13 2 9.5 8 80 | 85 | 0.8 | 3.0
3 14 1 100 8 80 | 85 | 1.0 | 2.7
8 15 2 |100] 9 80 | 85 | 0.8 | 2.7
10 16 2 9.5 8 85 | 85 | 1.0 | 2.7

3.2 AEAE o) £43} sy

7°JZ} 27E FEagduA

= Aé
fiﬂr‘:h <F1gure 2> Yepflth & d7oA s AAlFE A
50l dAld e Tt A8 02 B 554 <
Hshs S AN Ao 24 & FFy glonE F
L AAE BEAA FRYE 319 B3 AU vn
2 235to] AA3 14 ). Phadke(1989)S A& E oo &
Azt A A 12 Az Auk o]3tE T2 AR A
Asteta dasta glok 24 kg wieEE FaRE FA
a

Sole RN Aejunlg, ANEOlE B} pH, F
pH, 5 WA BOlE A&, SYLE, 5T pH 0.2
Jare v

Run Order 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16
FA content(%) 0.66 | 0.61 | 0.51 | 0.46 | 0.66 | 0.6 | 0.65 | 0.61 | 0.62 | 0.68 | 0.71 | 0.65 | 0.68 | 0.42 | 0.6 | 0.44
TS(kgf/em®) 12 | 13 | 1.0 | 19 | 1.6 | 19 1.8 | 13 |19 | 15 |19 | 12 | 12 | 2.0 | 23

Elongation(%) 10.0 | 13.5 | 17.1 | 32.1 | 17.1 | 18.6

199 [ 214 | 119 | 169 | 187 | 10.1 | 7.4 | 12.2 | 41.0 | 1.9

Comset(%) 42 | 58 | 33 | 31 | 63 | 58

54 121 | 36 | 23 |74 |54 |52 |72 |83
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Main Effect Plot for FA Cont Main Effect Plot for TS
No. of Inj. Add pH Cond pH No. of Inj. Add pH Cond pH
0.65 18
0.60 // — Lol // // L —
0.55 . . r r r . 14 T . r r r .
1 2 9.5 10.0 8 9 1 2 95 10.0 8 9
s Add Temp Cond Temp Mel Ratio Add Temp Cond Temp Mel Ratio
’ 1.8 4
. -\\ ‘\\ \ Lol //‘ \\ //
0.55 . . . . . \, 14 . . . T . T
80 85 80 85 0.8 1.0 80 85 80 85 0.8 1.0
Mole Ratio Mole Ratio
0.65 184
0.60 / 1.6 4 \\
0.55 - / T 1.4 T T
2.7 3.0 2.7 3.0
Main Effect Plot for Elongation Main Effect Plot for Comset
No. of Inj. Add pH Cond pH 61 No. of Inj. Add pH Cond pH
21 . / / 531 _— \
15 — / / — —
10 - 4.5 \
1 2 05 100 8 9 1 2 95 100 8 9
Add Temp Cond Temp Mel Ratio 61 Add Temp Cond Temp Mel Ratio
) IV I NN e P P
ol : : : : i S : / : '/ :
80 85 80 85 0.8 1.0 80 85 80 85 0.8 1.0
Mole Ratio Mole Ratio
6.1+
20 — o
154 T
4.5
10 - T T T T
2.7 3.0 2.7 3.0
Figure 2. Main Effect Plots of the Screening Experiment
<Table 5>of Zt vbE WP R QIAEo] A& 9EE 7S Table 5. Factor Grouping and Direction of Improvement
EA AT A7 :@f%;‘f‘ 7 g wae] 523 n Group | Spec | Com | Com | Spec | Com | Com | Spec
% Foll 9F& MA = JAS AT B BRI ppor Xi [ X | X5 | Xe | X5 | Xe | X
o &, FA Cont. | & FA $F& AEFE ke WS Y tance | Factor  |No of| Add |Cond| Add |Cond| Mel [Mole
EF 22, FA Cont. 9} Mel Ratio7} Th& Ao &= O 1’ EA| Inj. | pH | pH |Temp|Temp|Ratio|Ratio
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(Importance)= AP AT AE0] E93te] FA F#Fo] B2 ¥ X (No. of Inj.), X4(Add Temp), X;(Mole Ratio)> 27t &

SHSERY sH) ¢ 23100 é%okfﬂu} <Table 5>5 K
H Xy, Xy, X0 EAUA, Xo8 Xse IS E 3544 X9
XeE TF ToUAY S & T At dE 501, Xy(Add pH)E
TS(AA7E)9F ELONG(HALE) ol F&& A=, o] & 5
7FA 719 TS ELONGO| & T} FolA| B
7} F. ¥ X¢(Mel Ratio)< FA Cont.
5), Comset(P= W &) 9 & F FA Cont.9} TSE
M Xeg F7H Ak SFAT, Comsets £ 3t H

oo 3o DB EE Xe& TE ﬁ%"dm} He A

TS(AA7

J B

°|&
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0] 2] = 7h 9 HE-8-M 421 TS, FA Cont., ComsetE 7} 7] 8}
T FEA 280,279 2AAT vFE FE5UAY X2 (Add
pH)9] % & 22 TS ELONGO| & o} EolA Bz 43
1Rl 1000, Xs(Add pH)> 9% P ELONG
Comset= ¢J3] 1+E¢ 9= 4 750}3}1:} —,—x]
AFQ1 X5(Cond Temp) 9 Xg(Mel Ratio)
X5 FA Cont.ol= 3} A|, Comsetol = 7@
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Table 6. Optimal Conditions from the Screening Experiment
Add Add Cond Add Cond Mel Mole
Freq. pH pH Temp | Temp | Ratio | Ratio
2 10.0 9.0 85 85 1.0 2.7
B A 7d°ﬂ*1 4ol AeEA tgt A

—~ t;u
>
—_ mg,
o T ox
{o M
1.[1 >
ally ;IE

rr
mz ¢

mlm

£ 317} <Table 4>5 KW,
Jd°ﬂ H 1.0 o)4og g%

le 5>25E ELONGY] ¥&< 1%
EL 1tk X5(Add pH) S} X5(Cond pH)E T4
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Figure 5. Cube Plot for the ‘FA Content’ from the Screening Experiment
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Table 7. Design Matrix for the Follow-up Experiment

Std. Run Add Cond Mole
Order Order Temp Temp Ratio

2 1 90 85 24

3 2 85 90 24

1 3 85 85 24

5 4 85 85 2.7

7 5 85 90 2.7

4 6 90 90 24

8 7 90 90 2.7

6 8 90 85 2.7

Table 8. Data from the Follow-up Experiment

>
)

Run Order 1 2 3 4 5 6 7 8
FA Cont(%) |0.26(0.28|0.26 | 0.30 [0.33 [0.25 | 0.41 | 0.42
TS(kgflem®) | 1.11[1.71| 0" [1.76 | 1.48 |1.57|1.51|1.20
Elongation(%) | 20.129.5| 0" |27.6 |34.0{29.3 |27.6 | 22.3
Comset(%) | 4.185.793.26 | 3.09 [ 6.29 | 5.85 | 6.24 | 5.41

"At #3 condition, tensile strength and elongation cannot be measured, since
foam was not formed.
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Figure 6. Main Effect, Interaction, and Cube Plots for ‘FA Content’ from the Follow-up Experiment
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