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Figure 1.1: Example of admissible design and design variable in plate thickness optimization problem
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Figure 1.2: Example of admissible design and design variable in shape optimization problem
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Figure 1.3: Example of representation of domain by controle points and sprine curve
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Figure 1.6: Example of domain hole nucleation is addmisible
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Figure 2.4: Example of domain representation
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Figure 2.5: Setting of double well potential
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Figure 2.6: Design domain and boundary condition for cantilever problem
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(a) Initial shape (a) (iteration 100) (b) Initial shape (a) (iteration 400)

(c) Initial shape (b) (iteration 50) (d) Initial shape (b) (iteration 400)

(e) Initial shape (c) (iteration 50) (f) Initial shape (c) (iteration 400)

Figure 2.8: Optimal configurations of 2D cantilever
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Figure 2.10: Convergence history of objective function
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(a) kK = 0.5 (iteration 200) (b) k = 0.5 (iteration 1300)

(¢) k = 1.0 (iteration 200) (d) k = 1.0 (iteration 1300)

Figure 2.11: Optimal configurations of 2D cantilever
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Figure 2.12: Convergence history of objective function
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Figure 2.13: Design domain and boundary condition for inverter mechanism problem
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Figure 2.14: Optimal configurations of inverter mechanism
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Figure 2.15: Convergence history of objective function
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Figure 2.16: Design domain and boundary condition for gripper mechanism problem

Figure 2.17: Optimal configurations of gripper mechanism
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Figure 2.18: Convergence history of objective function
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Figure 2.19: Design domain and boundary condition for eigen-frequency problem
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Figure 2.20: Optimal configurations
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Figure 2.21: Convergence history of objective function (1st eigenfrequency is optimized)
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Figure 2.22: Convergence history of eigenfrequencies (1st eigenfrequency is optimized)
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Figure 2.23: Convergence history of objective function (1st and 2nd eigenfrequencies are optimized)
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Figure 2.24: Convergence history of eigenfrequencies (1st and 2nd eigenfrequencies are optimized)

26 OO

ooboooooobooobooooooboooooooobooboooboooOoooooooooboOoobooag
oobooooboooooooooobooooboboooobooooooooOooOOoOooDo

1. 00000000000000000O0O0OOOOOODOOOOO0OO0

2. 0000000000 000O00OoooOooooooooooooooooooooooooooon
ooooooooooooooooooooobbooooooooooooobooooooOooDbboOooo

., 0o0ooooooooooooooooooooooooooooooooooooooooooDoon
oooooooobooooooooobooooboboooooboooooooooooooboOooDbboOooon
coooooooooooon

4. 000000000000000000000O00O0O0O0O0O0O0O0O0O0O0OA0

5. J00C0O00OO0OO0O00OO0O0OoOoooooooooooooooooooooooooooooooDOon
cooobooobooooobooooooooooOboOoOooboboOoOoobooOooooOOoOoOooOoOooDbboOonoon

googn

cooooobobooboooobooooooOoOoooOoboOoOoboOoOoOoOoOoOoOoOoOboOobOobOOoOoOobOOoOoOoOoDnn
goooboooooooobooooooboboooobobooooobooooooDbbooboobooobDOoDOoDbOon
goooooooboooooooboooboooOooOoOOoOoOOoOoOo0oOoboOobOboOobOoOobOboOobOboOoboobooon
goboooboooooooooboooobooooboboooboooooooooobobooooDoo

40



3 DO0DOO0O0ooooooboooon
31 00

coooooooooooboooooooOoooobo0oooboo0oooooooDObOo0oDbDoOooooOooOooDo
gobooooooobooooooOooOooOOoOoOobOOoOoOobOOoOoOoboOoOoOoOoOOoOoODOOoOoOoDboboOonon
gobooobooooooooobooooboooboooooooooOooooDbDooooDoOooDboboooon
gobodooobooooboooooooooobooooboooobooooooooooOoooOoOboOooboOooon
goboobooboooooboooooobooooobooOooboOooobooooooooooOooooOoDoOboOooboboOooon
gobodoobooooboooooooooboooobooooooooooooooooooooboOooon
0000000000000 DO0O0O0U0D0O0OD (12000 00000000000O0O0O0O0OO 6000 [116]
oooooooon

coboboooobobocoobooooOoOoOoOoOoOboOoOobOOo0OOoOOOOOOCOb0ObOOOOobOOOOODn
00000 [1200000000000000000000D0OO0DO00OOODOO0OO0OODODOOOODODOOO
000 [112]0000000000000000000000000000000O000DO0O00DOODO0D
0000000000000 00000O00O0O0O0OODO0DOoOOo [10,53,60,111]000000000DO
gobodoboooobooooooooobooooboooooooooooooooooooooboooon
gobooobooooooOoooobboOoobooOoOooooOooooono

00019880 0000000000000 D [13)00000000000DDOD0DDO0O0DDOODDOOO
0000000000000 00D00000000000O0O0O000O0ODO0O0O0O0ODOUOD0ODOD [13]00
00oooooOooo [e000DbD000000DDO0DO00D000DDO00D000 DO0DDOOoODOOoOD
00000000 (78000000000 000o000n [YooOoDo00D00D000D00DD0o00O0ooDOoDo
000 [670D0000000000000000000O00ORWbioO [96)00000000O0O0DOOOODO
goboooooooooooooboooooboo0oobooooooooooooobOooooDobDOooDboboOooon
gobbooooboooobooooooOooOoOoOOoO0oOobOOoOoOobOOoOoOooOoOooOoOOoOobOOOoOoOoDbboOoon
ooboooooog

cooboooooboobooobooooOoooOoooOoboOooboOo0ooOoOoOoOoOoOboO00ObOOOoOobOOOOoOoDnn
gobooooboooooboooooobooooobooOooboooobooooobooooooOoooOooboboOooboboOooon
gobodoboooobooooooooobooooboooooooooooooooooooooboooon
gobooooboooobooooooooooOoOoobOoOoOoobooOooboOoOooOoOOoOoOoOOoOoobboOonoon
goboooooooooooooboooobooooboooooooooOooooDbDooooDoOooDboboooon
gobooooboooobooooooOoocOoOoOOo0o0obOOoOoOobOOoOoOoboOoOooOoOOoOoOoOOoOoOoDboboOonon
gobboooobooooobooooooboooobooobooooboooooooooobooooobDoOoobboooon
gobodoobooooboooooooooboooobooooooooooooooooooooboOooon
oobooooboooooboooooobooooobOoOooboOooooOoooboOoOoooOoOoOobOOoOooboboOooon
gopboooboooooboooooooooobooOoobo0oooooooboooooooo

41



32 OO0

321 0000O0OO0OOOOODOOOOODOOOO

000000000000000000000000000000000000000000000000
goboobboobboooboobboobbd xyoobobooboooboobbooboboooboo
000000 Q00000000000 POOOOOOO0000000000000 xoOODODOOO
go0o0ooooooooobooooooooooooooooooooon

1 if xeQy
XM@:{OﬁmeD\m

0000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000
Oo0000ooo0o0o0oooo0ooooo0oooooooooobooooooooooooooooOoooooo
N0000000000000000000000000000000000 [69)000000000000
O00000000000000000000000000000 DO0OO0OO0OODOOO0O  C'ooo00n
D0000000000000000000000000 #(2)000000 N/(z)(i@=1,..,n)00000
goooooooooo M(.’IJ)DDDDDDDDDDDDDDDD

(3.1)

r~r"=M@)R=N/Ri +---+N'R;+---+N'R, (3.2)

ooooRO0OO0OOODOODOOOOOOOOO0OO0OOnODOOOODOOOOO0O0OOO0O0:OOO0O0O00O
0000000 N/(x)0D0O0OO0OO0O00D000000000D000D0000000D000D0O00D0OO0
oooboooooboooooooooobooooboobooboooooobooobooooDooOooboOoooboooOoo
0000000000000000C’°00000000000000000000000000

0310000000000000O000O000CCOOOCO0OO00O0O0000O0O0O0OOO0OOOOOO0
gooooooooboooooooooboooooooobbo0ooooOo rooobDOoDOOO0OD 100000
ooooooooOOOOOOOOOOCOO

0<r(z)<1 (3-3)

Porous microstructure

O @S
Lo

@
Q=

STOR
[

Design domain Shape of microstructure
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Strain gauges

Figure 3.2: An elastic body with strain gauges subjected to two tractions
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Figure 3.3: Coordinate system of strain gauge
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(c) wy = 0.9999,w; = 0.0001

Figure 3.5: Optimal configuration for load case 1 of example 1 (1 strain gauge)

(c) wy = 0.9999, w; = 0.0001

Figure 3.6: Optimal configuration for load case 1 of example 1 (2 strain gauges)
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(c) wy = 0.9999,w; = 0.0001

Figure 3.7: Optimal configuration load case 1 for example 1 (4 strain gauges)

Table 3.1: Optimal results for example 1

(a) 1 strain gauge

wy wy 0:) 6, 6;) 6, AR, (Q) AR, (Q) AR;(Q) AR, (Q) V, (mV) 1 (J)
0.9995  0.0005 | -38.6 - - - 9.50x10” - - - 4.79 2.39x10
0.99975  0.00025 | -34.7 - - - 1.59x10™ - - - 8.01 4.49x10
0.9999  0.0001 | -36.1 - - - 2.52x10™ - - - 1270 1.05x10™

(b) 2 strain gauges

Wy w 0, 6,0) 60:;(°) 6,O) AR, (Q) AR,(Q) AR;(Q) AR, (Q) V., (mV) 1)
0.9995  0.0005 | -35.1  35.1 - - 8.15x107°  -8.71x10° - - 8.21 2.52x107
0.99975  0.00025 | -36.1  36.0 - - 8.71x10° -8.65x107 - - 8.75 2.68x107
0.9999  0.0001 | -39.6 39.6 - - 1.12x10*  -1.13x10™ - - 1131  4.96x107

(c) 4 strain gauges

wy w 0, 6,0) 60:;() 6,") AR, (Q) AR,(Q) AR;(Q) AR, (Q) V., (mV) 1)
0.9995  0.0005 | -37.8 379 440 441  6.69x10° -6.41x10° 4.80x10° -4.88x10° 1149  2.33x107
0.99975 0.00025 | -355 355 -43.1 442  8.79x10° -8.77x10”° 7.50x10° -7.78x10°  16.54  3.24x107
0.9999  0.0001 | -387 395 -449 449  1.07x10* -1.11x10* 1.54x10™ -1.54x10* 2634  6.36x107
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Figure 3.8: History of output voltage of load case 1 of example 1
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(a) wy = 0.9995, w; = 0.0005 (b) wy = 0.99975, w; = 0.00025

(c) wy = 0.9999,w; = 0.0001

Figure 3.9: Optimal configuration for load case 2 example 4 (1 strain gauge)

(a) wy = 0.9995, w; = 0.0005 (b) wy = 0.99975, w; = 0.00025

(c) wy = 0.9999,w; = 0.0001

Figure 3.10: Optimal configuration for example 5 (2 strain gauges)
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(a) wy = 0.9995, w; = 0.0005 (b) wy = 0.99975, w; = 0.00025

f

() wy = 0.9999,w; = 0.0001

Figure 3.11: Optimal configuration for example 6 (4 strain gauges)

Table 3.2: Optimal results for load case 2 of example 1

(a) 1 strain gage

Wy wy 6,0)  6:) 65() 6,) AR (Q) AR, (Q) AR (Q) AR, (Q) AV, (mY) LJ)
0.999 0.001 -40.6 - - - 5.00x107 - - - 2.52 1.05x10°
0.99925  0.00075 | -42.4 - - - 5.22x10” - - - 2.63 1.16x107
0.9995 0.0005 -40.1 - - - 1.18x10™ - - - 5.93 2.56x107

(b) 2 strain gages

wy wy 60,:) 6,) 6;() 6,0 AR (Q) AR, (Q) AR;(Q) AR,(Q) AV, (mV) [ (J)
0.999 0.001 | -31.7 317 - - 3.65x107°  -3.65x10° - - 3.67 9.98x107
0.99925  0.00075 | -33.8  33.8 - - 3.77x10°  -3.77x10° - - 3.80 1.04x102
0.9995 0.0005 | -36.1  36.1 - - 4.58x107°  -4.60x107 - - 4.63 1.23x10?

(c) 4 strain gages

Wy Wy 0,) 6,) 6;() 6,0 AR (Q) AR, (Q) AR;(Q) AR,(Q) AV, (mV) 1 (J)
0.999 0.001 9.0 9.1 446 442 296x10°  -298x10° 230x10° -2.30x10” 5.31 1.10x1072
0.99925  0.00075 | -36.4  36.6 -43.6 43.6  444x10° -444x10° 337x10° -3.37x10° 7.88 1.55x107
0.9995  0.0005 | -36.9 383  -43.6 435  4.68x10° -540x107  4.92x10°  -4.90x10” 10.03 2.25%107

0000000000000 0000O0O0000O0O0O0 ARODODODODODODODOOOODODODOOOOOOO
0000000000000 0O00000000DO0ODO00O00O0U0O0DOOOUODO (3.12)0D0000OD
gobooooboooooooooboooboooobooooboooooooooobooooobDoOoobboooon
gobodoobooooboooooooooboooobooooooooooooooooooooboOooon
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(a) wy = 0.9999, w; = 0.0001 (b) wy = 0.9999, w; = 0.0001

Figure 3.12: Optimal configuration for example 1 (Direction of strain is specified)

Table 3.3: Optimal results for example 1 (Direction of strain is specified)
(a) 2 strain gauges

wy Wi |91(°) 6,)  65C) 6,) AR\ () AR, (Q) AR5 (Q)  AR,(Q) Ve mV) 1 ()
09999  0.0001 | -439 -51.0 - - 200x10"  1.20x10" - - 16.15  7.34x107

(b) 4 strain gauges
Wy Wy | 6,) 6, 6;) 6,) AR (Q) AR,(Q) AR3;(Q) AR, (Q) Vo (mV) 1 (J)
09999 00001 | 395 477 454 457 135x107 9.48x10° 1.97x10% 1.97x10* 3139  6.36x10>
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Figure 3.13: Design domain
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(a) Weighting coefficients settings 1 (b) Weighting coefficients settings 2

Figure 3.14: Optimal configurations for example 2
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Table 3.4: Initial values and optimal results

| o o, o0,
Initial values | 5.18x10™°  3.83x10™  7.41
6.) 6,0 o o, 0)/0; ' () 1’ ()
Setting 1 | 42.1  -459  1.99x10""  1.91x10™" 1.04 0.07 0.11
Setting2 | 429  -38.6 1.69x10""  1.61x10™" 1.05 0.06 0.08
AR'(Q) AR, (@ AR’(Q) AR (@ V' 'mV) VZmV) V, mV) V,’mV)
Setting 1 | -7.24x10°  -1.32x10"  -1.32x10*  7.85x10° -3.65 -6.66 -6.68 3.95
Setting 2 | -7.55x10°  -1.06x10”  -1.01x10*  7.82x10° -3.81 -5.35 -5.08 3.94
W) IIsll W) ISl
0.01 0.01
0.008 le 0.008 |
0.006 0.006 M
0.004 / 0.004 /
0.002 Load case 1 |—| 0.002 Load case 1 [—]
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0 50 100 150 200 250 300 0 50 100 150 200 250 300
Tteration Iteration
(a) Weighting coefficients settings 1 (b) Weighting coefficients settings 2
Figure 3.15: History of output signals (L2 norm)
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Figure 4.3: Configuration of frame element
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Figure 4.4: Ellipsoidal cross-section of frame element
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Frame elements Applied force f
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Figure 4.6: An elastic structure subjected to a force
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Figure 4.8: Optimal panel configurations of example 1
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Figure 4.9: Optimal frame and panel configurations of example 2
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Figure 4.10: Design domain for example 3
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Figure 4.12: Design domain for example 4 ¢4,;,
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%/

(b)Optimal principal direction

Principal direction

Figure 4.13: Optimal frame configurations of example 4 (a4, = 0.50)

Table 4.1: Normalized areas and rotational angle of optimal frame configuration of example 4

Element ov | Element o
number | 4 015, ) number | P4 Pas, ©)
1 0.897 | -43.62 6 0.707 1.62
2 0.478 83.96 7 0.293 44 .48
3 0.538 87.15 8 0.375 43.94
4 0.637 89.85 9 1.000 0.37
5 0.396 -43.45 10 1.000 0.37
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Table 4.2: Comparison of optimal mean compliances

a Mean compliance (J)
0.75 5.014E-05
0.5 3.531E-05
0.25 2.194E-05
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(a) Optimal cross-sectional area

/ Principal direction

(b) Optimal principal direction

(¢) Optimal normalized thickness of panel elements

)

Figure 4.14: Optimal frame configurations of example 4 (a4 ,, = 0.50
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Table 4.3: Normalized areas and rotational angle of optimal frame configuration of example 4

Element o+ | Element o
Number| ©4 91, ) Number| £+ Pas, ©)
2 0.265 4.82 7 1.000 0.59
3 0.279 4.84 8 1.000 0.62
4 0.796 89.89 9 1.000 0.00
5 0.144 | -44.73 10 1.000 0.00

6 0.832 -0.19
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(a) Optimal cross-sectional area
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/ Principal direction

(b) Optimal principal direction
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(c) Optimal normalized thickness of panel elements
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Figure 4.15: Optimal frame configurations of example 4 (a4 ;
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Table 4.4: Normalized areas and rotational angle of optimal frame configuration of example 4

Element oy | Element °
number | P45 91, ) number | P4 Oas, C)
1 1.000 | -45.00 8 1.000 -0.02
5 0422 | -44.94 9 1.000 0.00
7 1.000 -0.02 10 1.000 0.00

04500000 s, 0000000000000 O000O00O0O0O0DO0O0O0O0O0Ow@,4,;, 000000
goboooooOooooooobo0ooooooooon

Table 4.5: Comparison of optimal mean compliances

a Mean compliance (J)
0.75 2.088E-05

0.5 1.428E-05
0.25 7.615E-06
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Figure 4.16: Design domain for example 4 ¢4 ;,
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Figure 4.17: Optimal frame configurations of example 5
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Table 4.6: Optimal rotational angles and the ratios of the lengths of the major and minor axes of example

5

Element Element

number ¢A’iA ©) P, number ¢A*"A ©) @i,
1 0.0 0.25 7 0.0 0.25
2 0.0 0.25 8 0.0 0.25
3 0.0 0.25 9 0.0 0.25
4 0.0 0.25 10 0.0 0.25
5 0.0 0.25 11 88.5 0.25
6 0.0 0.25 12 -86.1 0.25
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Figure 4.18: Design domain for example 1
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Figure 4.19: Optimal configuration and eigen mode of example 1

Table 4.7: Normalized areas and rotational angle of optimal frame configuration of example 1

Element ° Element °
Number Pai, Pai, ) Number Pai, Paiy ©)
1 0.12 0.0 5 0.07 -45.0
2 0.12 0.0 6 0.07 45.0
3 0.12 0.0 7 0.07 45.0
4 0.12 0.0 8 0.07 -45.0

Fixed

: / Principal direction

Figure 4.20: Optimal principal direction of example 1
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Figure 4.21: Design domain for example 2
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(¢) Circular cross-section

Figure 4.22: Optimal configuration and eigen mode of example 2

Table 4.8: Eigen-frequencies of optimal configurations of example 2 (Hz)

Case st freq. | 2nd freq. | 3rd freq.
(a) @y,;=0.25 10.87 17.69 42.44
(b) ar4;=0.50 9.21 17.00 39.51
(c) Circle 8.19 15.66 33.97
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Figure 4.23: Eigen mode shapes of example 2 (a4, = 0.5)
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(a) Element number (b) Local coordinates

Figure 4.24: Element number and eigen mode of example 2
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(a) View 1 (b) View 2

Figure 4.25: Optimal principal direction of each frame element in example 2 (a4 ,, = 0.5)

Table 4.9: Optimal rotational angles of example 2

Element No. | ¢4, (2,4=0.25) | ¢4; (a4=0.50)
No.1 11.7 148
No.2 289 40.9
No.3 8.7 553
No.4 31.4 332
No.5 75.9 88.4
No.6 0.4 481
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Figure 4.26: Design domain for example 3
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Figure 4.27: Optimal configuration and eigen
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(a) Element number (b) Local coordinates

Figure 4.28: Element number and local coordinates of example 3

% Principal direction

Figure 4.29: Optimal princpal direction of each frame element in example 3
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Table 4.10: Optimal rotational angles and ratios of the lengths of the major and minor axes of example

3

Element Element

number ¢AJA ) @xi, | number ¢AJA ©) @i,
1 1.2 0.25 6 0.8 0.25
2 -1.3 0.25 7 0.9 0.25
3 0.2 0.25 8 0.0 0.25
4 88.4 0.25 9 -90.0 0.25
5 51.1 0.25 10 90.0 0.25

s J000000000000000 TOOODODOOOOOOOOO 0OOOOOOODODODOOOOO0O0O0
0000DD0DD0DDO0O000000 TOOODOOOO0OO00000000000000000000000 (4.10)
0000000000 (411)00000000000000000000000000000000000
0000000000000 00000000000000000000000000000000000
000 430(2)0(b)00000000000000004.30(c)00000000000000000DO0
D00 40NODO0O00000000D0000000000000000aa,, 000 02500000000
Amax 0 2.83x107°m20000000 a0 3.0x1073m, 000000000000000 V¥ ODOO
00000000 30%000000000000000 VY 000000000000 10%0000
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Figure 4.30: Initial optimization settings for frame and panel reinforcement in T-shaped automotive

body part

04310000000000 431(x)000000000000000000000000 4.31(b)00
431() 000000000000D0000000D00000 431(c)0000000000000 pyy, OO
000000411000 431(a)0000000000000000 p,,,000000000000000
0 ¢4, 000000 431(x) 0000000000000 1101400000000000000 305080
100000000000000000000 431(bh)0000000000000000000000000
000000000000000000000000000000 431(c)000000000000000
000000000000000000000000

102



Table 4.11: Normalized areas and rotational angle of optimal frame configuration of T-shaped body parts

Element Element
number | P4 Pas, ©) number | P4 P11, ©)
1 0419 -19.16 8 0.280 37.51
0.418 19.18 9 0.563 90.00
0.270 38.24 10 0.270 | -38.20
0.562 90.00 11 1.000 0.49
0.269 | -38.27 12 1.000 -0.50
0412 | -19.35 13 1.000 -0.28
0.413 19.25 14 1.000 0.49

NN WwN
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Figure 5.11: Frequency response in the optimal structure
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Figure 5.13: Frequency response in the optimal structure
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