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ABSTRACT

Thin-walled structures are widely utilized in major industrial equipment due to their
advantages, including lightweight characteristics, long-span capacity, and flexible shaping
ability. Designing and optimizing thin-walled structures are essential for reducing equipment
costs, enhancing operational performance, and improving material utilization efficiency. As a
result, the design and optimization of thin-walled structures has long been a central research
focus in the development of industrial equipment. Structural optimization can generally be
classified into size optimization, shape optimization, and topology optimization. Among these,
topology optimization allows the largest design freedom and possesses the capability of
“creating something from nothing,” aligning well with the need for innovative engineering
designs. Hence, it has attracted considerable attention and deep investigation in the academic
community. However, the complex surface geometries inherent to thin-walled structures pose
significant challenges to the direct application of topology optimization methods.

This work addresses the core problem of topology optimization for thin-walled structures,
which adopts techniques such as conformal parameterization, surface cutting, and multi-patch
stitching to handle the complexity of geometric models, and employs the explicit Moving
Morphable Components (MMC) method to describe material layouts. A research framework of
"mapping from surface and designing in planar domain" is proposed, and a series of studies
have been conducted to meet different engineering needs, as outlined below.

1. Based on the MMC method and conformal parameterization technique, an explicit
topology optimization algorithm suitable for shell models is constructed, achieving
efficient description and optimization of material layout on complex surfaces. Shell models
are widely employed in the mechanical modeling of thin-walled structures due to their ability
to achieve high solution accuracy with relatively few degrees of freedom. The explicit MMC
method offers benefits such as a small number of design variables, fast convergence, and no
need for filtering. Nevertheless, its application to shell models poses challenges in defining
components on complex curved surfaces. To address this issue, a conformal parameterization
technique is introduced to map the middle surfaces of shell models to planar parametric domains,
where components are constructed and then inversely mapped back to the original surfaces to
describe material layouts. To enhance the capability of handling complex geometries, surface
cutting and multi-patch stitching techniques are further integrated to tackle general surface
models. In solving the practical structural optimization problem, a strategy of “analysis in the
physical space and design in the parameter domain” is employed. Numerical examples
demonstrate the effectiveness of the proposed algorithm and its ability to optimize material
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layouts. This work not only enables topology design for thin-walled structures but also provides
a fundamental research framework for further studies.

2. A novel topography design method is proposed based on the embedded topography
and spline-based components, which expands the approaches to enhance the performance
of thin-walled structures. Inspired by the geometry-induced anisotropy phenomenon, surface
topography variations are introduced into thin-walled structure design as a specific optimization
strategy to enhance structural stiffness. To implement topography design of thin-walled
structures, this thesis adopts the concept of topology optimization and employs the MMC
method along with an embedded topography description approach to characterize surface-
defined topography variations. Considering the evolution of the design domain during
optimization, shape sensitivity analysis is employed to derive the sensitivity of structural
responses, and the finite element discretization approach is adopted to obtain the specific
computational method. Numerical examples verify the ability of topography as a structural
feature that enhances stiffness, as well as the effectiveness, efficiency, and capability of
designing topography of thin-walled structures.

3. An explicit design method for thin-walled structures based on solid models is
developed, which unifies the modeling and solution of topology, stiffener, and sandwich-
layer optimization problems within the framework of the MMC method. Shell models are
typically based on specific assumptions that improve computational efficiency by reducing
degrees of freedom but simultaneously limit the application scope and boundary condition
implementation. In contrast, solid models are free from shell-specific assumptions, offering
advantages in applying boundary conditions and unified modeling across multiple design
problems of thin-walled structures. In this context, a novel solid component is proposed using
surface-based component description and projection operations, and the thickness coordinate is
introduced to achieve unified modeling of diverse design tasks. For problem solving, an offset-
based solid mesh generation technique is proposed to simplify material layout computation, and
an integrated degree-of-freedom deletion strategy is used to enhance optimization efficiency.
Numerical examples validate the advantages of the proposed method in handling boundary
conditions and solving various optimization problems of thin-walled structures in a unified
framework. Owing to the underlying MMC method, the optimization process demonstrates fast
convergence, and the resulting structural designs feature clear load paths and are easily
interpretable for engineering applications.

Key Words: Thin-walled Structure; Structural Topology Optimization; Topology
Optimization for Thin-walled Structures; Moving Morphable Components method; Conformal

Parameterization Technique

-1V -



REH TR 2R

H X

T OO OO OO O OO OROORRRRON I
ABSTRACT ... 111
H I ettt ettt ettt ettt \
TABLE OF CONTENTS .....ooioeiteeteeeeeeeeee e ees e es e IX
B T ettt XIII
L ZBUL oottt 1
L1 B FEEE B G TE  eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeereeeeeesesed 1
1.2 FHIRIIFTTIEIR oo 3
1.2.1 FAERERI IR BHEIR oo 3

1.2.2 AN TV TEIE T oo 5

1.2.3 EEELE I IMEAL I FERE R oo 10

1.2.4 FLES A BT IR oo 15

1.2.5 BHTEITESR I FEHERR oo, 17

1.3 A S ETEIFFEPIZR oo 19
1.3.1 AT RFEZ TR .o, 19

1.3.2 BEFTZEHE oo 20

2 HRIBIER oottt ettt 22
2.1 FETEBEA oo 22

2 O I G < == OO 22

212 BESEI oo 24

2.2 TR TTZERETL oo 30
2.2.1 FERII U TEZR oo 30

2.2.2 ZRHMEE F TR AR FE AT e 33

2.2.3 ZRHEE F TR AR R AT e 36

2.3 BEENATARTELHAETE (oo 39
24 AR FEIAGE oo 40

3 LT AR AL B S A S AR MR TV o, 41
R 70 = =SOSR 41
3.2 AN AT FBIEIR oo 41
3.2.1 BIEIEEF TR T A AR R REIR o, 41



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

3.2.2 ST T VI EHRAE A AT R IR oo, 42
3.2.3 THIA MR A T P TR IR oo, 43
3.3 ARALT G RIBUE 3BT oo 44
331 FRAEFUTR e 44
3.3.2 RIBUEIIHT oo 46
3.4 BB SIS BEIETTR oo 48
B4 ] BHAEITEII et 48
3.4.2 BEETRIBESRIE oo 49
343 BT oo 49
3.5 BEATIIEEAE oot 50
351 BETZE oo 50
3.5.2 IRTEZEM oot 52
3.5.3 TR HRTHI B oo, 55
3.5.4 ZIEEETETEDN .o 57
3.6 AN BEIALE oo 61
4 JHEREZER I B ISR AL BT T e 62
O = =SSO 62
4.2 FRANFTEIIEIR .o 63
421 FUEBZEGHEIF M IFITESRR o 64
422 BAIHTEIITEIIRN oo 65
423 PSRBT oo 67
424 BEGAHAERTIRTTVE oo, 68
43 ARAFN G RIEBUE IIHT oo 69
B30 FRALFUIR oo 69
B.3.2 RIS HT oo 71
4.4 BE T G BT oo 72
441 FHEIHE SR e, 72
442 BIERBUIE BT B TTEE oo 74
A3 BETFTIER oo 74
A5 BEAIIGAE .ottt 75
A.5.1 HUBERIEAIE oot 75

- VI -



REH TR 2R

4.5.2 FAREEFITESHIETT oo 77

4.53 T HIESHAUEARBITETELTT oo 83

4.5.4 T RELE M TSI oo 84

8.6 ARTEJALE oo 87

5 T SRR R I EE LI ML TTVE oo, 89
T =1 =TT 89
5.2 BRI LA IR TTV25 oo 89
5.3 ARALF G RIBUEE 3BT oo 92
531 ARAEFUZR oo 92
53,2 R I T oo 93

5.4 BETZIN oo 93
5.4.1 BT BRI SARPIRE AR FLEEAR oo, 93

5.4.2 SERIMA NS BEHURBBE SR .oovoeeeeeeeeeeeeeeeeeeee e, 95

543 EHBEEMIBRTIAR oo 97

544 RAIRFE G FIRETE oo, 97

5.5 BEMTIIEAE oot 98
5.5.1 FRLRILTHEEZERITITN oo 98

5.5.2 SR TEBEGERITT .ooooooooeeeeeeeeeeeeeeeeeee e 104

553 ZHABTEB oo 109

5.6 AR BEIAGE oo 115

6 FEURITIEEE oo 117
6.1 TIETELE VL oo 117
0.2 B T B R G s 118

6.3 FRBITFTEIEEE ..o 118
BEZE TR oot 120
B 1 S EA LI FE I IGUE B oo 131
TS Pl S A TR R SR BB I oo 137
G SOOI 139
(11 OSSOSO 141

- VI -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

- VII -



REH TR 2R

TABLE OF CONTENTS

ABSTRACT ...ttt et sttt et be et st e s bt et estesbeentesanens 11
TABLE OF CONTENTS ..ottt sttt ettt IX
LISt OF fIZUIES ..tiieieecee ettt e et e et e e st e e s e e e ssaeeesssee e sseeennns XIII
I INEEOAUCTION .ttt ettt st e sbt e et b e et e e it e enbeeee 1
1.1 Research background and signifiCance ...........ccceevveeevieeecieeeiiee e 1

1.2 Relevant 1eSearch ProgressS.......uiicuieeiiieeiieeeiieeeiieeeieeeetreesreeesaeeesseeessseeensseeas 3

1.2.1 Overview of the development of shell models............cccoevevveviieniiiiiiennns 3

1.2.2 Research progress of topology optimization methods ............cccceeeeveennenn. 5

1.2.3 Research progress of topology optimization for thin-walled structures . 10

1.2.4 Explanation of the meaning of conformal parameterization................... 15

1.2.5 Research progress of surface topography.........ccceceevieeieenieiiienieeieene 17

1.3 Main 1eSearch CONENLS ......cc.eeruiiiiierieeiie ittt ettt be e 19

1.3.1 Scientific problems to be SOIved .........cccceeriieiiiniiiiieeeeeee e 19

1.3.2 Chapter arrangemeEnt ..........ecveeerveeerieeerieeerireeesieeeeireessreesseeessneeesseesns 20

2 TheoratiCal DASIS .....cc.eeiuiruieriieie ettt ettt ettt st e bt et e st esbeenbesaeens 22
2.1 Conformal parameteriZation............cccueeruieeieeriieeiieenieeieeseeeeieesieeeneesereeseeseneens 22
2.1.1 Mathematical background.............cccccveeriiieiiiiieniieeeeceeeeee e 22

2.1.2 Numerical implementation............ccoceeveriirieneerienieneeieseeeeeeseeee e 24

2.2 Mechanics models of @ Shell ..........coooiiiiiiiiiii e, 30
2.2.1 Geometrical relationships in a shell ..........cocooieiiniiniiniiee, 30

2.2.2 Fundamental model of a general linear elastic shell ...........c..cccccoceneeie. 33

2.2.3 Degenerate models of a general linear elastic shell ............c..coccceeeieen. 36

2.3 Moving morphable components method.............ccceeeviiieiiiiiiiiiieeee e, 39

2.4 Chapter SUMIMATY .......cceeeeiieeeiueeeriireeniieeesseeesteeessseeessseesssseessssessssseessseessseesnsses 40

3 Explicit topology optimization design method based on the shell model.................... 41
3.1 INrOAUCLION vttt sttt 41

3.2 Component layout description of complex surfaces .........cccccoeeeeviiriieniienennne. 41
3.2.1 Component layout for a simply-connected genus-zero open surface ..... 41

3.2.2 Component layout description based on surface-cutting operation ........ 42

3.2.3 Component layout description towards generally complex surfaces...... 43

3.3 Optimization formulation and sensitivity analysis........cccccceeevvveercreeerireeenreeennne. 44
3.3.1 Optimization formulation...........ccceeevuieeiiieeiiieeieeeee e 44

3.3.2 SenSitiVity aNalySiS......ccccuieeiiieeiiieeiieeeiieeecieeeetreeeaee e e e beeeebeeesree e 46

3.4 Numerical implementation and algorithm flow ............ccccoeviiiiiiniiiiiiniieee, 48

- IX -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

3.4.1 Numerical implementation............ccoccueeruieriierienieeriienie e 48
3.4.2 Solution of discrete SENSItIVILIES. ....ccueeuerieriieierierieeie e 49
3.4.3 AlOTIthm flOW .....oooiiiiieiiiieee e e e 49

3.5 Example validation.........ccccveeeiiiiiiiieeiec e e 50
3.5.1 Saddle €XamPIe ......ccoeeeeiiiieiieeeeee e 50
3.5.2 TOTUS €XAMPIE ....eviiiiiieeiiieeiiee ettt et e e st e e teeesbee e reeessseeensseeenns 52
3.5.3 MObius surface eXample.........cccveevieriieiieniieiieeie et 55
3.5.4 Tee-branched pipe eXamPle ........cceeviieriieriieiiieeieeeeeie e 57

3.6 Chaper SUMIMATY ....ccvieeieeiieriieeieesieeereeseteeteesteeeseessresseessseasseesseesnseesssessseenses 61
4 Explicit topography optimization and design method for shell structures................... 62
4.1 INErOAUCTION L.ttt ettt ettt e st e et e saeeeabeesneeens 62
4.2 Embedded topography description...........ccceeriieiieenieeniienieeieesieeiee e 63
4.2.1 Topography embedding of simply connected zero-genus open surfaces 64
4.2.2 Topography embedding of complex surfaces ............ccceevveevvvenvenciiennnnn. 65
4.2.3 Construction of planar topography functions.............ccceecveeerververcriennnnns 67
4.2.4 Spline component description method ............cccceeviiviiiniieiieniieiiene, 68

4.3 Optimization formulation and sensitivity analysis..........ccccceevvereveerieenieenieennenns 70
4.3.1 Optimization formulation.........c..ceceeierieieriininienieecereereee e 70
4.3.2 Sensitivity analySIS......cccoveevierieriiiiinienieeientesie et 71

4.4 Numerical implementation and design flow .........c..cccceeviiniininiiniinnicnicnee 72
4.4.1 Derivation and calculation of the velocity field...........ccccoceninninnnnenn 72
4.4.2 Computational methods of discrete sensitivities........ccceevvveercuveerreeennenn. 74
4.4.3 DESIZN TTOW .ooeviiiiiieeeiie et et e tee e e e e s 74

4.5 Example validation...........coociieiiiiiiiiiciie ettt 75
4.5.1 Mechanism validation .........cc.ccooieiiiiiiiniienieeeeeee e 75
4.5.2 Topography design of a flat plate structure...........cccceeeeverveneeriennenenn. 77
4.5.3 Topography design based on conformal parameterization technology... 83
4.5.4 Topography design of complex surface shell structures ..............cceu...... 84

4.6 Chapter SUMIMATY ......cccveeiuieriieriieeieeieeeteeteesteeteeseeeseessseeseessseenseessnesseesseaans 87
5 Shell structure topology optimization method based on the solid model..................... 91
5.1 TNIFOAUCTION ...ttt ettt e be e s 91
5.2 Construction method of embedded solid components ...........cccccccvveerreeenreennnee. 91
5.3 Optimization formulation and sensitivity analysis........cccccceeevuveercieeerireeencreeennne. 92
5.3.1 Optimization formulation............ccceeeviieiiiriieiieieeee e 92
5.3.2 Sensitivity analySiS.....cceccuierieriieiiieeieeiie sttt 93



REH TR 2R

5.4 Numerical implementation ..........coeoeeeruierieiiieenieerieenieeeieesiee et eseeeeeeeseeeesseenes 93
5.4.1 Solid mesh generation technology based on offset operations ............... 93

5.4.2 Structural response and solution of discrete sensitivities............c........... 95

5.4.3 Degree-of-freedom deletion technology ..........ccceeveuveeeciieeeciieeniieeeieeeas 97

5.4.4 Optimization processes and technical remarks ............cccceeeeiierciiienienn, 97

5.5 Example validation.........cccuieeiiieeiiiecciie et 100
5.5.1 Cycloid-shaped example ..........cccveeviieeiiieeieecee e 100

5.5.2 Bottle-shaped shell structure example............cccoevveeciienieeciienieesieenieens 104

5.5.3 Tee-branched pipe eXample ........ccceeveeriienieeiiieiie e 109

5.6 Chapter SUMIMATY ....ccvieuieeeiieiieeieerieeeteeseesseesseessseenseesssesseessseasseesssessseesssenns 115

6 Conclusions and OULIOOK .........cc.eeeiuiiiiiiiiiiiece et 117
6.1 Research CONCIUSIONS .....ccuviieiiiieciiiecieecee et e 117

6.2 INNOVAtION SUMMATY .....eeriiiiiiiiiienieeieeteet ettt 118

6.3 Future research outlooK ..........ccoeoiiiiiiiiiieiiiceiecee e 118
RETEIEIICES ...t st e 120
Appendix 1 Relevant proofs in the implementation of conformal parameterization..... 131
Research achievements and projects during the pursuit of a doctoral degree................ 137
ACKNOWICAZEMENLS ....c.vvieiiiiiiieiiecie ettt ettt et e e b seesebeesaaeesseeens 139
ADOUL the QULNOT........oiiiiiie et 141

- XI -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

- XII -



REH TR 2R

EH%

K11 RS R T2 R T T e, 1
B 1.2 BRI ARAEBETEZE T oot 2
K] 1.3 Chladni BRI (a) ZFHRrE SRR TR _EIE P Chladni B %P,

(b) ANFEEI &R i EIE R Chladni 1219, (¢) FIH] Chladni 2243

TG R 3
B 1.4 RFMEALHIFEIRIEIIETE TAE oo, 5
Bl 1.5 SIMP M BHE AR B 5 FF A AR RGBT e, 6
Kl 1.6 ESO J77%H1 BESO F i ARIEFEIT EL (oo, 7
Bl 1.7 KA R ECR FH s 4 s B B TR AR T T e, 8
B 1.8 FH3Z7l B T i R AR KA R AR IR AL oo, 8
B 1.9 Bah a2 AR AL e 9
Bl 1.10 B3l BT AAFIERI Z LI R oo 9
Bl 111 BT SIMP VLIRSS M e 10
B 112 SR SR KPR BRBER R T TR e 11
Bl 1,13 SR FHEE) LA 20 #1510 SE IR BE 25 A PR FMRAL IR T e 11
Bl 114 SR FFBY T 20 B 4 AR (0 W RE S5 A 2 TUAT IR AL e 12
Bl 1,15 T T RE AR AL R RE 5 R S5 LA R AR T e 13
Kl 1.16 EEELRIMEAL LR T 2 MR 2 D15 R SRR e 14
B 117 BRI A IR B oo 15
K 1.18 M SEALAE TN M A AL oo 16
K 1.19 HEKLHIh AR T (a) BRI, (b)) BRI, (o) A%

TTIEZEFRIER <o 16
K 120 BARFFZREESRZE]: (a) HYH SRS, (b) NEEK

AT U (o) I A BRICIERBAUR B FRO) e, 17

B 121 Hh S RES SR TH A5 TR RE L RIS AR N . (a) AH EL-PARESH, ST
AERIPTERIEENT; (b) FH ASEBLN 7735 17 51 S R i i 3500 (o) i

T ] SR HA R 8 51 S RA IO e 18
B 2.1 FEESEA AR AL FVEFIE I Yoo, 25
Bl 2.2 AT IE T MR I T TR T B o 28
Kl 2.3 JETHISLE S & BT S8 S E R BB R B e 29

- XII -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

Bl 2.4 SRR A E BT E LS e, 34
Bl 2.5 Bahnl BT A AERI AN LI TR B s 39
B 2.6 Gt HEGERYAAEIT T UTHREIR oo 40
B 3.1 U IE 5 A T I THI I F0 MR B ZIUE S, 41
Kl 3.2 dEF 5t s VI BRI S EA I AR e 42
B 3.3 AR T i AP AME IR PR EE S 43
Bl 3.4 e i o g 0 7 SRR AE BT AT S22 T e 43
Kl 3.5 SRHZ A PHER AR B 24 i A IR BB o 44
Bl 3.6 A TAER A H RS BT RE GE R AT AR oo 44
B 3.7 T TR ) B0 PR ) B B s 50
Kl 3.8 e 7 Ml ARG T R G5 M T AT S B e 51
P 3.9 i ERE S5 R B BIRTEE LA AT R oo 51
B 3,10 8 TR A F B TR TR <o 52
B 311 BT BN LR oo 52
B 3,12 FAT T EEGE A T I BEE oo 53
K 3.13 I EREVESZIIRTTBEU oo, 53
B 314 IR AL AEAIERAT T oo 54
B 315 BRI BT AR TTTRE <ot 54
B 316 IR AT ETT T oot 54
Bl 3.17 ST S I TR B oo 55
Bl 3.18 KA 2 T PR 5 LG 2 7l T 9 4R BRI e 56
B 319 B L BT B A TTRE oo 56
B 3.20 B EL I BT B R ZE BT oo 57
Bl 321 =B TE AU R ST s 58
Bl 322 ZIEETESRA T UTAETE oo 58
B 323 ST A I T UITAETE oo 59
B 3.24 =B TEF BRI AERT R oo 59
Bl 3.25 =B TESBIEAR TR oo 60
B 326 =B TEBIERERBETE oo 60
B 3.27 ARV E A B AT RS oo 60
B 4.1 BEREREE SRR IR 22 TR ] s 62

- XIV -



REH TR 2R

Bl 4.2 TESARAL AT DL SR el AR v e 28 ) 1) 7K B 7 SRR T 5 A PERE 62
B 4.3 @I VLB RIRTEFITL TR oo 63
B 4.4 TESHRN ISR FEIR T o 64
Bl 4.5 KAl )R R ROE dh i AT BUARE CDAETTAED e 65
Bl 4.6 it 210 R PHEFARE SCHTITEZ oo 66
K 4.7 P30 B B BT TR B oo 67
Kl 4.8 SR E Fanr = SIIRE SR R B o 68
K 4.9 ti 5 SEAARIRIE BRI TR oo 73
B 410 J7 TR BT T oo 75
B 411 ANFETESTBREE FALFE B IIELEL oo 76
Bl 4.12 BERETESRAAEAL BT B BAR BRI s 76
Bl 4.13 ARG LTS T ) @ kA7 SE A A5 B s 77
B 4.14 3@ AN [FA0 A ANAS (B 5 FE AT R e 7P AR A ) B T A R e 78
K 415 AFAEERE FRIREHTT: (a-d) JEESHBEEN 0.05, 0.1, 0.4 F1 0.8

.................................................................................................................................. 79
K 4.16 ANEIRKESEE R BRI e 80
Bl 417 “FARGHILET A JIVER T RTESR R BT S R RIS R 81
Bl 4.18 BN B T S AH LAY B ZE BT v 82
Bl 4.19 S5 RESE RS I TA] R B oo 83
Kl 420 AFEAATRPIEE T EACZ PR A BT s 84
B 421 JUFIEIRTEN S I ) BB VE R .o 85
B 422 J\FIRHTH G AT RTAREE CAZE2EFB B s 85

Kl 423 J\FIREGIREARN S2 Aa g R L A s & vt (5 300 28) « (a) #lHRK
it (€ = 31631.04) ; (b) & 25 PRI (C = 5110.71) 5 (¢) 25 150 K

Wit (€ = 3458.74) 5 (d) AT (€ =2876.67) oooveeeeeeeeeeeeeeeeen, 86
B 4.24 FEIREBN B E JEEEN 0.05) e 87
Kl 4.25 {00 E G B EAR T s e g5 R PL R A Wt (a) WIERiEE (C =
36268.51) ; (b) w&EiT (C = 7623.96) ; (c-e) WmAITHIANFEMA.....88

B 5.1 RARAF L ZERRER: () 2 AERRAE R AL fE 77
EDT B IR (b) RN ZUALF RN AT RO I o 7 B 45 4 (0 P2 AR A2 10 89
K 5.2 TDF eR A0 R i B (a) e i T 42 L) LARTARRALE 23 figf D 22 A1 2. g T Py
MBI UAT R 2R B (b) fE& 1 _E#E4T TDF B (o) K mHs i

- XV -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

Jr E%E X TDF s#UEsh 28R (d) JEaa b TDF s¥E0E &1
FUBETILTIT I oo 90
Kl 53 IARAMREE: (a) SSAERDR > Aidad il i B2 BRI
XA RPN S8 () HIMUE, (o) Fisih, (d) =Bk

FAITETE oot 91
Kl 5.4 RBPFUHIZ RN B IMEEEERESE YR B o 92
Bl 5.5 HeT B R AR A A A R E R () BIuHRAEREE L (b)
T B BAEAE BT A (c) 81T 1-ring neighborhood J5¥2: %€ X1 Ak &; (d)
A RSAR RIS IS R (o) HHTRTERICAE G () SEARERITTAERL oo 94

K 5.6 HHEMERSARER: () FRIGHTHEBR, (b) WRAEmEEAE R 5k
X > aifgsh AL (R ) RS M N AR (St 5 (o) BERRIMIAR: (d) RYE
H EH E AR AR AR BRI ZE T XA oo 96
Kl 5.7 $REIEHERES R R R E : (a) 3L A i RS 22D 2R sk koS (A
MO 5 (b) IJEIJLREELFIRINLAS 5 SN ATIL T2 (B F1 G A SR

J7 I RIIEIER T A0AT T HIITTZRD oo 99
Kl 5.8 SRR HRESM VIR E : () PRI RS ML (b-d) 4fF7E
ZHE . TSI EIHTIEAT G oo 99
Kl 5.9 $RZEIEHERE A AT AT ZE S e 100
Kl 5.10 $BLRFEEEE ML R (@) T (b) MIRREE oo 100
B sl Al R R: M Case 1 3 Case 6, S%y 43 HIHUN 0, 0.025,
0.05, 0.10, 0.15, 0.30 .. moeeoeeeeeeeeeeeeeeee e 101
Bl 512 AR BT Z AT L oo 101

Bl 513 BT R BB a5 AR TAE AT BRIt () fEFSARBERL iy
HRLAE; (b) T R AR R B & BT, Copt = 1.93; (c) HfihnfedE Tz
WHIERIID A (d) FET SR ER &5, Copt= 8.12............. 102

Kl 5.14 RH/AKH B B EMBRE AR PRALE BT (a) A RICHEX I (b) &
KRR 2R B HERIBRE AR R, 0N AS R s 45

- XVI -



REH TR 2R

B 5.7 HTEERAAVIGEA R () S8 (b) FRIGHRESS M b 105
Bl 518 TSI TT AT ZE B e 106
Kl 5.19 T H B AR =R AA AR DIRER 7 B A B 106
Kl 5.20 T FBIA RSB E R AFHTIEATE oo 106
B 5.21 TS5BS AT AEAT TR B BETE e 107
B 5.22 TSNS S5 R BT A REBE R oo 108

Kl 5.23 InAA P MARRIE R T : (a) %6 —HSHOOHRI SR, Copt = 1.25;
(b) S HSH TS RN EZH R (o) A H T IE R,

Copt =0.54; (d) H_HSEBITE R LRELIEIR oo, 108
Kl 524 =I@EEEIN TSR FM: (a) Pl (b) SRR i %

B ettt 109
K] 5.25 =@ E ST R AE #H T Z0 F DU e 110
K 526 =B EEG BT A FIBEL oo 110
Kl 5.27 =l E RS M IR IR oo 111
Kl 5.28 =l EEHBIEAN LSBT e 112
Kl 529 =il E IR IMU I SR AT R EEINA3.38 e 112
Kl 5.30 =l EE BRI TR BB TLTT e 113
B 531 =B IEREBIAES RIS E oo 114
Kl 532 JEXSRREIIIIEAREIZR SPALTT 5 oo 114
Kl 533 Il TE AR BREAI T ZETE oo 115
Kl 5.34 =BVRR AU SR A MBI BRI E oo 115
Kl 5.35 ZBVaRAUGaREE M R 2501 : (@) B (c), AR5 £ o i BN 0.375,

0.45 11 0.55, I ZHIM KRB E S MW EHN 0.15, 03 A1 0.5 e, 116

- XVII -



TR AR ARSI S B BRI & 0k h I B A Mk ML 7T

- XVIII -



REH TR 2R

1 i

Ll IRBEREEX

EESE AR A i IR, BRI N HAR RS I 254 o P AR Sl H e R A A
i 2O BB . HEELS R AR R AL RIS R RIESE Ty LA s iz
R T2 SR TS, WHRIEEkET. KBl Sl EMBnas, Wil 1.1
PR o IPHEREE AT W RENE PR S A . HESBARACIERE . SE st BIA &R, [
BRI AR A6 2852 TV A 5 W A R Hh AN SC BT T TR . R TT,  AEIT AR OR ke a5 454
2R IR NSRS 5T, ARG H S T &5 Ul A I 8 s HR 3 B A A )
Koo HIERA Ry HE AT 20 2 1k BE TR AR BRI Al AT G5 A 5 r) o PRI, o0 R 1 [e]
Ay APA DR R e ol R ALY A e ) N T e T VT s ST T ) 2P s S

SRS, R
LA

B 1.1 RS R 2 N 2 R kA A

Fig. 1.1 Thin-walled structures are widely applied in diverse major engineering fields
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Fig. 1.2 Categories of structure optimization and design
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Fig. 1.3 Introduction of Chladni figures: (a) a Chladni figure formed on a plate excited at a

specific frequency!™; (b) various Chladni figures formed under different excitation
conditions!!%; (c) microstructures assembly via Chladni figures!'®!
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Fig. 1.4 Pioneering research works of topology optimization
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Fig. 1.5 SIMP material interpolation model and microstructures that conforms to the model
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Fig. 1.6 Comparison of the iterative processes of the ESO method and the BESO method
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Fig. 1.7 LSF uses iso-surfaces of a higher-dimensional function to represent boundaries
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Fig. 1.8 Phase field method has been applied to crystal growth simulation and stress-related
topology optimization
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Fig. 1.9 Introduction to the optimization mechanism of the MMC method
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Fig. 1.10 Diverse application scenarios of the MMC method



TR A AN AR UL S B BRI & % ih i B A M ML 7t

¥ B AT AAEAO T IMEAG IR R AL 7 BARR SR AR TT 58, & AR F
TASEHESE, B e IR A T 2 AU, BN, AR RS s ] e @), A R AR
PRI A 285 A6 e v 81 B 3 25 4 1) ) SRR 2R ML), 25 f8 i i 29 51
(PR N R e B4 58 iz R BRI FE A5 A 0L, 5 N A KA 1)~ AR 5 M $R MR AL, &7
BN AN AR TS, ] 1.10 Bs.

1.2.3 HELSIRIMI IR E R

VHEEEZE MR MR AR R TAE F 20 AR o — R &R T N T
SERIEIT T, o FH R 25 K P M A B SR A [5] [a] @A 78 o T3 B SR TV
REZE MR ML TR P LR, ATE 2] Tenek 55 N85 51407712 N FH T+ 26 M e BE &5
PRI B AR, il 111 (@)Fs. HJ5, Swan 58 N &5 G A R0 7%
"] Reuss F+F1 Voigt FP092173 31| Reuss-Voigt M EHEERY, Fhgi& #h IMUAL IR & 1THA
ZE GG MR I o Maute 58 NPT N TR RS AR 2 17 TH) [n) v RE 25 F4 1 H i
BRI TT i, @I 5l N FOIRARMEAR ) 7 VR AR B AGE R 5 BEAA R Y 1) 2 2

CanEl 1.11 (b)Fr) , ITTA R4+ 1 e R AR5 AL s i 23 . Li % AP ESO
T3 150 3 52 R AT 1) B 5 A P MR A T R, AT R Dy b 0 B A S8R T 3R AR B
A AT R .

HOMOGENIZATION
Unit Cell
density (d)

hole
dense : d=1
empty : d=0

(a) BI5IWTTE (b) SIMP %
B 1.11 T84k 777E. SIMP 751 B 45 M) 3R $ MMk

Fig. 1.11 Topology optimization for thin-walled structures based on the homogenization
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Fig. 1.12 Boundary representation via curvilinear level set function
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Fig. 1.13 Research on topology optimization for thin-walled structures via IGA methods
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Fig. 1.14 Isogeometric topology optimization of thin-walled structures using the TSA

technique
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24 MR S5 Hh A A T ok AR g M oL, IX— B AR Liom | R g R g M i AT
AR . 15508 TH AFERBIRIIR H, HEEZ NS LR ML R R Rk e
TS 23858 . Zhang 55 NUSR 2T T-PAS AT T-FE 2% 1958 LA 20 B B R % 1 B
SERATRBARAR (Aol 1.15 B, NITA R e 1 AL 52 2 il 1 v B AR 2R Pk
JEFZE . PHT (polynomial splines over hierarchical T-meshes) F£5% /& T-FE2% ) —FhHE
7, GBI AES)E T-WEG o L2 TR S g 2. PHT A 5% 153 JZRF AT 5 & B
Je B AR P ASE G AT AR SR AN 5 3 S A A LA G, AT A R i T 3 B 5 44 3 41
DAL HH ALY (1) SR ARG R AT F 08130,

Feu

RS 5 o - 5 /
2 X - i

B 115 BT TR UL 1 % T UAT R A )

Fig. 1.15 Isogeometric topology optimization for thin-walled structures based on the T-spline

model

TIAh, AETEEESERSE LT A, 2T HESR [ LA AR AR 22 Ao T 4 ) i T
Frk e, HAGAEAAB USSR MG DL P X A HEAT R AL B RE 7T, AT D B2 2% 1) il
F LA R SRR R ) R PR T ), PRk, 22 TR BORAE EBE 25 R ¥ A DAk Hh B 8 %2
FIEA . Scherer 55 AR It 4 i BE S5 44 HH T ) NURBS F 2% F38 7K T~ 4 B ZOM 41 41
ik, FFRE— b e G 2 A L o M Se B R LM I SR MR AR . DAk 4l AR i
I3 BAT B BB RS B2 HL AT BUAS B30 FO6 T i e A 501t o Pan 55 NTHOME T2 i) 4 ¢
ARG T HERELEA LA S B IERY, d@id SIMP VEX M EHSE RS AT 40 (E, RAH— B8
DIAR Y B NS {BE 45 M AR AT 0 S AR o A, DT SEBLAR ok it T B £ A O R A AL
Wit
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A AT DASRER I A% 0o JE B, SRR A ] il A o 1 SR R i MG R Bl ) 2 5
PR A [FRIVES ST R A A . o5 — 5T, HERESS R R ML VA SR AR IR TR RE L 5k
IR B S T T BB TR 2 N T HA 52 % 0y 2 e el e g R, il 1.16 P
7N Mayer 58 NSRRI A M BRI S5 A 40 40, JREE T2 S0 557 1w RHOT Y
WE-MERER R, I Reissner-Mindlin HICHANAEEVE ) SA iR, B AR BEHESE RS2
1 LUl e B R R A AR B B SE M SR FMIE AL BTt . Belblidia 58 AMMIZ55 ESO
TSI T, Sl T — R 2R B E N TR A Sk, T S R 45 ey R A R AL
I AMEAL . Stegmann 28 AU ISELEEE R IMILAL, B2 TBE (5 R IRINER T
— M mE A ELE A TR S B R (Discrete Material Optimization, DMO) J774,
FCASR A LE 5 A ) S A R I 1) ] REAIA AT JR 188 . J5 %%, Erik Lund #dR!08E—
ARG I T 1R N T 2 MR G B 254 1Y) i v A8y R e KA BE Tt el b o A SE B
TRE, FURES IR e sl 2 NG — RS R e AR AT H I iz, A%
G i) 47 e VO AEAE AR Rt iR TR, i KIgig N EE . SRR
REM N RE. DRI, Kim 5 AU2UILT- G BE 250 40 ML AL J7 12500 45 7 2 T B 5 1 BELJE #4
BEAT T A SRt NIRRT AL 48 478 w5 ot IR BE . 28, Chen 55 AR A SIMP
V2K VHEBRE 5 AL R THT IR ALRLHEAT A SR A, T o0 i D XS5 T LA SR T VR R
) RREAT KA, AT SEBLEE R 2R 0 RS AT RE AT B P 224 4G . 31, moe i e T
BE S5 KL o B T AR MU RIS — B HE ) B AR TR BB R b, AR IR
YRR AR AR, e v e BBl % R 124 120U i T S ds it U127 129048

(a) BEHEAMBIN  (b) BUBBPRH R (o) JIRA PR A i1
K 116 MEEELEA AL TR T 2 Bl AR 2% 7 22 Uit i K fig

Fig. 1.16 Topology optimization methods for thin-walled structures are applied to solve

various complex mechanical design problems
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1.2.4 HESEALEYE X [Eik

HIESH Mt (conformal parameterization) AW CINE BRI —, B4 THE
W) (conformal mapping) AN 241k (surface parameterization) MEE 11— FlREIRRL
SR, B ER = 4 T S ) — 4 S BOR ) [Rl N O R AR BEA A . FER iR, 3t
TG e SCAE 45 P 30, X ST S T G B i N T 25 2 7 A AN )
(RIsR i, 4G 52 2R3 57 A~ TS 7 R0 ST T AR v 38 e i e A HE S L2 i LR I 52
353 HT U320 52 g JUAT A FR G I8 5 1) R ) SR AU 30, S B S A ) se G anfE 1.17
Pimo XL TARMSLE GAET, IR 3 RGBT LT B 2. 5540, s J LTk
(1 T T 02 B ST 2 S 10 T Bl S R4 T, R S AS (] it Tz (R T LAr] 45 4 56 R 390,
A, IS EA AT Z I 4P T 3L e i B, BT B A A S
IRABE SR A -

v
—_— T
e

(a) ——— — u
= -

v

z- plane \ TV
e
w- plane
() A B RS R (b) ZET IO R
S A Al R 037 SKEHLE AR B3]

B 117 OB MU R Y (1 22 i H

Fig. 1.17 Classic applications of conformal mapping in mathematical physics

HH TET 2 B i F) R A A T 0, 25 2 TR (X A A T, A SN 2T ks b 1D A0
A TR PN 5T 0 2 508 2 8] F-HUUR 0 R 9% 2 B R0 il T 24tk 2 T LR
A AL A QU SR Sk 2 —, ARG i S, A AT A
1% FER AT S th A O IR B, I 1018 o i 2L B S B A T IR A
XFREPRAMET, AR A R B SRS ME B AEAR, S EAERE T LA 9B L.
P2 AL TP B 51 XA i, Ban P i B |« Bk 24t GE
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ST RN A AV RENS L S B BOR I & A h I B AS Mgk ML 7t

T BT, HARBRS XSO RALERTD L BRSOy il FE T 09 4R R PR B
XD DRZBEESHA G BAZ AR E A .

() CG H5 R ir 75 HO SCRE LR U4 BR (b) BRZEFAAG A T 5 0 T AU 3R

BaBalala

(c) TFE U BT 75 11 22 43 F R U B2 ) 4 D44 R
E 1.18 M SEALAETHENL T A i 28 g v H

Fig. 1.18 Classic applications of surface parameterization in the computer industry

©

119 BB PR RBE A () BREEY; (b) | RILERE: (o) =M%z
HRBY

Fig. 1.19 Different projection methods in cartographic drawings: (a) stereographic projection;
(b) Mercator projection; (c) Lambert azimuthal equal-area projection

T 2 B I — > 22 B LU RN g 1 P 22 1) U400, JHC P 78 R R 2 el Ry = ATl 25 i
()i BR R T B )P T ] b, R EIRE B R . T ERAAR SR T TG e h
S AP T B, DR SO PR 22 SRR %5 B B0 H I R, R T — RIS
F B 119 B , B &R TS BRI ATS s B BRI RS (stereographic
projection) , & F TR B R (Mercator projection, 75 {745 & 30 £ & 1K
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RHEH TR AR

P, RS DX T AR B P E R, DLSPR B THIAR BUASIE i BT DR B 8 2R L == 41
R L AR5, (Lambert azimuthal equal-area projection) o

KL R 2], b S BB RTARYE B AR K08 IRIFRS I AR TR A E AR LR
Z A% (conformal parameterization) , £ 7 [ A 48 1 25 #2401k Cauthalic
parameterization) , PRFFHH TR &AL K55 EE 2504k (isometric parameterization) , PL&
it ZMHEN. P25 T RMNIEE S 8105 (hybrid parameterization) . HH, S
AR i m, o] DHES AR AR T, B0 THRek i rl @ i (e — 4k
M O TR, FE I AT HETD AN Oloid m & i) fA7E LS, X T
— ARl AR RE R R AR L EIEIT . RSB R R A DRIBAIOR R &6 LA
R SR AR = 2 SEAR AR B . T BN I 2 A0 R AU P P 7 46 B TR U R == 7T
H5MH.

1.2.5 fEF SRR R

it T 3 B AR S R A AR I S5 RF AL, 38 LTSN I R AR AR TR AR S
i%%?@%ﬁ%ﬁﬁ%T%W“”mu&m%%ﬁm“ﬂ£ m@lzwﬁr

Kl 1.20 B Z MRS (a) WY R SIS, (b) AR gy
UL (o) A BRI T iR B 3l )
Fig. 1.20 Cases of various surface topography found in nature: (a) plant leaves and petals; (b)
detailed images of human epidermis; (c) simulating the epidermal topography using the finite
element method
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ST RN A AR AN S B BRI & % il I B A M ML 7t

FIRTES BRI S R, (B 5 IS T BN AR R (R B T
AR FIRFBIRID . W51 T RFEE ST Z 0% MR 1R RIR R
b sz 154 98) B R IS BRI S T 1) o 3K 7 TR BRI S B T 2 Hsul >
TAE, HEREESN 1N TR AT HRAEKIR T, B 7R e SR
AT RSB . Dervaux 25 AOIEF 1 L H) Foppl-von Karman (FvK) 77
T2, FEELLA FHESE T XA M) J1 P Re it AT 1 0¥, R RV i 7 1204 A2 TR s
FE sk BRI N U AE K I, S &M T A BARH GO0 A R T A o« Zhao 55
NUWSTZES PR 4 B A B8 7735, ) 1 287 B0 R SR X A vh B s e 3047 1 &
g, RS SRR IR s s e T M 2R I & TRt . TR T — MR E N
2 S H DA S M 280 R o Xu 55 NUSSER P db e 7702, BT - S5 i g T 1 2
REEATHESE, FE0E I i el B vh R s i) 1R 52 A 7 TR AR B AR TR SR B 22047 1 5 B B T

(a) (b) (©

1.21 HiTES AW ST 45 MPERE . RIRES M (a) FHECPARESH, JREUREA
B fIprE WIS (b) FHRASEEILN 7738 € 1] 51 S TR 30) (o) # ST i
KAZ AR RO 51 3R a0y el ol
Fig. 1.21 Surface topography is capable of improving structural properties and manipulating
structural responses: (a) the corrugated plate has a higher bending stiffness compared with the
plate structure; (b) the surface topography used to achieve directional guidance of stress wave;
(c) surface topography can be used to manipulate material failure and guide crack propagation

7, AECFEE U R, SR SR AR RE L TR £ R R N Y e
73, B 121 fos. TREAH DL QOB A 2 ML Ay S 000 AR EE TP il
TSRS BRI SUR B A B PTE PERE (BPERES 2] T 5T , Wi 1.21 ().
Liu 88 NI TR SCR B - TR SOT K T —F B 2R S R R g5k, i PR
R 7 H AT I REE A IR IC /A SR B HEAT S, TN 2 RS S AE AR W] AR
2K LA N AR ANAL RS BOR S U N S 455 o Faber 25 NSRS TR
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121 (0D » % TAE R AL SR B TAZTEmE, UESL 1 7 BRI S A ZE 0 F A 2
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FEEGUE 1 il T SR A LR O 5| RREY RGeS (i 1.21 (o)) , R
R ATIO4165]

IR AR A i RS AR A JE AL, SEI T SE R PERE IO TR s AR Th RE 1 #h
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BN, It B T e S A B AT AR A TR T B I B B, R Ak
T A& SR B R FEHEZE, DRI AT RE 2R SEAR B o 07 26 S BURRLN &5 0 57
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1.3 AXEBMRAR
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SR ARRE PSR s, RN ) V2 L TV RE Sh M 1) g 2 i o SR 2 3 LT i 4544
s AT AR R A R D SCEED. Tof i iE AR DL A 45 R ih 5
TSI A, {52 PR T YR B 2 ) 1 5 % i L ART AR A T M AP B B O R o BRI, el
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e BEE, ETHRTEBEMER, S 7T EH0ETRRBUETHE T,
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ML RE F. fERbIERE [, fEBIRE Sh ] A Ay 0 B AR, R AR 4% L Bt e 45 41
HEAP ISR, AT DA S AR i AR A AR TSR . Bl e, B TR T
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55 T FOR FH SRS AU R S M AT AL, B RS — M TN SRR TR
— R 5 R AR 2 BT R T R S MR A TR . e, T A ) I T A
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s LR G & 2R R . BEJa . SINJEREARAR T T ARG B3R IE, SR 2 2R
THAR S8 Hid . AEUEIRAL b, @7 AR ARAL A 2, RHES T AR B R
B RIAN HE—DH, TR E R N A RS A oA, H T BRARIR A S USE
AR AT T AL . e, B 2 A RARERVE B SN B 5 %84T
Wik, S5 RRMZI AR ORI Z A48 526, I RemRH. gt AL B2 ki
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e, HNEX SO ST A E A G mEAT TR A AR, IR AROR T ST A
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BT AU HEASIE S B BRI s i i RS S ML

2 IEipEA
2.1 HEESHK

el 8t SHUEAR Sl 2 — A EC R G i SE O R s R i, R sS4
teRE R — A I 2 5 — AN . T RO, aoAErm . Bk, #EfAE, HE
P RE XK TS H R, R TRV L5 TH (Computer-Aided Geometric
Design, CAGD) HvH ILIRAE 515

X T B ECAE L, T I8 XS R R U OOERTE, AR S EAL I T B LT w55
TIRERIRE . BT 5 AR AL TR AR AR 8 S 25 M R R L T A 75 oK, AR BEL RSB
JURTAE BRI EE AR O o SRS HAI EFR T EGHE: circle pattern 773, e E &
AMETTIER . TR 77 (FUFE Yamabe 38R Ricei il*%) « S &AL RS 7
VRO . B 8 B BER 5y S0, DL AE % 70 BT R 0 5 =R s R e Ak 5 v R e 2
CH BN BA X EOVKITIERI KD, A SCRIE S IR U Tk 17 e S 8
SRAA . AR I PR AN R A AT e e, 2TV T S R F TR (fEH N E X
NIRRT R AT ) — N S X, BISFIRIYSA ) LS . R 484
KA S SE I R
2.1.1 BFER

AN FENBEEHELIET R HAMES, BFEILEES (conformal
mapping) « HILFEE} (quasi-conformal mapping) « JAAIBLES (harmonic mapping) 5.
F e SCX et i 2 (ARSI . —4Eme i . 220 (s &, A/
1 NARYE J5 22 BUE THE ) 75 SR AE 8 SO AT BRI BR )

&N 2.1 LB B EFHCAFENFIX D < CEE X f:D - €, HiE
Hf(2) = f(x,y) = ulx,y) +jv(x,y), iz =x + jy NEBFR, wlx,y)Mv(x, y) HSEAE
PR, jREECRAL . MU AR XD FIESIAT AL, 3 &2 T 51 Cauchy-Riemann J7 F%

u _ v

ax oy

u _ v (2.1)
dy  ox’

HSHS ()X IRD A AAFAE EANE, W 2D ER— DB
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REH TR 2R

SETRMR B R AR A PR BR TR 2 B P F 3 2 R 15 TR R, 1F Ayt
T O, SSETRBR T ) o — 5 1R 30 40 B R B RN IR AR T R BUAREE) . B
KT, BIEBUE EA LR 5E X
5 2.2 CHISLTBBUE ) B PR R T Bt 24 LA 3 2 F 91 Beltrami 72
T, (2.2)
TP R AR Beltrami ZA0 RA5 B M (0 LR bR, O HER
lufll,, < LARZLFAIE GBI o B5h, HEOREROMEEL, 295
Mg T A AR
d 1/0 d d 1/0 d
WA, B58u, hER, Beltrami 72BN Cauchy-Riemann 758 . 534k, XFFH
AT S A, L Beltrami R ¥ T 4408 F 51 4 LRSS 070,
H 2.1 A F: Q) - O, H1g: Q, - Q3 WP ITEBET, % 111 Beltrami %404 510
ppMpg, WEEWSS g o fH Beltrami RE0N
(), /5
SRRy TR WA
AR ARSI S H TR G, AEW IR 1 RN ALL L. 4B A
GRABR R = ught, iy = — (£/(F),) nyo B, Hefi1A
we+ (= (£/(D),) ve) (D), /1.

= = 0. (2.5)

T (< (D, ) (D)
DU B g o FRIYILTEMLGT, TERHILEE S 1 FFIERT A1.2. J5 S250UE Seal 55 1 S %
fH 2R ZS E IRR 261, RIS RIS E PSS, e LR AR,

T A SO K R 24 dh B SR i, R XAERR S I (R4S 4h
#i, HAEMAE. mAMKERNE) ERIEREN, (S, 95) » (M, gp) AHEA
RS B R, RS SRR E R gy SR E B gs Z [AIAH Z — N Fr
HEH:S - R, i

(2.3)

(2.4)

f9m = 09s, (2.6)
U 322 Pl S A R R L R AR R o S i B AR A ) o SRS
A% O B BIAE T 3R A 25 e M i 2 &0 S E08 ) ST BL , 10 B A7 7 1) Z 3R K 4R
& AR A e, ER 0PI,
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EHE 2.0 (PEMAERD AR NRIEERS S N =M g e — LB
Yr: BALERSERINS? . P iCeiE BALR D,

R UL, LR BT (R SR A v BE ARG I LT IRl . DRI, A B H )
SR AR U EE L o, URANRUR R DU R RS iz R A (1) BT
wHU RS, (O BAEMSREER; (3 I M AR, B Ee.

& X 2.3 AL WS NIRNAE =4ERR IR AR I —4EBR 2 1H, f:S - CHM
ot T 280 521 T AR 0L o A LS F AR /ML TR B AN BE & (harmonic energy, 7JRFXA Dirichlet

energy!74)

En(f) = fs |Vsf12dA, @.7)

TR FE AT o b 2RV () Dy 7 g A5 R A5 R 0 sl T 7 g 07 1) RO AR AL 32D
T I = 2 PR (8] R B P B 1V 5 q () R DI 7 I s A9 3, B

Vs() = V3q() = N(N - V34(1)), (2.8)
PNy Ak B S EORERAE T, BT X EOY 4 ES 80, R
72 PR (2.7)I¥) Euler-Lagrange /7 F217P IR K Laplace-Beltrami 7 #2176, ElAgf =0,
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A TAE FEER A R e 2R i i 3RS 80 . AR T HAd 775 o B R LT
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PLIRED, MRS f: S » DRSRFESE TR RERZ K Ey, (f) B B MU . 5 18
BRI SR e AT BRI B PRAR, AR SCR F SR iU 2R S I B R A A T . BRI, SR
MHARE TG (—Friso) Mhms#T s, [FARKR= M EE{SS e =1,..,ne},
JRAR G AT £ f il I — RAUE 73 Fr ML 2 S§ - DEiET, Kb D S
DR RS =AM E T, ne NERITTAN . BEEMESS, WIS AR 7N
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ve, vS, vS, ST =MIGNA NS, i = 1,2,3, T/ HIBAVE R E AN = (v —
V) X (V§ — v9)/1|(v§ — v8) x (V& — vE)||o XTI AT — s, B BB R FH 2 1 4 1
KNA

fr(x) = 1 fX WD) + Ao fy (W5) + 2315 (v3), (2.9)
Hrha, i = 1,239 %, @il iR A brE X
( (v; —x) x (v3 —x) - N°
/11 ==

s —v§) x (v§ —v) - Ne¢’
(v§ —x) X (v —x) - N°¢
(v§ —v5) x (v —vs) - N¢’
1= (v —x) X (v§ —x) - N¢
2 T 0w x (05— v NE
TN, fE@ IS SUAFEC) K vs Bt DTN A . o8 A il rg N s S,
UV NRERIIR AR Mol RIAFAT R, ) AP RIA R %0 GURFITEE
FIOTERIKSH L, SEtid FE AR 1 R AEE ALD

<AZ=

(2.10)

ve

3
e N¢
s
2 Se
,11[ 1
Ay X
A3
vy V5
S5

2.1 LS HMEAR LT EIA RN E

Fig. 2.1 Definition of boundary normal vectors in the conformal parameterization technique

X=5F0 (5 AR fiEmE (K 2.1 B 2508

s1 = N°® x (v§ —v9),
s§ = N¢ x (v§ —v%), (2.11)
s3 = N°® x (v, —v9),

U S B BB B CHE S LB S8 1 R IERE AL13) N
3
1
Ve (%) =—Z {(v{)s7, (2.12)
i=1
AN = AT A SERITHA. T0 A R RE =N
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Ef = | |Véfi(x)|*dA, (2.13)
Sy

WATTFEQ.12) IR a4 (HESIE R W= 1 P HTIEN] AL1.3)

cotfy 2 cotfs 2
Ef =——(f§09) — fE @) +—=(ff @9 — fE @)
cotH
(D) - f2 (vz)) . (2.14)
SARMBEREAP; = [fy WD), f¥ (vz),fA W], L HENIMZH
cotfs + cotfs —cotf5 —cotf5
M; = —coths cotfy + coths —cotfy ) (2.15)
—cotf5 —cotf; cotfy + cotfs
Mg ciAmae s — 25N
1
E¢ = = PTM¢P,. (2.16)

2
FEERIX RN EE, REMaEEIET, ME; = 0. EARJERNE, %HHTH N
JE 54 Ry B R R 5 2R 00 SR AR AR Bl 55 PR SR DI JEE o 2H 3 Oy

ne
M = Z LTM:L,, (2.17)

e=1
UL, J9 s B TTS § A BRI 2 FR) SRy 055 r it 1505 38 4 JR) 15 R 5 O A i ZE 2 3 e [
B, RARFEREN

P= z LIP,. (2.18)
[Rlbk,  BABS H i I ) i A RE &R
ne 1
En(f,) = Z Ef =S PTMP. (2.19)

e=1
FEFA IS SR SRR Al e RS TR, SO G/ AR AT BE A B ME. (YR %0
K A7

0En(f1) _
LE (2.20)
Al
MP = 0. (2.21)

HI T IEARIEIL T2, BEAL SRR EMBA B 5. O 7t B SRR E, 3T
RAEL KM OUKSEAL, W 1 RRIEE AL X E AR R AT AL . e b
B EARRIE T RE Sy BN
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Mgg MBI] PB] [OB]
= ) 2.22
My Myl P~ Lo, (2.22)

A T ARBARE L AT A U &, FARURER ST SAH G LT &, Mg = Mg;o
RIELFFA AP = Py GRKSHMWHIITES L) o Bk, Bl — BB N
I 0
vy w71 = Lot 223
A Ipp R A Mpp [ 4E B ELAL B, 0 AR A My [FI4E L 1Y R R . J8 i &R
AT, GG AR NI B AR B AL R iRk, DRt b T AR T B AR B SR R R, 3R
VAR R T B4 B ST i A R T L, 39 BRI I s e (vh) 52
X 5 o T T XA B T AT R — R Ve I e R BR 2R(2.9) 3RS H BRI (R B
T F A& P A i, LT s S TR AT 77 SR FRATT A B 1 S T A i
TA1, WG] 5E 1 26 R TR AT @ w2 AR B . T i — 2B N A IR IR AR
LBS (Linear Beltrami Solver) /71137, HAl & RBEIRGHA f1:S > D, BT ZBLE 1)
XUFREME, FRATAT DAAS RIS 71D - S A 0L BRATRT DAAS 2 f TS 1 26— FE A
3 (Riemann /% &)
ds? = a;;dx? + 2a,,dxdy + a,,dy?, (2.24)
KHas apr ap AR —EAE, T 1) Beltrami RE3E— 51151720

s = ay1 — App + 2a45] . (2.25)
aiy + azz + 24/a11az; — a15°
MRAEFIL T WL 5 S, AT BB £ SRR SR A5 21056 DRSS f
ifFuy, = pemr GREFAEESME—VE SRS LED o« Qs = p + jTNEBUN £
() Beltrami 5.+, Hrp e o3RRI A E TS« 22 (x + jy) = ulx,y) +jv(x,y): D -
M AP UL B, 33X B (o, y) R (u, v) 790 S0l 8 SCAE A B D AT S B0 M 1 1 5 A4 KR,
FERARME N uly, RAENCE %M uy, = -0 RS REAN RO A5 - BT
RENELT Wt TR (HES RS 1 BIiE A1.4)
Voq- (A-Vyqu) =0, in D,
{v}d -(A-V,qv) =0, in D,

(2.26)

RbVIg= (s0ran) VIaC)NFE LT SRR IRBEIE ST, VIg - () AR B 54

a'ay

T, A= [al az _ (p—1)%+12 o = 2t U = (p+1)2+72
’ T la, « 17 qpz_g2’ 27 q_p2_g2’ 37 1-p2-g2°

R, WE LIRTTIRRIAREANE—. Oy V7 ik EE, AT EE P E X
AFRAT o B WU 45 R R @R s n] AR TR AL, DRI 2SR U A5 21 ) 2 408
MAKITIE, MMi32] Dirichlet I 525 F:  “REIZIA A LRI £, BRES BRI HI A
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TR A AN AR UL S B BRI & % ih i B A M ML 7t

Mobs BIRIAGEUE 2K TR o RAESEPRTHE A, otk s I dh i 3k
YL SRF 2 Y TR 337 v 830 i ) P — R 3 = 506 Y. (three-point correspondences)?%?f%lﬁ %91,
VO A s B BN TR s 8 290, T B TR B SR AR 1 2R UL

[ b
v3 V3
L] ©

o

K 2.2 AL IETT B A AR e

Fig. 2.2 Schematic diagram of the boundary conditions of the unit square mapping

R R e) R, AL LT M AR G IE AR 23 i 9 AL IETT TR CRE B IR S
FERALIETTM D FSE BERAC IS 8 e XTSI IE T TSRS, DX 3 P 3535 2 0 2
(2.26), 1ML 5 WS H DU #Ah i B . & e AR GE JL AR 5 AL A R 4 T 38 DY A s
(v}, v3,v5,vh}, WIEE DL S AT KIRB f1: S - DB NSRRI, T, Ty,
Ty, NP 2.2 s DRI BAAE TE 75 % B S 5of J82 FR) 30 5 S5 A A

u|F4_ - 01
ulr, =1,

2.27
17|1"1 =0, ( )
v|1~3 =1.

LR EPTIR, WSS KSR AR 5 ZE5E5E N IS X Laplace J5RE ISR (73 5% B
A £ FR S35 RE 7D
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Viq- (A-Vyqu) =0, in D,
ulr, =0, (2.283)
{uh"z =1,
DL
Voq: (A-Vyqv) =0, in D,
{vlr1 =0, (2.28b)
vlp, = 1
(@) °
[
X3 fi:S—-D
4
o 3
0 \ < SCR

(b)
®
fg:]D_}M
o P=@v)T
o—> U

o McC

B 2.3 ZETRIUBBUNE A 0l O S8R g R ior B K

Fig. 2.3 Schematic diagram of the solution idea for surface conformal parameterization based

on the composition of quasi-conformal mappings

LA BB Bu B SR N, 2oL 5 b Dy B ek 2, U ) (2.28a) R 55 T XN
L(hu) = J (hv;d-(A-VZdu))dA, (2.29)
D
P e, BRI A
L(hu) = j (Viq - (hA - Vyqu) — Vagh - A - Vyqu)dA

D

= j (n-(hA-VZdu))dA—j(v}dh-A-VZdu)dA = —J (Vigh-A-Vyqu)dA. (2.30)
oD D D

EXAnoNIL FoDKISNER . R LIRSS ACK A IR TT B RCRR &, AR R 5
FAF, RERIEY, REEvFEBAE, Fib, SAIET BB ERE AN, =u +
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ju: D = Mo IEWHTSCTR, 2GR EEAT RENINR BB AB f,: D - M, AL
[ 51 y

find 2 € R*: minobj(1) = f |,ug/1 — ,uf1-1|2 ds, (2.31)
D

Ahpg, Wk % g, ) Beltrami REL g3 = g2(u,v) = u + jAv R BUG f 0017 2R LR 445
B R B . K HIRRAL R R, 19 2T R R (RISLIEAR, conformal module) A*
MBS f, = u+ jlv. Bk, BATCEKMBEBTHRRIILICINf = f0 fr:s > M,
PR B g ] 2.3 B o SR AR SR B FA I B DL 18 S 7ol
22 BAERNHFRE

FEEE = F S DY BT T, ) R TR ok o v e/ SR BE PR 524, DRI b 20 R FH e P e A4 A
B CEHR/ANEE HFE Al w7 SEAMY LR B FRIREIE R TR E . I8
ST PORI RN, I VAN 5 N AR RER; AR TR ZR A, AR 2 MR T
fit%. S35k, MORHEE A& RIENE. Y5050 A0 T RS T A B 1) B AR gR 47 faf )
ég’ *Ha‘%iﬁq‘ﬁﬁ%ﬁé—%%[l2,31,39,178-182]O

2.2.1 FRBJLAIXFR

FHEC T PR, F2HE 0 3 B AN R LA B R (K 5 2k, DRI e ik A 75
()77 R L2 B, 7 e e SR BRI T LT R R, B SR 2 g US4 5 R
AT SEAHER, ST H R b T R 7 2R T LT ST & e 1 X
SAB, HATEAS, WRIEFSR R LA AE A 5 T8RRI B = S x WL, Horf
W B A KRB X 8] o P S S — 4EAL AR (chart) 5E X, BIS = ¢p(w), Hhg:w
R2 — S c R3, w A M TR R S50 . FIEE, FIF = g shs g SR IX I, Ble:Q c
R® — B c R, QA=HSHIR, LK
0 ={(¢5¢%¢) eR?(ELEHD) ew, &% e Wl (2.32)
TEE AL, T SRR (8, E2) R0 B ARKRES (AR E , Ak I 38 AR IX 1) 7
ﬁ%ﬁ%%X,EﬁW=P§ﬂJ%%%EEO%%,%%&%%m%%iﬁz%%
] P9, (A SEAR DR BIR T 2 S 3 45 W T 2 H08 08 T A4 E LS5, —# il
Hebi BB = d(Q)IELE, W FSHlw R, M B ssns me) N
LGS
R T
XRFF S, EIEESCPA IR I IRB . y, AR AR A W AR 2R 5 T A A A
Mok, BUEIIH LR 2, JE S FEAEARRR UL B o BT A B0 ) 0 A

a=1.2. (2.33)
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a, Xa,

a; = ——. (2.34)
lla; x a,||
FIH ik sirgmgE, =4ikn £l B 15N
D(EL,8%,8%) = p(81,8%) + E3az(8L, &%), (2.35)

BRI, 3 T2 H0Q TR — R (8T, €2, 83), FL=4EW 3 2 (] vp Birxsd B B RO (87, €2, 83)
R R, AT EARJUE, seR e P e 2 A hs R, X EARR-RIL ]
HETEREMN Catlas) AR 10 B D985 o i 5e A4 A A S8 A bR R 8 U3 5%
I FH P AR B v B S AR i )

a,-af =8¢, p=12 (2.36)
Hrh 8% 9 Kronecker-delta 745 o ARtk 43 JLARTLIS3), 1 7 ) 85— 3 A 24 first fundamental
form) HIHEAAN

dep(¢%,€%) - dp(§',¢2) = a, - agdE*déh, (2.37)
Hrpdhmp s —REAE (HEKE) A
Aop = Qg * g, (2.38)
JFHA
a’f = a% - af, (2.39)
PLA il 2 — AT, (second fundamental form) iHHE AN
d*p (€', ¢%) - a3 = —d¢p(¢',¢?) - das, (2.40)
&S
—d¢(¢1,¢%) - da; = —az 5 - a,dé"déF, (2.41)
ForprhTan iR B R B AR E N
bap = —a3p - a,. (2.42)
F I AR -1 AR T AR
bE = aPrb,y = —aPray, a, = —as, - ab. (2.43)
HTa, %1;2), Ayp = % =Qpgr —U3p 0y =03 Agy =—Az,ag, FIL
bap = bgeo WJa, HITIHIEE=FAILA (third fundamental form) 24
das - da; = as, - a; pdé*déP, (2.44)
oA TR ) B =R E N
Cap = Q30 A3, (2.45)

W5 (2.42)A1(2.43), LAl
Cap = bibyp, (2.46)
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AR AR(245), Hcap = CpaBitr HITHTHIFEATE ORI BE A i3 o LT M P
BTH, RN SEARTAE. 58S B, 3t B AT R HR
T A 2 OB S R, LUK T K L fE L TR A
P52 220 B TV R R P T 2 U6 R, 3R T BT 7E & AL T U2
B () 5 = HATHRBR F ARSI A RS, (b KR A S AR . B
G, RAVET SR B0 S KL S 300 & HO AR F e . AR L, JRATAT DA EL A
35

0d(81,8%,8%)

9a 5za (2.47)
Iy
93 = %;2'53) (2.48)
¥4 = SEA kR R 1 B 24 (2. 35) A AT 7
o = a¢(§;€2) +¢ aa3§;’ 2, (2.49)
iy
g3 = as. (2.50)

A (2.49) ATk — B Ny
ga=0a,+8%as, =a,+&(as,-aflag =a, - E3bgaﬁ = (65 — §3b5)aﬁ. (2.51)
AL, S AR B ) B
go-g°f = 55_ (2.52)
PRI, WA T AU ik B g P = g% - 9P TR M THI P K g p (B a®F)
F& S MAEFTAR I B, 1Ak g %P S s SUAESEAREIT &7 38 IR AN SR B 11, I HLARSE &
SCRTAA W a®f = g |ea_y. MR EY = vgah KT AFRE IR FHCH

fﬂ% = vp.a0” + vpag, (2.53)
Hootrv o APV S v X TABRRECI SR 11 Rl T YS9 MR IO R N
af, = (af,-a,)a’ + (af; - ay)a,. (2.54)
K i T Christoffel 745507
Fe = Gy (2.55)

HTa,-af = 65, (ay-aﬁ)a =0, Kt

I"y% — ay,a . aﬁ = _ay . af?( = —afx . ay_ (2.56)
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FHh
afx ‘a; =—af - az, = b’ (2.57)
Rt A =0(2.53) itk N
v
9&a = Vﬁ,aaﬁ - vﬁl“y[;ay + vﬁb5a3, (2.58)
Bt — B RAG
ov
@ = (vﬁ,a - 1};];17],) af + vybga?,. (2.59)
SE S A B WAL BRE O H A8 ST Ay
Vgla = Vga — [gavy (2.60)
Rl A
Jv
&z=vwmy+%bbb (2.61)

W LVR R EAR bR R, AR S HORA il 2 L JF Bl b A% . Si4h, FE
T A1 AL ) g O T AR E * ) i 7 £

asq = (asq-a,)a + (as, - as)as, (2.62)
EEﬂ:aS,a asz = 0, a3,a’ ' ay = _bay’ ﬁa’ﬁ]ﬁ
Az, = —bga" = —bla,. (2.63)

222 ZEHMBRARENERRE

Py S AR AR AL ) 56 — 20 AR UART o0 R B kil b 5] N2 3l AR 0k T 152 45 44 (1) A 72
B . ARICKHAL M Reissner-Mindlin iz ) 2% it % ( Reissner-Mindlin kinematical
assumption) , %R IE T JE Se A, Tt X v e s 2 W) 75 2 5| N B R ™A% (1) Kirchhoff-
Love 1&g Bise, SRR T —/~ 5.

X T SEAR RN AT — (&L, 82,83), HAE=4eBArh A U (8L, €2, E3) v 4 fif
RN B w(EL, EX)MEE T M LR MAe(E, E2)sRMALZ SN, FHiZm 5% L
e R B MR AE A T i R R FF B R R (BT G vl ReANEE B T
), ARXEKIEN

UYL ¢%8%) =uh %) +8%6,(Eh ¢9)ar (¢, ¢%). (2.64)
Hrhe,,y = 1,280 0 &, fF5830,a IRHIEEPEE L. KT Ro. SnEa?
G A (EENER0,, J7 AR E Nat) R 5E30,a* AR HIE S
HHE AL KT Mo SGRE—-a' NG, WE 2.4 Fox GXEMEZ
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material line & BT 5o ) o VER, ALK, € NIRRT W E—a FIesE A S 5
RFHEBATRHIESAF R, FHFERIEER TS —.

&3-curve

-

Material line /

S

2.4 SRR A R E R
Fig. 2.4 Definition of rotational degrees of freedom for the shell model

N5 S NAL-NI RS G R o ARAE TR, i S AL b 2 P KN AR RE SO

ik = %(g;k = Jikdinearr Lk =123, (2.65)
Ko Ngh B G E R R, HAAE GNP AR EAE, Wgh =gi-g5 Bk
G =97 9= (9i +U;) (gi +Upx) (2.66)
B AEAL B 43 AT 15
1
ik = E(gi Uy +gi-Uy). (2.67)
R (2.64), fifslEA LT o
U= (u, +&0,)a" +usa,. (2.68)
A FTHHES A R(2.61) LI (2.63), TI153¢T 0% )& 1 5 5k
Uy, =Uya" +Usqas, (2.69)
Hr
Uyq = Uyiq — Usbg, + E30,,14
{u; b+t ¢ ;Hyly)lZ ' 270
AN
Us;=06,a. (2.71)

$#(2.50 — 2.51) LK (2.69) 7 A\ (2.67) 7] 13

- 34 -



REH TR 2R

1 1
eep =5 (9a Up+ 95 Ua) = 5 (Uyp(6k —2bL)0) + Uye (85 — €05 ) 6)). (272)
XEFMMHTar - a, =6,V as-a, =0, B DEHN

1
éap = 5 (Uap = §°bf Una + Uge = §°BlsUpp). (2.73)
$(2.70) 7 N LA 15

1
eap = 5 (Uaip = Usbpa + §*0aip + Upla — Usbap +°0p1a)

1
—553(b5(uu|a - u:;ba# + 539”“) + bg(umﬁ - u3bﬁ# + {730#“3)) (274)
FIFR J772(2.46) Bl BB % R = bagFlcge = cagr _ERATHIL Y

1 1
£ap = 5 (Ualp + Upia) = baptts + & (E (Baip + Op1a = bpUuia — bathup) + C“B”3>

1
-5 @)? (BBt + EB5). (2.75)
SAME
1 1

fa3 =5 (90" Us + 95 Ua) = 5(6,(8z — §°b2) 8y + Usa)- (2.76)

¥ A 30(2.70) 58 T A\ _LaRnr 15

1 1

€3 =5 (60 — &b 6, + Usg) = ) (6 + by + s ). (2.77)

Tk, BRIy B e T T 133 = 0. MRAEE LRI, AR AT HE— 52 SO

Eap = €qp t 63Xaﬁ - (53)2Kaﬁr
Eqz = (a' (278)
833 == 0,

=

( 1
eap = 5 (Uaip + Upia) = Daglis,

1
Xap =3 (6ats + Gp1a = Bl tuia = Dlittuis) + capts,

. (2.79)
Kaﬁ = E (b[’);‘BMa + bﬁ@mﬁ),

1
kqa = E (Ha + bguﬂ + ug‘a).

EC, HKEeyp Xap UL, 73 MIFRNIERAE (membrane strain) « %5 #i ¥4 (bending
strain) 5BIYJNAE (shearing strain) o JEER AR FEARLES N J14EH T BITH AR5 K4
AN, T AL B AR R EORI I AR T 5C T iR R AR (bogus) ML, ANKEJE RE T ]
AR L, BHSMEE MBI, il 8AR EAR L E AR N KE &, HIHE
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ERARN AR 5EEERE, SEORAARE (RN TALFRIIAR ) BEJE AR L, Rl
FERZE M _E RIS AT s 20U A B E A3 3 B R DTk g5 R . BT DI
ARRIAR o VA W), WA AN W, FIR AR R 5 A B, IX PR BT ) 50X
TREWFARIONEZE . R, AR A T /NN AR &, SeRA 5 1 th R 5585 2
T ARy BT R BRI CPRIF LR NE) , BIRAR M 8 —(83)%Kep
T8 FF T N R sk, B [FvE . 50 A0 . e bEM R AR O R Iz IR
M8k bs RIFRIEN
1 (2.80)

a3 _ (04
g% ==D Vey3,

{Uaﬁ — Caﬁwgyw
2

HA

oF (2.81)

g
Hrp, ERWI R R ERNAA L. L, FefRirs S ae

1 ap a3 1 afyu ay
Upasic = > (0% eup +20%3e,3) dV = > (C*Prie,pe,, + DY ege,3)dV,  (2.82)
B B

( apyp — E ay 4Bu ap 4By 2v ap 4vu
c 2(1+v)(g g+ g™ gt + 19" 9",
D% =

Hrheyp = eap(UW,0)), a3 = £,3(U(w, 0)). BBLFEMASSINIF = F(@(§,67,8°)),
eI S F2 b e s (RUARR A R % Fu, =0, 6, =0, uz =0) , HALEABH; I
HLUL =0B,NL, = 0. A4 RGHIAN 13 EER

Vipasic = — f F-Udv, (2.83)
B
1
Myasic(W, 0) = Upasic + Voasic = > J (C*Prie,pe,, + DY eqze,3) AV — f F-Udv. (2.84)
B B

AR g /N 35 e SR LS, S S B A T A P T SR A A (RIS 45 R 4 e 5 RE EU R /)
Al
(i1, 6} = arg min{IT, .. (u, @) s.t. essential BCs}. (2.85)
E 1] R A AEDACEE 138 Fe iR i R AT
223 ZEMBATANRERE
FESEPREUE A, ASCRA T RMEEAE Abaqus H) S3 HLITIREAT G5 R4 A B RS
0, %R TOAE FLAAR S rh 2o AR R FEE 7 A B I ) e AR AR L R A SR I SXof B JEE 7
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A, RN, X N e AR ) o JE Se R RN e AR R S ) DL AR 3 ) e AR R B A
R E N2 GRS B, T LS 4 S R

B, R REARE A Reissner-Mindlin 18z, ZBEN AR T B K
T, FEARBARANEFAR (AP —Fr 8IS ALY | 25 FE A n] B ) 508 [ BY 1) - - 25
BT o AZAB T [ N AR A

€3 = Ca (2.86)

Eqp = €qp t 53)(0:/3'
833 = O,

=

( 1
eap = 5 (Uaip + Upia) = Daglis,

A

1
Xap = E (6a|ﬁ + 9B|0( - bguma - bgumﬁ) + CapUs, (287)

1 U
e =3 (64 + b, +usy).
Tihb, BEARTEAR P o DX A 5% 8 A A i A A A0, BT

( CcoPYH _ ay ,Bu au By V_ B gvi
= + + ’
0 2(1+v)(a @rratal et 2.88
oF (2.88)
DY = a®.
0 1+v

DAL BY 1) - 5 - 25 i ABE 28 v e A R B 4 e
Usmep = %L(Cgﬁy”eaﬁew + rEDg‘Vea3ey3) dv
L
= %L jzt(Cg‘By”eaﬁsw + KDy €438,3)dldA. (2.89)
3
Horr, k9% (&R E 7 [ B I N AR IELAE 73 A BT UME IE R 5 (FE & [m] [RIPEAT R R = z,
FEIERZ & [ M R e = %) o AN, RGN IBRRIRFEAE, R
t
2
Ve = —LF-UdV - —L.f_%(F-U)dldA, (2.90)

R R Gt e ae
Os—m-p(,0) = Us_in_p + Vs_inp

t t

1 2 5
:‘ff (Cgﬁyugaﬁgwt+’€D(§{y5a35y3)dldz‘1—ff (F-U)dldA. (2.91)

2Js )5 5L

RAE RN AR, SN A

- 37 -



BT AU HEASIE S B BRI s i i RS S ML

(i1, 0} = arg min{Il,_,,,_, (u, @) s.t. essential BCs}. (2.92)
bk ) A A RIARER TR e
5 LR JE e R A b 5 L BE ™M O EEOKR BRI iy i LT o i T A ARHZR AR
TR H 2 AR PG FEARL R P IR A EE T, WSIYIN e HERHE
RISl AT (.87 HE =T, A0, = —bguy — Uz qo FHIZLIHRFAFAAN Reissner-
Mindlin J23/)*#{f 1% F] 13 Kirchhoff-Love &3/ %%, RN
U(EY,E%,8%) = u(€h, &%) + &3 (~us, — byu,)ar (§,&2). (2.93)
Rz iz sl ARG ] TR AR R v, JAT145 B e A B (RN 22 g 5o AR T | IR 25 il AR
Kirchhoff-Love {78 ) . HAkHL, NAR =& A

Eqp = €qp Tt 53)(05[?'
a3 =0, (2.94)
833 = O,

=

1
{eaﬁ = 5 (tagp + Upia) = bapita, (2.95)
Xap = —U3|ap — b(’;muﬂ - b!;umﬁ — b;)fumd + Copls.

ER T, RS e MRS — AR (R (L, —yap it = Sk

O RO D R AN N DR 25N R ST

1

t

10 (2

Um-b =5 | (CoP eapeyu)dV =5 CoFP e pe,,dIdA. (2.96)
2 B 2 s _%

R FEAR I 32 A1 3 I 25T 5 BT -5 25 i AR — 3, IBA RGNS i35 BEA
t
2
Vo = — L f_%(F-U)dldA, (2.97)
RGBSR
t t
— — l 2 apyu _ 2 }
Hm_b(u) = Um—b + Vm—b = > .[:9 J_% CO SaﬁgyﬂdldA LJ_%(F U)dldA (298)

WAL # UG 77 FE(2.93) AR, BN AR A E Nu. RIER/DNHBRRIEE, LA EN

{u} = arg min{Il,,_, (u) s.t. essential BCs}. (2.99)
R BT FH IR E B, AERA & S i i 2 p sk 3t 8 (anal(2.95)
eI )+ DR LA 035 5 B - 25 R S O 0V th B0 5 R e 5
X3
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2.3 BENAI L REAHE

Mo 2y n] AR I AL (A% O EABAE TR A R st R T LT 20 CGRELA 377 22 A
2 R SEARRAD ZIm AR, SRR RGBT AL AR S AS I . LR Y
AL B MV o3 S5AT Y SE IS AR SR HR AP T — 4R S w] AR TR L2, anfEl 2.5 B

I\ | =

2.5 B AR AE A HLE R
Fig. 2.5 Schematic diagram of the optimization mechanism of the MMC method

fHHHBHHHHHEHH
{HHHHHHHHHHHH

R

sl n] AR L 20 A4 K FH #h $h IR BE % (Topological Description Function, TDF) ¢Sk
TR AR G5

P (x) = 0, if x € 90 (2.100)

5(x) <0, ifx € D\(Q U Q)
RPDRFEAT, QNG SR X SR BAS EESE Inctll) #Bm L,
) AR B b K-S B B9

b = KS(PL, ¢2, ..., o) = (ln(zi“f}(p(td) ))), (2.101)

Her, oUEBEIRAM R IMEREE, BRI IESEE (B2 RT, ks
B H = 100) o fERANHAEZTH, FRATR A Stk 7S UG R 5 FE sk fR IR A
P2 LA IR 5 A, BEALSIN T I 5 IR, 2 B R T ARIESUE R e Y ARH)T
FORH el s, BRI

L= AY v\ 2.102
o=1-((7) (7)) (2102

(x’) _ [ cosf'  sinf! <x - x(i)) (2.103)

{qu(x) >0, ifx € Q

o

=

y —sin@! cos@il\y — y¢
. th+t? —2t3 t2 —t!
fiix') = W(x’)2 +o 8 (2.104)
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K, xb, vi, 019 B BB IR LA 1 rp O s AR KR DA N 6 T4 R i R AR AR bR R IK RS A
K 2.6 Fimns.

. 2
y m 2L ’ijl
[ s
y WD)

et o x' 1
1
O(o!) x ZtL

B 2.6 Lt HREEHALPFI LTI

Fig. 2.6 Geometry description of a typical 2D structural component

B RALE BT R R R A D, = (xb, vl 0L L ¢], 62, ¢3) T, etk g i A
EHEWAREND = (D], D], ..., DT)T . i FEA¢ (x; d)/ad ] it X (2.100 — 2.104)
23, BARAKXABER . FEATR I IA R BOERE B, AT AV —4L ) Heaviside ¥R
BHCOMBM B A GREHCO B RAE AT (3.28)) o HTASCRETWIEIAL,
WAk DA DA B 1) 8 41 23 A a5 vl 15

E(x) = H(¢5(x))E>. (2.105)
HApRF 5 ESRESLEM B K&, E@)RR SO IR, X R Tk
B SR A R R o

24 KERL

REFHNE TIESHAL . TR T AR AR B AT A A AR =7 TR N 2
RN E I R A SCRIRT T Al . Forr, SEAA A g s R 8 2 = A A DY = A Ak A
AT AL R2 BB, BRI SARGE UL 1) e AT 8 BBl T A A AR O
iOESY AR SR IR IRy 72 2 CL AP 3 b 2 R R 2R G RPNl =R N VPR 5% N
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3 BETRMEREESHEAIMULEE

3.1 5|5

A B IR B A A AERIOE S A BOR IR W 1 Tl 17 52 2% i v 9 B 45 74
R AL 5, R SRR AT AR (RN EE L& 1 SER AR A BEAT X 73D, flidk
5] 7 SR AR D B HARR 70 B A AN B SR e/ MG R R CETRIEEACAL )« AL 4 =4k
A [A) o E SCHIFH ML TR, ASHIT 78 A% O ME sl FE T A ) S0 5 23% ol T RO R A ) 4
BRI . ik, AREESEEEIVESHAEOR . i V) RIERAE R 2 10 7 P
ACKEF T 0 Fh R e ) R S Akl by PR S AR R S IR 2N
FLRARI AN AT RABRE s L Ja A 43 il R BAR K SE DU A2 AT BR T RS it EHE S 1
HURBUE IR A Hm 2D RARRNER ML e 6, Bk 7 Fr it Hk )
A7 R AR A T ELAT A 5% i T ARFALL (Y R S5 A (1 g

3.2 B ZcehE AYE M EiEik

FEER R ERILAN AR >, WA T 4e i s AR A k. Hd, BaUL
0] 20 ) (4 F 41 R 2 ™ (o) ISR A IR S5 A AT R AR RL AT o AEHE) 2 Fe AR Y
I, i LA ML T U (R X 1 2 st TR N T it i b D piz i, AR
B FR RIS BULEOR,  SCELEAAER R A ) S A

3.2.1 BERBF TR HEA D EEE

x3 R2

]RE
p=f(xes)

¢5(x) = ¢35 (P)

o

X = (x\l, X2, x3)T p=(v)"

B 3.1 I 2T A T i T R R BOE X

Fig. 3.1 TDF definition on a simply-connected open surface with genus zero

- 41 -



BT AU HEASIE S B BRI s i i RS S ML

B R R S L. SRR Y TS Dy Bl T A T b T, RIS ) 4
TN E R WA 3.1 FoR, 2B SR AT & 138 S EA ORI @ L it
fi 8§ > M, HrM gl s oS80 R, FATRYE T 2.3 @2 4R A 5 R,
1R IS E A B CGRPE R & ND), TR MR R4 5, (p), Hp e M,
X R GS, () RN TIPS (x), TE 3.1 AMTR. RI\IURE5R, FSHIHN
Mp, FEMELE—fx e SEXXN, Blx=f"Y(p). fHk, #hiE LR e
SURE(x) = ¢5c(p), W 3.1 EMPTR.

3.2.2 ETHhETIEHRMENAHR EER

XTTBAAEZ T E 00t DL 7w i CRPEREDD , X2 il i 51 i
SR BIAAFERANFEE SR, A TAE 5N i D) E R RS R i s (i
HEIBEGRITMED , RSN RS . A B, FRATATOE R
REHPS-(x) = ¢S, (F* (X)), HApF8* > MARA LTS EAE ARG LML,
V2 i) T X 7 4]~ TR 2 005k 75 B B 1 i T O) B A E OB s 5 S R R,
A AT S B AR AR B . R T DAL B R R T 9, 4R 2R BRI E 405
SR BRATARYE JLAT A AR PR T A B Dy e dh i OO T — i i, 3B B ARAR R T 5
bR ) , W 3.2 Fis.

S S* &,

f @
.- * ,_ , | ST M 1

@) s
L | INCY

3.2 ARF T il s DI R B AT L S B R

Fig. 3.2 Parameterization of a surface with non-zero genus via the cutting operation

IS BE VIR R P I AR I AT R Canl 3.2 i n AL A D) REIRA:
NLFL S TG LD FATHE— 5 R AEEEE  5 U DR I 46 i T 4k $h 3t i be H0E
SRR -

o5c(f* (), if x € S\[},

U (¢§vr(f*(x')). ¢3/[(f*(x"))), ifxel,x' €l andx"” €I}’ G.1)

Ps5(x) =
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Al £ VRIS (e ) A B BUE R € PRI € AL . REHPRA T 3.3
B

P53 (x) = ¢35 (f (%))

I v

¢5-(0) = 95 (f* ) $3(x) = S (@5 (F (). 5 (F* (")
K 3.3 ARZ 5% i A P F i R H0E X

Fig. 3.3 TDF definition of a surface with non-zero genus

3.2.3 HE—MRE FEhERE G EiEd

R R ERAEE N T A BT S s I T, AH AL () 4 e B R Ol
WIPE I R Te) &, BT BEAE T8 B T $0 Fh A8 R 75 R EUE AT E IR . %0
A AT E ) 21 A B ER (multi-patch stitching scheme) bk, 1ZF AR A OB FE
ST Z 8 i AE B, IO HBAR T+ A T LA B DR EC RS, Re ool & 24 BT i T (%) i T
HARK A M ZMAEGURRERN o fEi07%d, Wi 3.4 P, difns s e L
ATRFAE 73 i MmN THL B4, T B AR 4R I THT 9 R 2, BDS = U2, Py HAAP N
P#®, kl=1,.. ,np. FEMEFIREF T, np =3,

$ 9 . EJ-‘Pk Pr - \
==l .

== e o

B 3.4 3 i 20 0 5 SRR A R s o i ) A2

Fig. 3.4 Reducing the complexity of the original surface through surface decomposition
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XHE T T Prer BA TR BT T7 57T FEFRAT IS L 1 #h 41 1R o6 K 3, (x) o 5 RE 2]
T Fr Z B AT BEAFAE S AR, RPN Py # @, SORE-S SO RIS X IAE 120 S AR R Rt I 57 S
Ve, R, xS e R Mg s, Mg = ¢5(x), FATEIL i Fr 413
5 AT VeI E L (B35 3.5) -

np
o0, ifxer\| ] =,
k=1k+i (32)

%S (¢;i(x), ...,qbg%j(x)), ifxePn..nP.

Pi(x|x € P;) =

Bl 3.5 SR 2 R SRR 2% i 90 S A e Mok i

Fig. 3.5 TDF construction on a complex surface by the multi-patch stitching technique

3.3 MMHIIREREES
33.1 HALFIR

B 3.6 A TARR A A A R B 25 A R AT AR

Fig. 3.6 This work employs the mid-surface model to construct the thin-walled structure
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e 3.6 Fron, TEEELG K P o X IRB T 4% W e S AR DS A #EAT O iR, RIB =
SXW, Hrhw = [—%,%]?ﬂ)?ﬁﬁéﬁ?ﬂlﬁlzl‘ﬂ, tNRRE . FE5 3.2 Wh A 245 2
TS (1 90 T3 I o8 B s () 3k — 2 1t R 45 4 o T 147 IR B E (x) W] N 2 3G
(2.105)#i 52 H

E(x) = H(¢5(x))ES. (3.3)
TRYE F AR ) A9 58 22.(2.88),  ILALIA M s E/E S i s e sk o
{Cgﬂy“(x) = E® (a® aPF + a**abY + 2v a®Bart) = H(¢§(x))CgBV”,
2(1+v) 1—-v (3.4)
iD“V(x) = L(x)aay = H(¢$(x))Dy"
0 1+v s 0’

Herh kg B TPV ANDEY 43 IR STARP IR I )T ph s s R D Sk K R, S Ty
12(2.88) 13 5. WM TAEFMBIRI Bk X A sk B AR AT B4R, PRk
AT EAT 2 EE L5 AL BRI RL A 634
AHIE TR AR ER R T B/ Mb . RFR B B IRV SR . ERE SE F 2R 58 1 5% 17 [ P A4
B B A8 23 A 0] 8 ) AL A0 51 B B«
Find D,U(x; D) (3.5a)

t
Minimize C = C(U(x;D),D) = f J Zt(F-U(x;D))dldA (3.5b)
$7=7
S.t.

J; f_i (H(ng(.?ﬂ D))Wc(U, V)) didA = L f_i(p V)dIdA, WV € Uy, (3.50)

ftH(qbg(x; D))dA < VftdA, (3.5d)
) S

U€EUDEUp. (3.5e)
AP AR U IR T B REU, BAARVIE T 1T Uy, ¢3(6D) = p$(0)EI A
T 0 I T A R BR K, T B R A A A D RUR S P A 72 S U o 3L
9. (3.5c)IRFTT AR [ fz (8% SR B JR S B XT L] #(2.92), SR AL L 1] 0
(2.99). H4N, BATKRHW (U, VREXLTUMVIKREEZ K, B N AR ES R 50
A T ESS
We(U,V) = Co?"" (eap(U) + &3 xap(U)) (eu (V) + E3x,u (V) + KDY (o (UG, (V). (3.6a)
ot TS A A
We(U,V) = CP" (eap(U) + & xap () (e (V) + £ 1, (V). (3.6b)
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£ FE(3.6b)F, UMK E ST o K, BIFRAies, VARERMMN BN . F
We (U, V) SEJE B T3 3 TR nT 1 R RE 92 B R (U, V), B

t

R.(U,V) = Ft(WC(U, V))dl, (3.7)

W7 (3.6) N b NI4T 15 B R S M 1 JE P RS 32 iR R
luum—wm%wwmum+—NmmmwbmeﬂW@wmwx8&)
DI J% 4 55 45 W T P R v B

Rc(U,V) = tCIP ™ e s (Ve (V) + —c“ﬁw Xap U2y (V). (3.8b)
T RN
t
C = C(U(D),D) = ] f zt(H(cl);(x; D)W (U, 1)) dldA. (3.9)

A FH AR T 5 R R b Fﬁ?ﬁ%ﬁ’]?%? CRORL I3 A7 5 )8 7 AR Gy W] Y )
J& R B e A o T AR

C =Cc(U(D),D) = jH(qb;(x; D))R.(U,U)dA, (3.10)
RAE R AR N SR B oy T, AT JE S R U MR it 1RO B ER

332 REEDR
WRIGRTA AT, AT Fe AR B LS I ML, EEFH SN

) H b/ 2 o e B
I(U,U) = LH(cpg(x; D))R(U,U)dA, (3.11)
47772 (3.10) 1 (3.5d) 73 AR M T L AAERL, PR = R(U, U) R T HSEALFEU

HIZ b8 o NfRALHE SRS, RME o RdRUE BT R R ED, AR, U)K T
ENEd AT

SI(U,U) = J SH(p3(x; 6d))R(U,U) + H(¢p$(x;d))SR(U, U)dA, (3.12)
HFSRWU, O)RFZ KR, U)X TB6d A5, HA
S (e _ H(¢5(x' )) S (e
SH(qu(x, 5d)) = WS(]’)S(X, (Sd) (313)

15803 (x; SNFDS = D306 DRTWASAHIES . TP = UL, Prer BATH
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0dp, (x;d)
((—) 5d,  ifx € P\ Ul P

od
S¢s(x;6d) = i

<axs(¢;k ), .., 93 (x;d), )) (3.14)

ad 5d,1fx€?kﬂﬂ?m,

K (x;d) = ¢35 (p;d), pAZEIRT Saxt N, B REEIEM 52, it
293, (x;d)/0d = aqu(p d)/od, FtHIFEITEM ZY4ER BN nT AR T A A — 5, il
(2.100 — 2.104)3 2. 19251 3.2 TWHIE XL, MALHEEE S5 1) 52U Ak a) @ ) 2R i
FE i IE AT AL %/H%ﬁfﬁﬁ#ﬁﬁﬁi‘ﬂﬂ*ﬁqjﬁf
IS TR T SR AR 1) R b B i FL AR e 8 ek 8O3 AT R S0 AT o B Je B B AR AR A B2 TR
Iy, R4 FFEGSD)ENE
_ JsH(¢3(x; d))dA
v J;dA ’
Hor 7 B [ dANHA AR EESSH p i T A T AR . AR B O T it AR d ) R
BEH

(3.15)

f aH(d’s(x d)) s (x; d)
aly s 0¢s(x;d) dad

ad J;dA

(3.16)

Mz oH S( ,d) —~7 .« . MLV S 5 yvh o
Hod i T 44 agp(ii xd))mﬂ1$ﬂ€fﬁﬁﬁ Heaviside PREHRE, —a%(xd)EE&p;(x;ch)ﬁ%m, 0]
S

JiRE(3.14) 0 X T RERELC, FATE X TGS MR 7, FFAIH R RE&EZ
bR faj £k T 45

f(5H(¢§(x;5d))RC(U,V)+H(¢§(x;d))5RC(U,V))dA=fﬁ(F-W)dldA. (3.17)
S sJ—=
HrSR (U, V)RIER(2.65) — (2.67) L 2 (3.8) 7] 13

SR-(U,V) = R:(6U,V) + R (U, V). (3.18)
FEEREOST BN 6d AL 73N
5C = f SH(p3(x; 6d))Rc (U, U) + H(¢p$(x;d))SR:(U, U)dA, (3.19)
)
FRHE X IR
SR (U,U) = 2R-(6U,U) = 2R, (U, 5U). (3.20)
(Al 1t

= L (6H(¢p3(x; 8d))R-(U,U) + 2H(¢p3(x;d) )R (8U, U))dA. (3.21)
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RAESVIAE R, 4 AN T7 12 (3.5¢) FFF F J5LFE fie &z vk f AL m] 15

‘
fs (H(¢3(x )R (U, 8V)) dA = L f_ Z(F-SV)dIdA. (3.22)
R4E(3.17) — (3.18) A1 (3.22) Al 15
fs (8H(¢3(x; 8d))Rc (U, V) + H($3 (2 )R (U, V) ) dA = 0, (3.23)
Hl
L (H(¢3(x; d))Rc(8U,V)) dA = — L (8H(¢3(x; 8))R (U, V) ) dA. (3.24)
FHER, @20 fFE N
5C = — L SH(¢3(x;6d))R: (U, U). (3.25)
B — D1
ac _ OH(ps(x; d)) dps(x; d) R0, ). (3.26)

ad ), a¢s(xd)  od
Zit, R BOR B MR E RBUEY) CHES R E TR, HFETEERZE
HRX BB RE fe seisiAl. thgie il, (E)5 505 7o Y Sk bram AL AL 1) REK fig
Hh, T TS I S R R HCE A RIS o T T E AR A TR T IR I BUE SEILEOR

3.4 BESSISEERE

3.4.1 HEXI

N T RSN B 2k i T RRAE R B 25 A AT A, A FUR A R I = MR 4G
P RS SR AT A PR G B R R Abaqus HF I S3 Bt C[R]E HL £ Ab 31 52 Fl
JESEMIRE D) HEAT S5 R B AR, . TR B RS S3 FR T — PR B R B &
L TG, AR SRR B G R g e AR A, AR JEL SR ARG . 1] #(2.92) , T
FEAE RN L A 71 (2.99) « R, 1% CX T R A DKC (Discrete Kirchhoff
Constraint™') AR, HRHHMEIL 745t Kirchhoff H.70 KIS @ BT AU FE &
20 oY JHE R 8 0 T S L () R, I BB P R T R R R I AT

FRENTHE AR, AR N T B SR  5 n L g 1 . X T2 e 'S #0t,
HAEH R B E, TR YR SRR RIS B ES T N

Z ?:1 Ha,e((‘bi)e,i)
3

E, = ES, (3.27)

A
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1, if x>e€
(3(1 ) 3 1+
—a)(x x €
Ha,e(x) = i Z <E — E) + 2 ) if |X'| <e¢€ (328)
a, otherwise,

IREMEALH) Heaviside BREL (FEATAEF, € = 0.1 Ha =107%) o 74k, (¢3).fEH
Ttk R K s () B R BAE B e 5 B IT 360515 RUAIEL

3.42 BRRBEKRR

HI A SR A IR TCIRREAT S5 0 BT, A7 R 8 o 50 1) R ABU%E wT e B IO gk AT o
o ASREERECNH] LAt N R0, JrfE(3.10) W B HCY

ne

c = Z C=). i EMES (3.29)
e=1

e=1i=1
K nefRE RN, CARFRHRIOPIARE, CHRFBILIRRERIZ bR R ELEE TSI B0l N AR
Re. MRIETTHE(3.26), FERBER BEHCN

9C < aC, 330)
5&"ezlad’ G.
N I:I:[
3
ac 3C JH Sy
ade - _ . e z a,e(a(:le)e,l). (3.31)
Zi:l Ha,e((d’i)e,i) i=1
a a,e Z A N
5 R R R s e 81, el et 3 14 p0(3.28)

ad
THEARE]. vTUUE W, IRARSRAE RS T VAR T JE e R B R e A B S T E H
3.4.3 BERIE
e, TR AR T A A AN SRR R (i B 45 b 15 SR FMR A VR R L 5
C T T AT AL 2D
1. X T4 8 MR BTHIEBEZE R (LTS BT iEIT CAD MRS, B3 nl B %
I R, T S 1E 2] = A PSR TLS 5
2. Kt A Sy R BE LR AE RN A R 2 AT R Py, k=1, e, RS =
UZi’l?m
3. XA P e LHYIRIZ,, ST iiime, CREmEssgrim .
4. Mk = 12 np IR E AT Py, AL SEAE AN AT 7317 2501k,
MTTERAFILTE BRI fio: P = Mo
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C oty AR AR

5. Mk = 18np TEASHOIM,, , ES B TE A

6 FEXZHOH AL, THESER NI IR R E 5, (p) 2T WU KA,
15 2] i T P X6 2 PR 9 418 I B K B, ()5

7 KA b P 4L, 49 30 S it T o 414 PR AL () AR L 23 A 5

8. VLAl N R IR A BRI AT, TRAF RN BT A

9. HRHE B SR AT FIWT & USSR, A AR SN 22 58 5 38 A URSU S5 R AR R,
RAFIRALAE B

3.5 BHI5EIE

ARG T AR T iR R S A R, 3T T — RAIRIBUE S5, TSR IE
PR SR A Rk I s B - B AR TREEE A T R RE 7 B 0% i T J LT R FH = A1 A &
& (FEFERREATARITONT) o AR RIE, FrafRr U R SV ES Healet
177 RENWALE . B R PR IR, TERESS ROy 1, SRVERE 5 Ia kA L )i
BHA1M03, AR EIRICE D 0.4, PEALSKAR SR AR Sh#nL 2% MLAEAL I
B ASE AN SR /N FBCAE Y 0.1%0 B ISR RIA 45 € DB, i fbitRe

3.5.1 #REEH

P 3.7 S B 4 ) S4B 1 ) R s .
Fig. 3.7 Problem setting of the saddle thin-walled structure example

TEZEHI R, FRA1E B —A B S R v T i B 5 A R LA ) R, LA
iR AR mE 3.7 . Hodr, S EEU S 29216 A=A T 14868 AT
SRS AR Y o 85 T &5 R E B i A 2 /KF 7 R AR R D7, T DA A AR I 52 o RV 1%
] RS FRI, AR TR BT IR R AR M, SR SR X AR AT A, ST AL
AMBAT AT 5o B 1 b 2
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MIFAME TR, B 7 b 0 @ T i, R e DL B P,
3.8 flio, ARSI B 2 5 S AU B BN RS E AR . MRIGAR = an
3.9 o, ESLEHE 16 MAM, B EANUETHT x 16 = 112, B 3.9 ARINER T
T 3o 3 e B A5 28] 1) P B S ) R R A R A R

K 3.8 I I MRS SR i R £ A v i 24T S i
Fig. 3.8 Parameterization of the middle surface of the saddle thin-walled structure by the
conformal parameterization technique

95 (x) = ¢3¢ (p)

Bl 3.9 v EE S5 A4 S AT AR AL A o)

Fig. 3.9 Initial component layout of the saddle thin-walled structure example

PAER T s an ] 3.10 fras, MHAT DU H 25 2R BE s BAE T 5 A0 s R %,
MAEJG 822 R B B AR FE T 58 120 PR CoPt =22.56. B 3.10 [FIFEfEIR 1 1]
AL F: B A AR BIREAT , AW 7 N 45 A 5 25 e [ S 2 () A% 1 8% 4%
FEh, AE 80 Bl AL AR AWt
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T T T T T T T T T T T T 1.0
. —Obj. ]
2000 | y o~ Con. 1
Jos
-
1500 |- 107
406
dos
1000 |- |
_— 0.4
0.3
500 f
0.2
d01
ok
1 N 1 M 1 N 1 " 1 N 1 N 00
0 20 40 60 80 100 120

Bl 3,10 H [ v BE 45 K SR R IR A D A
Fig. 3.10 Iteration history of the saddle thin-walled structure example

AV 3.1 Fon, o UE A S 0 AR Ay B 28y o i B RS T T AT R
LIRS . BRI R AL I IR R L A, B 5 AT SR R R T
B R RIS, BT ) (R RD MRS 8, e LIRS

NEZXEIE MR, XA R 7R RIS
K 3.1 #am SRR

Fig. 3.11 Optimized structures of the saddle example
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S, AMFRBIPUAS st P A FR YA 1 (IRE R 1000 o BAR=4EHHEAR AT LA
R A RS B S 5, R RARRIEEY PLY (Polygon)#s 219215 H 265k i i) JLFRT TR AR
(A S B0, AR AT LB BRI PLY B0, 3@ iSRRI F 13 BAE B LA ik
MG BR T/ IR R =M, MR E—SREAEPR. WK 3.12 fn, =48
B R B B LA R TR i, A 31840 TSR 63680 AN =FATHI Ao

B 3,12 P[RR 4 A 1) il v

Fig. 3.12 Problem settings of the torus thin-walled structure

BT TR ARE, BILEARE BRGSO B 2 5P Rt . XS
OUR, il 313 Fron, BATESCIE MM WR AR DIEAE, 25 R D)5
15 2 v 1] ot T R A 21— MR L

K 3.13 s DI S i 2 Mtk

Fig. 3.13 Torus surface parameterization via the cutting operation

FERENL T AR S IR 2 (B B SC R G, BATR L 3T T IR IMEAL
Bl 3.14 JEoR THIEM B R, BL4E 64 ANEATE, 3o AR AE R AR AN A T _E .
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Fig. 3.14 Initial component layouts of the torus-shaped example
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Fig. 3.15 The iteration history of the torus surface example

K 3.16 SHHEEGIR TR

Fig. 3.16 The optimized design of the tour surface example
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IEAR T S A &4y 3.15 FE 3.16 . fE45d 80 Likf)E, fbit
PGB T —AMFesE S M, 15 S R X S5 7 i N R . AER AR
W, HAREIRT T R AR £ 1"] X T AT R BT P BT+ A . 14
ot 320 JE, WA TR, HEWTRERECNCP = 1.80. MEIHATLIEH,
bE A LIRS, B %IM%%E’J%EI@/M&F, AR 2 B SR A VIEIL S
U
3.5.3 BEEESHEEmE G

SLLE S il (Mobius surface) 2 JUfRT A AR5 i il 1 ) — > 44 S0, L B 0 gy v )
JER NI AR IR 51 4 JUART U3, Ay OO A 2 USSR B T A B I e 4R o M3
fE S50 5 IR 5L S 30, i 2 1 HHEBOR K0 RAG T LA TAR i HA T8
2% M T AR P ot LA I 215 R ks iR
(,

1= 3 + ucos (Z)) cos(v),

3 + ucos )) sin(v), (3.32)

x3 = usm(v)
Hrp, we -2, 213 Hv € [0, 2n], BARJUTEITEIE 3.17 fiox. 5346, mPy P AR
4(3,0,0)F1(—=5,0,0), 435 H) 425 77(0, —10000,0)F1(0,0,10000) » £iP5_ 3552 [F 5E
SR, AR (0.514,4.294,1.496), (0.518,1.730,—1.604), (0.556,—1.734,1.615)
PLJ%(0.514, —4.295, —1.496) . % EESS IR B E N 0.4, AR5 LIRA 0.4, IK
B EEAARA L 230l 1 D 210000 AT 0.3

K 3.17 S S S R A Ak

Fig. 3.17 Boundary conditions of the Mdbius surface example

HI TSt S i A e T A2 T, AR EREAT IS 2 S 8. Bk, &
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A HlTH R AT S S AR A JR (P ANTH R 36 x IR AT A ey, ARG R A
72 N, 504 ANMiETHERD , BRETEEUNE 3.18 FranIWIiE . R EE BRI
BUCTE PN R AT 2, T A A A A ULEC 488, 1R 1E a2k
A BB 3 GE

N 3
|
4 //

Kl 3.18 SRHIZ T Fr HFFHESOR [ 5 HE 15 H s T 40 41 R k) ik
Fig. 3.18 Construction of the TDF function of the Mdbius surface using the multi-patch

stitching scheme
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Fig. 3.19 Iteration history of the Mbius surface example

AP 3.19 Fon GREEAUEECH 300 ) , GffiHFRRE (ZLEfhsg)
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Wt ir, EARREMER R SRR, X EVIAA P B A 23 I S RN ] 5 v 5 2K
(1. BEE A FRBVREAT, B AR TR, ST AR Bk s . fERIEL) 20 2
Fedi, EARRECT R RETRGE, T RRE, RS 7558 100 2, gCas
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TR A& vt RS RCRZBWAL 9, FEES TATTRIRE. Fi5h, BERZIREE
FERIIRBTE IR R BENE T L TBLEKR, (BAEJR sRIXURE  (nss 20 DR UURD Bk
I A TE RN S T3, Ul I LR BT 2 2O AR R BUE ISR W iR A 1Y)
AT AT B S AR B s IR LA R

RAVHINE 3.20 Fon, A ERATR BURBARAAS B At 45 R LU R A HIL 5
TEWOGHT . B R AN RS B e, AR RSN S T i . — 224/
AN IERRA R L AL S A E], ITEE— D3R R B AR S R SRR . I AL
HIR R a5 BT L 2257 P AT DU e s 2 R O AL B, DRI 2R
BRAET 2 SR A AZICAL s J3— T3, KPP ADUFAE— VI TT 1A, IF B LA R
TR, A A 52 751 005 =481 10 52 7 i) R R SR S B30T, e 4 5 SRt B AT AR
Peo ESRIERIINEN N, B SCHTR A Aa veit oi 1 5 R e o) e B A BT i iR 3 1
RIS (it R, X AR W T SCOC TP BE 45 1) A AR AT SR e SO A DAL A AN DRAIE A5 T
Fr IV HAE IR SRR R AR H A RN . m, BARARTLBIIE AR T X AR R AT, %

Tt B — e R B BB X B, X Wt — PRI T TR A AR E

] 3.20 S5 O HTTHT ST o 44 Btk
Fig. 3.20 Final design of the M&bius surface example

354 Z@REEER

PEALFRATISR B AR A WL ) R A =38 4 MR T s ALk, L LRIIR. 4hEk
i M TS 3.21 s FRETERRZ, ZEMEAMUEAERNH SR, 1A
A SETE W A AR TR B AR STk -
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K 321 =@EEEGLT RS S5

Fig. 3.21 Geometric sizes and boundary conditions of the tee-branch pipe example

K 322 =iEEEEE LA E

Fig. 3.22 Geometric processing of the tee-branch pipe example

SKbr b, ZER R DLEBSR A DIEIERAE, Jrat— b e /IO, iz
AN R AR VARG AN R 38E Gt S St T 5 A LA L L . DR, AR L =8 E A R
JUATRFE, BATE e & 3.22 /2 B Bt Hdl 73 9 B DU AN i A CRLS =420 ST Ay
A=K D AR5 K F Ml D)0 AN T AT ARSI AL B, 5 s R T
SHACHAR LA T RSSE S Hde.
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XTSI b, AR T AL, PRt AE iR AE BT I V) E 5 v B 2L 2
TR AR TRk T R, AENE IR E A FI G N AR, RUJER T £
B, U IE ST RN R, B 3.22 AR . NERZ
)R, — MR RN, SRl A Ay — AN R R gl . AR IX L, 3R
R 73— 7 VR R R IX AN ), 7 56383 Delaunay — f 14 (Delaunay triangularization )
W FeSk i b )« AL RO, A AR B AR TR, B IR G R,
e JEMBRFE I “ LI S N =AM TE MG, aniEl 3.23 Brs.

>

K 3.23 g5k b A 6 LA Ak 2

Fig. 3.23 Geometric processing of the joint surface patch

K 3.24 ZIEEEREBIVIGHLARR

Fig. 3.24 Initial component layout of the tee-branch pipe example

FESE A M A 3SR G, BATRE— 20 R & Rdh IR s BOR R AL I AR 4
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K 325 ZEEEFHIEAE
Fig. 3.25 Iteration history of the tee-branch pipe example

K 326 —iBEEEIRE T
Fig. 3.26 Final de51gn of the tee-branch pipe example

Ak S #

K 3.27 AN b Fr AL R 2 A R

Fig. 3.27 Final component layouts on different surface patches
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AT FE IR S 3.25 AR, 4R 200 a4 s Ist. B 3.26 R
T RAMRMBTEER (COPY = 141.04) , FH A FOUFEANEE 5 SR A6 F 450
LR A AL, TR G I =8 A T R AR S R P A S 2 T LB R R8I
ALE BN, B 3.27 s 7 &l B R4 R, DRSS R
SN

3.6 KELLE

AR TARSR 1Rk e R A (1 B 25 A 30 SMEAL TR « DB NS Bl A2
IR LS EAER LR SR B i) h T D) B ERAE A 2 10y HESOR . 207, i
iU R A ARG/ = A A ik, X AT L@ &7y CAD BRI, thn) DUl =4E
F AR B B CAE #AUE B3] RANISLE S BB 7T DL Hh 3R
BECL R T (M 2808 IF SR A6 I AR A Rtk . tedt, SRR i DI E SR AN
Z I A PHEROR A ROt AR T 2R 25U RIE, JRRRHSR T 1 LT A fR
FEo KRB 2 AME AT AU, o LR 2 b Bt s 8, JPIRS T
WAL ittt . EAERRZE, Fram A araes T CRAEDEL DIF. MU At
%55 RASEMATTET — R, EIA S I K2 TR A
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4 EERZHNEARRETHIE

41 5|8

VLBE SR £ S5 1) _E R RS g N T e N 5 TR RS, T P I T A I A
F AR ZEERL WA 41 @R, BB A RANE S 5] [F PRSI AR R T
Mt , g s g, 5 SR SZU T T A K S e, R AL RS S A WA 4.1 (b)
fios GRS o RS 8 7 F e syl BT 90 i, Ak 2R s U A2
NUAHAMIFE N T, HABIRERER N, WK 4.1 (). 21 BRI L,
FE) BT PN O v L T AR

iii!ll... II!!!!L— -"E:
@ ! (b) ©

Kl 4.1 HvREReE 5] BRI B 2 R B R B A
Fig. 4.1 Schematic illustration of the stiffness difference induced by the thin-walled property

AU T B2 R EELR 5 R BATIA e A T P9 U 38 e LA Y T
SN, AT BETE B N s A . il 4.2 FroRBO, BRIERATT 51 NTESAR A —
FlRERE A 25 R e T T8 3R I UK AR

Kl 4.2 JE 3R AT LA SR SR v B 54 1) 7 By OFERTH S R P g
Fig. 4.2 Topography variation can be exploited to modify the load-bearing mode of thin-

walled structures and enhance structural performances

4.2 (a)FFARAE R i A E S R AR ES M mE 4.2 b)PgoE e
TERR T MBI . T INh 458, X BSOS SOt s 1 R EOR A 1T
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HPAETE AL R “TRT 12 AN SR S AL R P AR S5 1) 1 2 8 SCHR), an&l 4.2 (s 5 A
MERTE 7 EEARG I E o RIS , A5 — AN SUH A AR By 3= B8 1 A 52 7 KRR 3 8amT (Ut
AR TR N 2 NI SUR TR S I AR 2R 5 LD 5 15 WX B8R 80 23 R AR TH A ) 2 AR Y

XTSRS, R CEAEA R RIENFRIURTT 1T 205, s LA
FNIFERON e AL RRUICON BN A 2R R0 T gy | L1014 55 97 [y . ART
LRI S RS O T 5 AT REES 25 SE N S A B A T o MBS R0 TR 1 A 5
K, — D FCEPAE AN SE bR s S ] @ an il i S Bt R A S5 K P e, BISR g
T S PR i e, X 1E R A B AR T AR A% 0 o A2 SR ARl T VR 25 M) T SV ) R
FATTHZH R LA S8 n) @l . dnfrf i — A R dh T I 3, anfif S 80 2 3 B3 ) 224k
A S an g ¥y @ DA ) X0 S g b R 805 AT SR B B T ) IEAR

2 & 1) i T B 30 K AR A AT 23 A 9 P A T e AR X R A B3 DL SRS AR AL
HIRAER 2 2/, X —Id AR Bl TIESRR A . Rt ASCRA ML
BRI RIS . BTt JRATR M 7 —Fh BRI, Aok iiig
HME I SERE S B B Bt o 2T AL OAE T IR A TR 8 L M e Hs
Wby CRAFLESHAL TR R R, FATHRE I T RE 2533 1 7% B0 7] A2 T 20 1 A i £
PRGN S I ) s il o 35 T R AT AR TR A AR RS, FERARE
i LD B I BT AR B SE IR 2 TSR MRS B IR o (RIS, T8 S BB i T e S 31 b
HEV T8, 7R A AU B AG 9 T TR B B S5 44
4.2 BN SifA

VM TS o A& ARF T T TR 5 A 1 S e v b TR, AT TR RV 1) SR BT R AR Y A4 B PR AR A A
o FBAETE, WHlimS, EREE—Mx, HARIEE LR EN (x, So) B3N 2% (x), B

X(x) =x+ hg (x) - N(x,8)), (4.1)
N H ks, () 9 i T TSI B o H RIS IR B2, W& 4.3 s GE I EN (x, Sp)
B SO M S 72 ek B IV ) 0T il i, 12 000 &k F 2 0y JUARTI 8 S T
BEXF ARG M, 2 n) R B A T LT 5E
N(x)

So X(x) = x+ hs,(x) - N(x,8)) s

K 4.3 @A R Piah ke R A AR A

Fig. 4.3 Regulating configuration variation through normal perturbation
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e, JEIIEN Y ek Bl W AR E R R DR (REERE, SAbsEhRTr
P B AR @ kg ), B
hs, (x) = hs, (x; D). (4.2)
it bR iR e R B il Sl R AR, O BAEY R B3 A BRI 38 3 T L AR )72 Ak )
FEHE R, FAHRH 7B AL .
421 BEBTSIEFHENEHRGREA
B VRIEIEE TR Hi i et FATEE ISP f = So - MR B £
MZHEM, & 4.4 PR, S S ah 3 ek B € P 4E 2 2808, R
hs,(x; D) = hs,(f 7' (p); D) = hy(p; D), (4.3)
Hrpf(x) = pRESHIE T XS BT, ho RTINS EL WK 4.4 (D).
BE—B L, RSB R Ik ) R Dy
X(x) = x + hye(p; D) - N(x, ), (4.4)
X EIRLEIR A ES IR o, A s LB I A A A 186 I i TS TR AL 2P M. B )
i AN (4D B, ~FRESBOH ARG i, Wi 4.4 (o)FiR.
(a)

) v
®
conformal ®
mapping M
S CR? o P=@)!
\ ® - > U
2 XE)T o
© o~
- ||
topography 3 '
embedding > t!
/0'\‘
U X 2 S (6 Rg
}IM = hM (p) Xl

B 4.4 FESUHRN I St 1 R =

Fig. 4.4 Schematic illustration of the implementation process of topography embedding
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4.2.2 BZHHEAIFIRERN

NG N BE A A IR T, FRATT SN i D) HI AR AN 2 10 7 HESOR, DUARTH SR &
2% JUAAT 3 A A

i

B 4.5 SRl i D E A X 0T i i AT AL B CUARE T 6D

Fig. 4.5 Pre-processing manifold surface using the surface cutting operation (taking the

cylindrical surface as an example)

HAE R EE AT R EN (b2 iEE., EFE 5% , LU iR
SE NV T . fEX MGG, AT i U1 B4R kot I a6 th ik 47 AL 2E .
LB 4.5 (FrsfAEm g, ATE SeinE B rdt T vis CTHEsyoedhm, T1#l
o FER AR, BAERRETSs, WK 4.5 ). HE, dhimsg
FETFIRIPUAIE, Fn] DCR L S EARRB I £ S5 - M, NP M AREE
VEIAAE = A6

% [ TS g B S 5 7 bR K, Hop & I R AE AT iR RN, R hs; (x*; D) = hy(p; D),
K52 fip o AR M Sy b ) AP TS HE8 R XS B, 15 21E 4.5 (iR
s AL . EE R GG TS, 1 th 26 M e R B e IR At Sg B~ th &
Mo P, £ — fx € TR RN mai My, X8 3307 s fEZr B
BB S . AUz @, FATTE e R 1 7 2o UL IR ga dh T S RS 8h 37 25
Kihs, -
hss(x*;D), if x € S,\T,
max (hsg(x;; D), hs; (x3; D)), if x€T.
fE ERMTEA IS, FATESIRARI, M 4.5 dFiR.

hs,(x; D) = (4.5)
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XFT T, AR A 2 PR 7 o8 S BRI TSR 8 1 e K
PABE 4.6 ()fT i I8 B M, o JetRaE T UAREE R 22 4 Al Frs 6 36l
T, BRATTR A 1 il T V)RR AL A3 2Pl Ja i 8L, &l 4.6 (b)Fos; H
U FRATXS T AHAR T F &b R A R (4.6) BEATITEAL AL B, B, S-4R3h )5 T o iE
PR Y R &L, WEl 4.6 (OFR.

B 4.6 38 2 R P BOR e Sl T 3
Fig. 4.6 Defining surface topography via the multi-patch stitching scheme

ARG SO T U BB, AL (R RE 75 2R F R AR B A RESEEL 2 N A RS
Bt . BkS, = U, PoN—Flillim o, Hhp o nsidiim A G F ik =@ 8w
BB, ns=3) o WHE—HHP, HEHZE Nhy CHETTFE(4.3 - 45 - N
TE SCRARINTEIIE SR, RIS 30 e B hyp JE 40 242 )R 58 Sk

B, (x: D) = {g? (DY) :lf p : i (4.6)

A DUAKT N T A P R R R & . 7T RE(4.6) T, B BAREP, LIAMX AN 2 X
Pl IR I S, E Ak i TSRS 5h 3% o AL 3 N

hs,(x; D) = max(h}l,hgiz, ...,h}ns). 4.7)
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B i B E A R AL B — R B i, iy L AT AT e G el R U B
TEBUEARE N CR— WU 12 R E S SO NITEE 52D

423 FEFREHHIE

(a) (b) H(¢p)) =1 (©) hy = h;
¢ > 0 o ;.
I/ -
! A

¢ <0 & 0 Height transition
(d

P N topography

f e assembly

A -

4.7 S e o i F s
Fig. 4.7 Schematic illustration of the construction process of the planar topography field

function

FAAT R tn it ete, A TARRRE I AR S i AR AR IE TS R &, B
hae,(p; DY), Hthp = (u, V) RRSHIRM, THER — 11, DR ZSHUIRT R 8L B
. Bk HIESLA ML hiEah . A LRSI, Rt EER
AR . GERLFEI HOGH . R&BH S TSI BinS, DS
MG B, B XIR SIS A, AR MR BRIy

¢;(u,v) >0, if (u,v) € M},
{d)l(u, v) =0, if (u,v) € oM}, (4.8)
¢ (u,v) <0, if(u,v) € M\M} UM,

KM NSEERM 7, BRI AGERRIXER (WE 47 @QFR) « EX,
PN IR B BN ZI i T X I8 S shm sk Z s B G . Bk, Wk 4.7 (b-o)fiw,
T30 bR Hidk — ity

hy(u,v) = hy - H(¢ (w, v)), (4.9)
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XFFFSh AR R, REHEVSTEFAMRI R, HC)RMIEIN Heaviside BEL (J7
F£(3.28)) , HIRK A EMS EIXA[0,1]. EBAEHER (WK 4.7 R , F
THI T 351 B Ko, FEBE— N2 I T 3507 bR B AL

hye, = max(hy, ..., by, v hpe), (4.10)
N neRE B THE AR .

424 HFAMMRTE

Kl 4.8 ZH0%E nr = SHIM KA R EE

Fig. 4.8 Schematic illustration of a spline component with nr = 8

ANETFEAE TR IR B &, A TR H— N SRR S AR IR K &
WS B TE S i B, S BES DLB/D R R &R 5 24 e . (HEFE R 2,
TESR B 5 Ze A KRR T = B AR AL (Rl 7 2 (4.9 — 4.10) i) , I RVE Tl X
I 5 o R, AT T RS R B b (w, v) T BRI E S N T R e IR,
AR HFELL AR BRI B X TR, W 4.8 Fon. 156, FATESE T ok
SR ERAL bR R (U, v'):

' l 11 (U — ul
() = costr, smer] (4212), @1
AP ub v 2 BT AR O S AR, 0L R T &R R/R A A RIHEHE /. IX S8t
BEIRT 7 HMNIEFESEE 1. IR, RATEE R IR ALFREL # 2 M ALFR (1, @)
{r =W+ )2 (4.12)

¢ = arctan(v'/u’).
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HORE, LR AL AT R 6 B SR
A@) = ) Rip(@)tf, (4.13)
k=0

Atf RSBV AR SRR (¢ = " WiifER AR RAIR) , HRy ,ZpH
NURBS 2% (K5 Hp =2) , JFEATFIIEA:

Nkp((p)wk
Ryp(p) = : :
fop ¢ ?:0 Nl,p((p) wy

FE LR, wy 5 kS RO R CARRE TS Pwy, = 1), HNy, (@) Niliid Cox-
de Boor i 951 705E XI5 k'S B-FEA R 2
1, lf (pk S (p S (pk+1’

(4.14)

N, = 4.15
ko(9) {0, otherwise, ( )
HE
N 4 k+p+1 _
Q-9 @ @
Nk,p((p) = (pk+p _ (pk Nk,p—l((p) + (pk+p+1 _ (pk+1 Nk+1,p—1(§0)'p 2 1 (4'16)

X NETHRREE = (@b, @2, ..., " PSS . &G, fRnkiie(uv)
LR AR AOE X

¢ (wv) =1- (;y] (4.17)
f1(p) + eps

HA 755 g URIIRIEE ORI Tihg = 20, Heps = 107 B 7 AIEN/N E. 1528
T NURBS I8 B 5t AR T RE /1, € X (4.17) ] AN 2 5 U ZE H 50 X 381 &2 450
U7, RESR AR BRI SR A S I S T A (BT RE(4.13)) I e - E RS I R
R o i — A, XWAAR TG BRI E R E . BN, SEEM T LS
BT AR R R e UND = (ub, vh, 0461, t2, . 677, hy)» RT3 A
THAR R WHZ AR S N PR Sl iHEEN M ED . 546, BIR B IE  FE R
maxH+, B1(4.5). (4.7)F1(4.10), ¥Ji@itsE &R AR 200 K-S SR R BELl, BT7
F£(2.101).

4.3 MUK EREE D

43.1 fiF)X
R&S(D) N R TSI G . FATH S, = S0)CFK JFE &b+ th i,
B(D) = S(D) x WKL B 5 HEELE M P 5 FI X3, W = [—t/2, t/2)REREELFREIH]
BUEX ], tNERELERI B . WA — B, RS RITESH BT Y S8 o) @151 5
Find D,U(x; D) (4.18a)
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Minimize [ = I(W) = | W (U(x; D), D)dV (4.18b)
B(D)
S.t.
giD)<0,i=1,..,n4 (4.18¢)
h;(D)=10,i=1,..,n, (4.18d)
U(x; D) € Uy, D € Up, (4.18¢)

AR5 U (6 DYRREFPRS B, TR AL R B AR 8, W (U (x; D), D)X
[RIVZ PR Uy 723 R LV R ARAT IS HPIRS R BB A, Up BT AR BN BT £
TR S BT 5 L i) S B CEG G B0 f 2 A% A0 X IEUNE 7358, W (U (x; D), D) o 6 eRBURFALE
FAh, TR (4.18) T 1T 5 gy (D) Fhy (D) 73 AR AE R A R s AN FE XA AR L A5
ng Aing, 73 HARRAE LR FNE XL R AL

HAKI 5, BAVEARSCH 125 8RS SR i ME CRIRIEE SRt RS
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Find D, U(x; D) (4.19a)
Minimize C = C(U(x;D),D) = f (F(D) - U(x; D))dV (4.19b)
B(D)
S.t.
J We(U(x; D), V(x; D))dV = (F(D)-V(x;D))dV,VV(x;D) € Uyg, (4.19¢)
B(D) B(D)
U(x;D) € U,D € Uy, (4.19d)

KA FF5 CHIF (D) 3 i ARR G T E RN )7, BB U (x D) )& T T LR EEU,
RERIREV (o D) & T AT U g - FF 5 W (U, V)RR FE(3.50) T BEEZ B, X T JE 58 AN
SR A B R (3.6a) FI(3.6b) KITE . 2 (4.19¢) RFEZIE F LA Il 8 1) i o7
FEH, XTI AL R B (3.5¢), AT = EA A R Ak, EFE %t
THEV TR [ DB AR B (D) AT ASMEEE, B 5 8228 PITEAR REE 53 M 7
%o TAk, Up KRB RATAT SRR S . FETRENZ, AR T2
WHI, BEALTESARAAS 5 B AR 73 B ARG A e R, 1717 T L AT A2 3 R 1 PR
B SEEEUpT.

TATRH A Abaqus HE FH 1 S3 7 n AT A BRIG/HT, %5 nmT LU B
v R R E R 5 R e R A R e B o SR FH R A 45 4 A = A IR T S PR i LA R R
i TRRAE () BE LS A S . W R 7 M IR oy s AN BOE R 5, B 5 Tl L3 SR
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W FE(4.18) T, S5 R AR 038 (ENB(D)) FEIEAT R A AR k. K,
AR TR REE 3 A 7 R FRIX AL . ARG ERE, AR 5d CGRIFE
BFENE IR KEND, FoREHEREHRINSEH. BRIW) =[5, WAV AT
SCEERE S R B, WSS TN FITZ pR . ELT(W) i B i Ve e R S B
ol tE. R4 Raynold iz e ¥, (W)X T SHd AR ] S5 (RI2FHD N
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KR divO)NEUER T, K S5vASEdRIBN S TESRTERIEE S .. B8R H
EH, JTFE4.20) T IR E4EE L R eB(d), BP

D ow
o w) = L w (— + d1v(Wv)> dv, (4.20)

div(Wv)dV = WV,ds, (4.21)
B(d) 0B(a)
Hrhv, = v NHNRER € WAEL R 0B(d) ERisbER, kA
Dy = f (a_w) av+|  wuds (4.22)
Dd B(a) \ 0d @ '

I AT _E b A 2O S e B AT B AR 1 RBUZ 70 - IRHE K (2.65) — (2.67)
PLA(3.6) 7] 15
oW (U(x; d),V(x;d))

=We(U'(xd),V(x;d)) + W (U(x; ), V' (x5 d)), (4.23)

ad
() =:—d(-)ﬁi%)%'%lzgf%z (AP S50 o HBIETFE(4.22), J7FE(4.19¢) /3T
M RHE 1) S 30N
DI _ j (WC(U’(x; ),V d) + W (UG d), V' (x; d))) dv + WcV,dS. (4.24)
Dd B(d) 0B(d)
LWr = We(U(x; d), V(x; d)) N FE(4.19¢) A m g AR ek 5, FRATT
— (W) = JB (d)( - )dv+ s, (4.25)

XFWe = F(d)-V(x;d), HE

ow, d

> dF = F() - V(xd) + We(U(x; d), V' (x; d)). (4.26)

{15 T SR B 47 480k LS 78 4 BRI E (U RAE)  V'(x d)JB T Hilbert %% ]
HY(B(d)), XEMEV (x;d) € Uy KL,

f We(UQe d), V' (x;d))dV = f We(U(x; d), V' (x; d))dV . (4.27)
B(d) B(d)
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s (We) = 5= 1(Wp). (4.28)

BATFE(4.24 — 4.26) B 72 (4.28) 3 HAI A T FE(4.27), WEH
f We(U'(x;d),V(x; d))dV + WV, dS
B(d)

0B(d)
= f iF(al)-V(x; d)dv + W;V,ds. (4.29)
B(a) 4d 9B(d)
HT7E YRR /N @t Ux,d) =V(x,d), FLRERENHL
C= f We(U(x; d), U(x; d))dv . (4.30)
B(d)

IR (4. 24) T FE(4.29 — 4.30), FRATT LAHE S AL 1] S50
be_, j We(U' (), UG D))V + | Welds
Dd B(d) 0B(d)

d
= zf — F(d) - U(x; d)dV +f QW — WV,dS . (4.31)
B(a) dd 9B(d)

1 B AL 4 MO 4 3. (3.26) IR —BL: 430 (3.26) M SHUR A T X
SR HCA LI AR, AL 4 SRR S T X 4h 1 A S RS, TR (4.24)
TSR AR T, KR T RBEERTRCR . S4h, ASOf
R AN SO G LR, BRI TR (4.3 1) T B i g

DC

— = W.V,dS. 4.32

il WG (4.32)
44 BESTS @RI

4.4.1 REZRESITE
FIHBIONIE, RERBENSEOIES, R EEEIB(A)MV, = v - NHAHFEIR,
VE BB U BV UL TE X 0B (d) LT E . B TB(d) =S(d) x [-t/2,t/2] (il
49 ()T , BATE
3 .
IB(d) = Uizlr , (4.33)
HEA
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' = B(d)|esot /2
{rz = B(d)|es-—¢/2 (4.34)
r?=as(d) x [-t/2,t/2],

WK 4.9 (b)Fiw.
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re :
J»—N BA(OD'? ~t/2

(a) bulk and middle surface (b) boundary decomposition (c) point projection (d) discrete bulk

4.9 FHH 5 SEARIEER A R R A
Fig. 4.9 Schematic illustration of the relationship between the middle surface and the bulk

domain

XFHIS(d) FAE— 5% = X(x; d), HAL BB FE TS, Fr sx itz 3),
X(x;d) = x + hg (x;d) - N(x,Sp), (4 35)
AN (x, o) NI TS o IEIE P B AE R AL B BUE « K (RVE R S0 2 L i r AT
Hr2 CankE 4.9 (©FR) , HXE M SRIEN
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XAFNE, S()RE WS () IAE AW IEVE R &, N, RO LA Rrng, #s
RS ) B d RN AR T T R Y . # 07 FE (4.35) 7 A (4.36) 58 — b 45 5
%1 (x;d) = x + hs, (x;d) - N(x, ;) + —N(’JZ,S(d)). (4.37)
BT 13 B 3w, € SCNR ST d AR 1) S8, B

(4.36)

t aN(x S(d))

D 0
vy = =% d) = = hs, (x5 d) - Nx, So) +5——

Dd (4.38)

HHAH

Vli=v,-N&,I), (4.39)
KNy, M)A EX, s AR ANE R . R T2 (R 3 e S A BRI A28, 1tk
WATETER . H4h, BT EMPAKERE, R ERRAG NZE AT HRERIER
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SR AR P A FEE
442 BHREENITERZE
Xt F i FE(4.32), HN M B EUR BB ARG HA S £8,(d) = ULe, SE(d)
NHTHES () =MW, HiSE(d)NELeTHHIC. BHUNLAXIREIE ABA(D) =
Use, Ba(d) = Uz, SE(d) x [—t/2,t/2], HABE(d)RFTXT LR e 5 7 5L G [ SE AR X 5
FERARSCIUR, T7H2(4.32) BN

DC Me
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e=

KRS ()P A C)Pwer 73 AR L i (VTEBS (d) | g2 jo FIBR () g2y /o AEHLIIAE

(4.40)

(4.41)

(i 4.9 (PR o« EFFEM@42)F, ALK = MMESTIHAR . M EXFFRATATLL
Bt AR SR AR Hh B HIOR 50 75 LR AL T o SR [X S S B2 7 [l i 5 B B
&, XA USSR SR B0 Simpson FA43 m S SISl . 1R A Gauss 4
O3 MG IEAT W B (R SR, LA T B AT AME T, IXGRE RIS 1 B RR RS
443 &ITRE

VHERE 25 1) 1) 2 ZORSURAL BOTHRAE AT 7 iy = A B e st s, Sa0E3
HERFIRAIER . FARGFT W R FR: (O AR T U RFAERE it &I 43 8 710, Jd i Xt
FEASF 1R AT dh ) R VR A R (Rl i, S0 I8 S 8B R SATAH R T 2 0
(2) &S HOR A AR SIS pR 2, 308 5 300 [ B S S ISR 4 il v e XD SR
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K 410 T3 AREBIL T 2%
Fig. 4.10 Boundary conditions of the square plate example
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Fig. 4.11 Comparison between the displacement magnitudes of different topography settings
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Fig. 4.12 Effect of the location of the basic topography component
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Fig. 4.13 Iteration histories and intermediate results of the basic topography design problem
of the plate structure
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Fig. 4.14 Presenting the final design result of the flat plate example from different

perspectives and by different height sections
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Fig. 4.15 Final designs of different thickness settings. (a-d) The thicknesses are 0.05, 0.1, 0.4,
and 0.8, respectively
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Fig. 4.16 Final designs with different maximum topography height settings
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Fig. 4.17 Iteration histories and intermediate results of the topography design problem of the
plate structure subjected to in-plane force
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Fig. 4.18 Modified middle surfaces and the corresponding final designs
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Fig. 4.19 Problem settings of the saddle-shaped thin-walled structure example
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Fig. 4.20 Initial designs, iteration curves, and final designs of different component layouts
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Fig. 4.23 Iteration histories, intermediate results, and the final design (300" step) of the eight-
shaped torus example: (a) initial design (C = 31631.04); (b) design of the 25" step (C =
5110.71); (c) design of the 150" step (C = 3458.74). (d) final design (C = 2876.67)
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Fig. 4.24 Problem settings of the vase example (the thickness is 0.05)
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Fig. 4.25 Iteration histories, intermediate results, and the final design of the vase example: (a)
initial design (C = 36268.51); (b) final design (C = 7623.96); (c-¢) different views of the
final design
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Fig. 5.1 Schematic illustration of the necessity of the embedded component: (a) component
defined in Euclidean space intrudes into the base panel during the optimization process; (b)
embedded component effectively follows the shape variation of thin-walled structure
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Fig. 5.2 Schematic illustration of the TDF construction process of a general complex surface:
(a) decomposing the concerned surface into individual patches according to geometric
features; (b) TDF construction on each patch; (c) TDF extensions from surface patches to the
original surface; (d) TDF definition on the original surface
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Fig. 5.3 Schematic illustration of the embedded components: (a) material distribution of the
solid domain is obtained via the projection operation from the middle surface; different
application scenarios of the embedded components include: (b) topology optimization, (c) rib-
reinforcing structure design, and (d) sandwich structure design
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Fig. 5.4 Core issue of this study: minimizing the compliance of thin-walled structures
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Fig. 5.5 Schematic illustration of the process of offset-based solid mesh generation scheme:
(a) definition of the unit normal vector of an element; (b) generating nodes according to the
offset operation; (¢) normal vector definition at a node via the 1-ring neighborhood scheme;
(d) generating nodes of the solid mesh (taking the positive normal direction as example); (e)

surface element generation; (f) solid element generation
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Fig. 5.6 Schematic diagram of the DOF removal technique: (a) original computational model;
(b) distinguishing structural components (visualized in green) from unstructured components
(visualized in orange) according to the loading path identification algorithm; (c) removed
mesh; (d) narrow-band mesh generated from the DOF removal technique
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Fig. 5.7 Problem settings of the cycloid-shaped thin-walled structure: (a) generating the solid
mesh (right) from the middle surface mesh (left); (b) displacement and external load

conditions of the cycloid-shaped thin-walled structure (the external load is a line load (right)
applied at the center point along the thickness direction)
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Fig. 5.8 Initial settings of the epicycloid-shaped thin-walled structure: (a) conformal mapping
of the middle surface of the epicycloid-shaped thin-walled structure; (b-d) initial layout of
components in (b) parametric domain, (c) middle surface, and (d) solid domain
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Fig. 5.9 Iteration histories and intermediate results of the epicycloid-shaped thin-walled
structure
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Fig. 5.10 Optimized design of the epicycloid-shaped thin-walled structure: (a) top view; (b)

side view
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Fig. 5.11 Illustration of modifications of the middle surface: from case 1 to 6, the parameter y
is set as 0, 0.025, 0.05, 0.10, 0.15, 0.30, respectively
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Fig. 5.12 Comparison between the final designs with different curvatures
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Fig. 5.13 Comparison of the shell-based approach and the proposed approach: (a) boundary
conditions applied in the shell model; (b) final design (C°P* = 1.93) of the shell-based
approach; (c) boundary conditions applied in the solid-based approach, which is out of the
middle surface; (d) final design (C°P* = 8.12) of the solid-based approach
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Fig. 5.14 Optimized results with/without the DOF removal technique: (a) comparison of FEA
times with and without the DOF removal technique; (b) comparison of final designs with and
without the DOF removal technique
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Fig. 5.15 Geometry and boundary conditions of the bottle-shaped structure example: (a)
middle surface model; (b) solid model and boundary conditions
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Fig. 5.16 Comparison of component layouts via a single-patch-based global mapping (a-c)
and the multi-patch stitching scheme (d-f)
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Fig. 5.17 Initial layout of components of the bottle example: (a) in the parametric domain; (b)
on the original thin-walled structure
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Fig. 5.18 Iteration histories and intermediate results of the bottle-shaped structure

Fig. 5.19 Final design of the bottle-shaped shell structure example is composed of three
categories of hierarchical components with different functionalities
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Fig. 5.20 Initial layouts of components of the bottle example with different parameter settings
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Fig. 5.21 Final designs of different initial layouts for the bottle example
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Fig. 5.22 Problem settings of rib-reinforced structure design for the bottle example
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Fig. 5.23 Two representative designs of rib-reinforced structures; (a) optimized result of the

first parameter setting (C°Pt = 1.25); (b) skin-free display of the design results of the first
parameter setting; (c) optimized result of the second parameter setting (C°Pt = 0.54); (d)
skin-free display of the design results of the second parameter setting
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Fig. 5.24 Geometry and boundary conditions of the tee-branch pipe example; (a) middle
surface model; (b) solid model and boundary conditions
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Fig. 5.25 Partitioning the or1g1na1 surface of the tee-branch pipe example into four patches

K 5.26 =388 A S e

Fig. 5.26 Parameterization of each patch of the tee-branch pipe example
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Fig. 5.27 Initial component layout of the tee-branch pipe thin-walled structure
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Fig. 5.28 Iteration history and intermediate designs of the tee-branch pipe example
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Fig. 5.29 The final compliance of the topology optimization for the tee-branch pipe example
is 43.38
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Fig. 5.30 Final designs of the tee-branch pipe example with different boundary conditions
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Fig. 5.31 Asymmetric condition setting for the tee-branch pipe example
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Fig. 5.32 Iteration curves and optimization history of the asymmetric example
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Fig. 5.33 Final design of the asymmetric example of the tee-branch pipe
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Fig. 5.34 Thickness setting of the sandwich-type reinforced structure design

5.6 KRERLE

AT TAERE T SRR AR 2 vl AR T B AR S 1 —Fh &2 2% il i v B &5 A AR A0 1
T 2R AR R A R B B E R IE T RN S SEARZE A, G
FH JEJE e b oy 22 I 7o B ZE R AR A 1) A R IR SR 4 T G — 10 o A 51 5% REAR R
SR R W ER S S B MU AR, R RS 43 AT 35 o AR TR SR AE AR AR 43 B0 20 SR AN 2 JiE

- 115 -



ST RN A AR AN S B BRI & % il I B A M ML 7t

H b o B RBUZREAT 1 PRANIE T o vt B SCBLRAL IR R R AR, A=K
T3 B ERAE I RS AR, At R A SR AN AL R N A R A . AR
TARIERE PR T H HEMEREOR, W52 T+ BR e A A 1) (SR Ao . Bfe s
W1, A ZFrig i (et Sk BAT ISR B« WSoE R L, I Bl R
et A2 /A R c 7 i B RO, RIS FHE M s i . 4k, XS Edk 52
FICHI BTk, FriR vkl B AR AL B BT A BN AR TSIl SR
THAE CERERIMLtE . I BT A SRER AL ) 198K

Kl 535 ZWNARRBIE R KRB0t @), Rl E N 0.375,
0.45 1 0.55, AEBit/ZH0M KB R M BE Y 0.15, 0.3 10.5
Fig. 5.35 Final structures of the designed domains in the sandwich-type reinforced structure:
from (a) to (c), the volume fractions are set as 0.375, 0.45 and 0.55, and the Young’s modulus
of the undesigned layers are set as 0.15, 0.3, 0.5, respectively
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