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Design of Structure Using Orthogonal Array Considering
Interactions in Discrete Design Spaces
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Abstract

The design of experiment(DOE) is getting more attention in the engineering community since it is easy to
understand and apply. Recently, engineering designers are adopting DOE with orthogonal arrays when they
want to design products in a discrete design space. In this research, a design flow with orthogonal arrays is
defined for structural design according to the general DOE. The design problem is defined as a general
structural optimization problem. Sensitivity information is evaluated by the analysis of variance(ANOVA),

and an optimum design is determined from analysis of means(ANOM). Interactions between d esign variables

are investigated to achieve additivity which should be valid in DOE. When strong interactions exit, a method

is proposed. Some methods to consider the problem are suggested.
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Table 1 Assignment of factors and interactions:
experiment layout using array Ls(2)

Expt. Column
No. 1 2 3 4 5 6 7
1 B, A, Ct D,
2 B: Ay G D,
3 B; Ay G D,
4 B Az C; D,
5 Bz A| Cl DZ
6 B Ay C2 D
7 B: Ay C D
8 B> A, C, D;
B A AxB C BxC BxD D

Factor assignment

Table 2 Interaction Table for Lg(27)

Column Column

3 5 6
1 2 4 7
2 2 1 6 7 4 5
3 {3) 7 6 5 4
4 [©)] 1 2 3
5 (5) 3 2
6 % 1
7 (]
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Fig. 2 Linear graph for Lg(27)

Table 3 2-way table to estimate AxB interaction

Level of factor B
B| BZ
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A [l +m)/2 (7 47m5)/2

Level of factor A
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Table 4 Degrees of freedom

Factor Degrees of freedom

Overall mean [
A 2-1=1

B,C,D,E,F Sx(3-1)=10

AXB (2-1)x(3-1)=2

Total 14
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Table 5 Factors and their levels (x10™m?)

Factors(Design Variables)
A B E G 1
1 6.452 6.452 6.452 6.452 6.452
2 70968  70.968 70.968 70.968 70.968
3 135484 135484 135.484 135484 135484

Level

Table 6 Experiment layout using array L g

Column Number and Factor Assigned
3 4 7

Resuits
n (Hz)

Expt.

15.1791
5.9394
4.3649

18.1086

14.3798
6.3710
6.8829

11.5634

19.6754
5.6706
4.9093
5.7910

15.2216
6.6922

13.6101

11.7610

20.1153
6.6950
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Table 7 Analysis of i (Hz)

Number Level Means Degrees
Factor of

of row 1 2 3 Freedom

Sum of
Squares

Error | 11.3850] 10.0518 1 7.9979
o 126.5106

223117

192.1537
90.6137

28.5941

21.4448

22510

1 97649 | 10.1438
10.3258

Error .
Error | 11.1830

[ BRI N VAR NI g
o]
NN NN

2A 3B

Fig. 4 A standard linear graph of L,;(3"%)
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QAR BHo 24 dAxle] Mo wra} 9=} =
£ 10 744X 57K A(a, ¢), B(b, d), Ele, f), G(g k), IZ, j)
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Yol T UAYE & F Utk HAEHS F4
A dEdE A-ZFEL ABE G ol
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A NA = AFX e} ZHHX 9] ol 9.4861 o] T
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7VFeAde]l Avtn B3 ZF QIAE Apele] 2 <zt
AFHEe AASYY ndY QA i
of g AHEE T5d 23 o] =B Table 8 ol A
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24 AEFAEL AFEI 47 HEz 2709
Foll wjx]FojoF drt QIAly ME LG W)X}
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74 73k ARES AZF HAA W 9%
HHyEd aud 1o AR AAgs @
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A 243 3]9] AYE FY3vh AE A FHHFLE
Z% ABEGH €& 98 & dder ojde AE
T 32.4099Hz 7} €T} Table 10 &.EHE w33
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Table 8 Experiment layout using array L,

Fig. 5 Interaction between factors A and G

Table 11 The optimum level

Expt. Column Number and Factor Assigned Results
No. |1 2 3 4 5 6 7 8 910 11 12 13| ,py
E A EA EA! G EG EG' AG ¢ B AG 1 E

1 11 1 1 11 1 1 1 1 1 1 1 15.1791
2 1 1 122 2 2 22 2 2 2 6.9308
3 11 1 T 3 3 3 3 33 3 3 3 5.1391
4 12 2 2 11 1 2 22 3 3 3 7.1481
5 12 2 2 2 2 2 3 3 3 1 1 13.9615
6 12 2 2 3 3 3 111 2 2 2 18.7183
7 13 3 3101 1 3 33 2 2 2 7.4134
8 13 3 3 2 2 2 1 11 3 3 3 15.0993
9 13 3 3 3 3 3 2 2 2 1 11 20.1153
0121 2 31 2 3 23 1 2 3 4.5421
14§21 2 3 2 3 1 2 31 2 3 1 5.5798
12 12 1 2 3 3 1 2 312 3 1 2 6.6958
1312 2 3 1 12 3 2 31 3 1t 2 10.4728
14 12 2 3 1 2 3 1 312 1 2 3 15.1791
1512 2 3 1 3 1 2 123 2 3 1 13.3847
16 12 3 1 2 1 2 3 31 2 2 3 1 64703
17 12 3 1 2 2 3 1 1 23 3 1 2 12.0962
1812 3 1 2 3 1 2 2 31 1 2 3 16.3365
9 (31 3 2 1 3 2 13 2 1 3 2 4.0141
20 131 3 2 2 1 3 2 13 2 1 3 5.0787
21131 3 2 3 2 1 3021 3 2 1 5.6706
22 |3 2 1 3 1 3 2 2 1 3 3 2 1 6.1299
23 13 2 1 3 2 1 3 321 1 3 2 10.7862
24 13 2 1 3 3 2 1 I 3 2 2 1 3 11.1375
2513 3 2 1 13 2 3 21 2 1 3 8.0745
26 |3 3 2 1 2 1 3 13 2 3 2 1 15.5947
27 |13 3 2 1 3 2 1 2 13 1 3 2 15.1791

Table 9 Analysis of n (Hz)
Number Level Means Degrees of| Sum of
Factor

of row 1 2 Freedom | Squares
i G 7.4497 1 12.9013 2 212.5862
2 A 6.4869 | 13.1456 2 332.2238
3 GA {11.8534; 11.7420 | 10.5561 2 9.3048
4 GA? {16.3660] 8.9989 | 8.7866 2 335.3043
N B | 10.3090 | 9.5749 2 114.6943
6 GB .6863| 11.1824 | 11.2827 2 1.2808
7 GB? 110.4970! 11.6764 | 11.9781 2 11.0275
8 AB [10.5639| 11.7633 | 11.8242 2 9.0920
9 Error [10.8213] 11.3723 | 11.9579 2 5.8157
10 9.9694 | 8.9440 2 205.2689
11 11.1091 } 11.3961 2 1.3009
12 10.6838 | 9.4321 2 101.9786
13 11.4961 1 11.7823 2 3.8904

Table 10 2-way table to estimate GxA (Hz)

Level of factor G
Gl G2 G3
Al 8.0045 5.7652 5.6909
Level ‘;\ff“m' A2 7.1846 18.8175 13.4346
A3 7.1600 141211

Factor A B E G I [ Results n (Hz)
Opt Full factorial | 3 1 1 3 1 32.4099
Level Lis 1 1 3 1 32.4099
L,y 1 1 1 32.4099
Z

Fig. 6 25-member transmission tower
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Table 12 9 2 JPAEE FP3ct. A9}
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Table 12 Factors and their levels (x10*m?) Table 15 Analysis of iy (Hz)
Factors (Design Variables) Number Level Means Degrees | gum of
Factor of
Level[ A B c D E F G of row 1 2 3 Freedom Squares
D @345 6789 (101L 0415 (81, (2223,
33,4, 5150, 12.13) 16,17) 20’21) 24’25) 1 Empty 55.72581 53.7713 1 51.5743
oeas Lores 19355 00615 Deas2 15355 19358 2 error | 60.5345 | 53.0336 | 50.6776 | 2 953.8351
1100645 1.9355 L. : : : 93 3 A 563164 [51.2410| 2 3334139
2 {03226 9.6774 9.6774 03226 48387 64516 9.6774 4 B 54.3996 14647281 2 | 25739197
5 C [#31B8s] 530561 2 2155.9311
3 106452 16,1290 19.3548 0.6452 9.6774 12.9032 19.3548 6 D |[52.1166 | 52.7039 2 593.6176
7 E |41.4651| 58.0184 2 5173.4639
_ _ 8 F |52.2946 BSRERIY 2 4209783
Table 13 Experiment layout using array L 9 G |41.5449 [ 60.5547 2 4729.8753
10- 14 | Error 10 77.1412
; 15,16 4 )
Expt. Column Number and Factor Assigned Results GXA 38.4267
No.[ T 2 3 4 5 6 71 8| g 17,18 | GxB 4 116.6668
e A B € D E F G 19,20 | GxC 4 110.8000
] 1 1 T 1 1 1 1 1 [ 702834
21,22 4 53.562
2l 1 2 2 2 2 2 2| 712657 GxD 3625
3 1 1 3 3 3 3 3 3| 748034 2324 | GxE 4 1937.8171
4 1t 2 1 1 2 2 3 3| 1015664 2526 | GxF 4 501.6189
5 12 2 2 3 3 1 1| 407254
6 1 2 3 3 1 1 2 21| 32an .
7 1 3 0 3 1 3 2 3 40617 Table 16 2-way table to estimate GxE (Hz)
8 13 2 3 2 1 3 1] 299170 Level of factor G
9 1 3 3 1 3 2 1 2] 602588
02 1 1 3 3 2 2 1| 38290 Gl G2 G3
nmiz2 1 2 1 1 3 3 2| 74804 El 39,3468 454366 39.6119
12 | 2 1 3 2 2 1 1 3| 39557 lLeve ‘é”"c‘“ E2 | 405231 64.4816 69.0504
3] 2 2 1 2 3 1 3 2| asiss
4|2 2 2 3 1 2 1 3| 551804 E3 44.7648 717459
152 2 3 1 2 3 2 1| 392377
16 2 3 1 3 2 3 1 2 54.8642 Table 17 2-way table to estimate GxF (Hz)
72 3 2 1 3 1 2 3| 41623
82 3 3 2 1 2 3 1| 33478
Level of factor G
< of Gi G2 G3
Table 14 Analysis of n (Hz) Fl 43.8747 58.6527 543563
. Level ‘;.f factorl £y | 416863 65.2108
Number Level Means °BICES | Sum of F3 39.0737 57.8006 63.0152
of row Factor of Squares
1 2 3 Freedom q
1 Error |63.4989 | 46.6507 1 1277.3901 Table 18 The optimum Level
2 A 52,7909 |50.7012| 2 412.0023 :
3 B 524850 |47.4248| 2 1020.4973 Results
Fact n
4 c 522157(483792| 2 865.7785 actor A B C D E F G| Ty
5 D 56.2992 |49.7543| 2 279.5105 opt, | Fullfactorial | 11 1 3 3 119.7351
pt.
6 E  [43.5691]60.2391 2 1195.5679 Level Lig L 11 3 119.6044
7 F 1534774521821 2 186.4709 Lss 11 13 108 8332
8 G [41.9892]57.1033 2 1785.6279
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Fig. 7 A standard linear graph of Ls4(2'x3%)
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o] & B & F Ut Table 19 Factors and their levels (x10*m?)
34E 7 AR gE AR YAEe 4Y
%7h 379 2187 39) 4Yg FHHA Uk Table Leve Factor
17 0 mEEE AL AARLE Ls, of 3 1 3/(\)0 8?)0 10C10 10D00 6?)0
Ael7t REAEE RAFA FE Ly HHAL 2 17'.00 17..00 11:00 25:00 1§.00
g #A 45¢ ¢ & 3ed oRe AuudE 3 3000 2600 2000 4000  30.00
2 o) g3l FPAFYE HAE DA F9
3 WE2AHgo] AuE MAEZR EFr] wfFo|y Table 20 Experiment layout using array Lig
AH o2 Ly JavjdEAA 7 AR} F
o olgE @5 Ag o) 7} Qo mEA B ALx] o) Expt. Column Number and Factor Assigned Results
FFHE 2 AnudE 534 A Ao No. |} 2 3 4 5 6 7 8| qp
2} sobEn AAE A-H5FEE Ly & Ly A2 e A B C D E e ¢
AdE 999 oM AFTFHRT ¢ & S 7} 1 11 1 1 1 1 1 1 34.40398
761‘3}—‘5 7}‘!% oa]' 4\_ %lq 2 1 1 2 2 2 2 2 2 34.80376
3 1 ¢t 3 3 3 3 3 3 31.75859
4 1 2 1 1 2 2 3 3 38.07272
423 SEX EgA 5 1 2 2 2 3 3 1 1| 403915
23Hee o] YHUES strlgds 47 6 |1 2 3 3 1 1 2 2| 088
W4 C g} _/_F__‘/‘Lﬂ_% jayl(blas);\]gaq Z}'%E"{f 11 7 1 3 1 2 1 3 2 3 41.13371
o]tq Table 19 94_ {—_}‘O] 5= Z]JT—BH%B:. L13(21X37) 8 1 3 2 3 2 1 3 1 32.97368
= gasd msAes TeHs 2L PP 9 1 3 3 1t 3 2 1 2| 4208462
- 0 [2 1 1 3 3 2 2 1| 2781
¢ Y&t BAZHe HH5$EL Table 20 o noba 1 2 1 1 3 3 2| 288135
el slon HFHEEFE ABCDE; o 9% 12 {2 1 3 2 2 1 1 3| 3906658
AFFY dF9 AFA Y Aol pid —poe = 3 |2 2 1 2 3 1 3 2| 3156198
3.0375 o] 90% A B % HHANM 26, T 2.0653 14 2 2 2 3 1 2 1 3 34.98063
O]EE 7}_)‘\_}__,‘610] *3%8}1] o‘__g._l_m:_q_ 15 2 2 3 1 2 3 2 1 42.04833
1 ;-(]_ J-lwgr;“l%‘)f‘oﬂ EH%H Xﬂ%@' ] EN ?_11}-9»]— 16 2 3 1 3 2 3 1 2 36.60479
p o I N B

& =t AH=7 27 o] 2E Table 21 oA A H
L,3HE AY3tn Fig 9 & 22 A= weg

Ao w5 AEe waAglol MAsel YYUYE Table 21 Analysis ofn (1)

#a5ch YPAe) e AT Table 22 o U — —
- - - eve eans
eht Qoo 5ol @ AFHS T A% @ T Facor of |gumel
_ . Freed
T2 AxE 7} 93 s RSB E Table 23 & ! 2 3 |Treecom
A o M= Aol uhedalod 1 Error | 36.1624 | 34.9554 1 6.5563
sl g HATE ARl HdHA 2 A | 326736 | 36.1491 2 83.6452
3 B | 34.9341 | 34.6295 2 22.0193
914 m 4 C | 368728 2 94.8716
/ lt— _—.( 5 D |34.4034 2 272039
y A 6 E | 34.0486 . 2 22.1933
7 Error | 37.9220 | 35.3497 | 33.40 2 61.6051
D 8 Error | 35.9211 | 33.8460 | 36.9100 2 29.3397
C 9144 m
2 E
E
3,4
6,7 .45 D
/| A
7 1 9,10
7 B 8 B
12,13
11 C

Fig. 8 Five bar truss
Fig. 9 A standard linear graph for L,#3"%)
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Table 22 Experiment layout using array Ly,

Column Number and Factor Assigned
Erjl‘g" T 2 3 4 5 6 7 8 9 10 11 12 13
“|A E AE AE® D AD AD’ B AB AB? C AC AC’
1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 11 1 1 2 2 2 22 2 2 2 2
3 11 1 1 3 3 3 3 3 3 3 3 3
4 12 2 2 1 1 1 2 2 2 3 3 3
5 12 2 2 2 2 2 3 3 3 1 1 1
6 12 2 2 3 3 31 1 1 2 2 2
7 13 3 3 1 1 1 3 3 3 2 2 2
8 13 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1
012 1 2 3 1 2 312 3 U 2 3
i)z 1 2 3 2 3 I 2 3 1 2 3 1
12121 2 3 3 2 31 2 3 1 2
1312 2 3 1 1 2 3 2 3 1 3 1 2
412 2 3 1 2 3 1 3 1 2 1 2 3
1512 2 3 I 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 12 3 1 2 2 3 1 1 2 3 3 1 2
1812 3 1 2 3 1 2 2 3 { 1 2 3
9 {3 1t 3 2 1 3 2 1 3 2 1 3 2
2003 1 3 2 2 1 3 21 3 2 1 3
2013 13 2 3 2 1 3 2 1 3 2 1
22 13 2 1 3 1 3 2 2 1 33 2 1
23 13 2 1 3 2 1 3 03 2 1 I3 2
24 13 2 1 3 3 2 1 13 2 2 1 3
25 13 3 2 1 1 3 2 3 2 1 2 1 3
26 13 3 2 T 2 1 301 3 2 3 2 {
27 |13 3 2 1 3 2 1 2 1 3 1 3 2
Table 23 Analysis of n (Hz)
Number Level Means Degrees Sum of
of row Factor of Squares
1 3 Freedom
1 A 32.1708 2 153.7586
2 E 2 1.9740
3,4 | AxE 4 125.7035
5 D 2 36.3627
6,7 AXD 4 3.3838
8 B 33.3263 | 36.0655 2 72.5306
9,10 AXB 4 1.9863
11 C 35.3867 | 33.9474 2 50.7720
12,13 | AXC 4 0.7570
Table 24 2-way table to estimate AXE (Hz)
Level of factor A
Al A2 A3
El 36.4251 36.4902 34.7501
Level %”a“‘" E2 31.2400 372814 371633
E3 28.8474 38.2535
Table 25 The optimum Level
Factor A B C D E |Resultsn(Hz)
Full factorial | 3 3 1 3 3 43315
SSL'] L 32 2 42.806
Ly 3 | 2 43.140
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