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1) INTRO & MOTIVATION

« WHY USE TOPOLOGY OPTIMIZATION?
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1) INTRO & MOTIVATION

« DISCRETE? CONTINUUM?
— LIMITED MODELING CAPABILITY
— REASONABLE SIMPLIFICATIONS OF REALITY
— STEER TOWARDS A SOLUTION TYPE
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REAL FRAME SIMPLIFIED FRAME MODEL
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1) INTRO & MOTIVATION

« TOPOLOGY OPTIMIZATION METHODS

f Optimization Method :

( Gradient-based ' [ Non-gradient '

(' Structural Elements )
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( Discrete ) (  Continuum )
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1) INTRO & MOTIVATION

« SIMPLE PROBLEMS WITH NO SOLUTION

ANCHOR POINT
LOCATION

LATERAL BRACING
SYSTEM

REINFORCEMENT
LAYOUT
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2) GROUND STRUCTURES IN 2D

* TRUSS LAYOUT OPTIMIZATION IS HIGHLY
NONLINEAR

8
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2) GROUND STRUCTURES IN 2D

* TRUSS LAYOUT OPTIMIZATION IS HIGHLY
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2) GROUND STRUCTURES IN 2D

« MAIN IDEA
CONVERT A GEOMETRY AND SIZE OPTIMIZATION TO A

SIZING-ONLY PROBLEM

« PLASTIC FORMULATION

min V =17a
a

s.t. Bin=f
—oc <o, <op i a; >0

a; >0 i=1,2...N,

DORN W S, GOMORY R E, GREENBERG H J (1964) - “AUTOMATIC DESIGN OF OPTIMAL STRUCTURES”

JOURNAL DE MECANIQUE 3(1), PP 25-52

18



2) GROUND STRUCTURES IN 2D

min V =17a
a

st. Bln=f
—oc <o, <or it a; >0 VANISHING
>0 i=1.2...N, CONSTRAINT

 MULTIPLYING THE INEQUALITY BY CROSS-SECTIONAL AREA
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2) GROUND STRUCTURES IN 2D

min V =17a
a
st. Bin=f
—0Cca; <Ny < ora;
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2) GROUND STRUCTURES IN 2D

« REMARKS
— DESIGN VARIABLES DOUBLED: S* AND S
— NO MORE VANISHING CONSTRAINT
— DIFFERENT LIMITS IN TENSION AND COMPRESSION

— LINEAR PROGRAM

KARMARKAR N (1984) "A NEW POLYNOMIAL-TIME ALGORITHM FOR LINEAR
PROGRAMMING." COMBINATORICA, 4(4).373-395.

WRIGHT MH (2004) “THE INTERIOR-POINT REVOLUTION IN OPTIMIZATION:
HISTORY, RECENT DEVELOPMENTS, AND LASTING CONSEQUENCES.” BULLETIN OF
THE AMERICAN MATHEMATICAL SOCIETY, 42(1):39-56.
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2) GROUND STRUCTURES IN 2D

« SIZING OF A HIGHLY INTERCONNECTED AND
REDUNDANT TRUSS

NODES 404
ELEMS 200
LEVEL S

DORN W S, GOMORY R E, GREENBERG H J (1964) - “AUTOMATIC DESIGN OF OPTIMAL STRUCTURES”
JOURNAL DE MECANIQUE 3(1), PP 25-52 22



2) GROUND STRUCTURES IN 2D

« SIZING OF A HIGHLY INTERCONNECTED AND
REDUNDANT TRUSS

BARS 23,201

DORN W S, GOMO! ’ A 54) - “AUTOMATIC DESIGN OF OPTIMAL STRUCTURES”
JOURNAL DE MECANIQUE S(1, S
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4) GROUND STRUCTURES IN 2D

« UNIQUE SOLUTION — NO COLLINEAR BARS

GIVEN ey =1 ANDP =1
a; =10 a, =a3=0.0

a, = 0.0 A, = Az = 1.0

P P
®

@ @
@
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2) GROUND STRUCTURES IN 2D

« EXAMPLE

_ BASE MESH L. — 1 ifelemente 3 i,j
Y7o otherwise
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« EXAMPLE

_ BASE MESH L. — 1 ifelemente 3 i,j
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2) GROUND STRUCTURES IN 2D

« EXAMPLE
— CONNECTIVITY: LEVEL 1 L, =L




2) GROUND STRUCTURES IN 2D

« EXAMPLE
— CONNECTIVITY: LEVEL 2 L,
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2) GROUND STRUCTURES IN 2D

EXAMPLE

L, = LLL

— CONNECTIVITY: LEVEL 3
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2) GROUND STRUCTURES IN 2D

« EXAMPLE
— CONNECTIVITY: LEVEL 4 L, = LLLL

"

g \:

RS

N

NS

Ly
W\

\

P2
e
L e

- =X

/
7

/




2) GROUND STRUCTURES IN 2D

EXAMPLE

LLLLL

L5:

— CONNECTIVITY: LEVEL 5
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2) GROUND STRUCTURES IN 2D

EXAMPLE

— CONNECTIVITY: LEVEL 5
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2) GROUND STRUCTURES IN 2D

« THERE CANNOT BE BARS EVERYWHERE
— DEFINE ZONES WHERE NO BARS CAN BE

/
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2) GROUND STRUCTURES IN 2D

 INTERSECTION TESTS FROM VIDEO-GAME AND
COMPUTER GRAPHICS INDUSTRY

DELETE
MEMBER COLLIDES
WITH RZ1
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2) GROUND STRUCTURES IN 2D

« RESTRICTION ZONE PRIMITIVES
— CIRCLE
— SEGMENT (LINE)
— RECTANGLE
— POLYGON

« CAN BE COMBINED...

3 CIRCLES

+
1SEGMENT




2) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES*
PHILOS. MAGAZINE SERIES 6, 8(47), 589-597



2) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER

y-

By,
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2) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER

28,256 BARS

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES*
PHILOS. MAGAZINE SERIES 6, 8(47), 589-597
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2) GROUND STRUCTURES IN 2D

« FLOWER PROBLEM
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2) GROUND STRUCTURES IN 2D

« FLOWER PROBLEM

69,400 BARS
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2) GROUND STRUCTURES IN 2D
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2) GROUND STRUCTURES IN 2D

« STRESS DISCONTINUITY PROBLEM

— GIVEN AN (ADMISSIBLE) DISPLACEMENT FIELD u

8§ =BTu
6 =¢:1
o = E¢

— STRESSES o ARE INDEPENDENT OF AREAS. ..

o % 0EVENFOR q; = 0

« 3 BAR PROBLEM

SCHMIDT LC (1960), "MINIMUM WEIGHT LAYOUTS OF ELASTIC, STATICALLY
DETERMINATE, TRIANGULATED FRAMES UNDER ALTERNATIVE LOAD SYSTEMS®,
JOURNAL OF THE MECHANICS AND PHYSICS OF SOLIDS 10(2), 139-149

SVED G, GINOS Z (1968), "STRUCTURAL OPTIMIZATION UNDER MULTIPLE LOADING",
INTERNATIONAL JOURNAL OF MECHANICAL SCIENCES 10(10), 803-805
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2) GROUND STRUCTURES IN 2D

 PROBLEM STATEMENT
— THREE LOAD CASES

fi=400@ 7
fB=30@g

31
fC=20@T

— STRESS LIMITS 0y = 6, = &

51=5
52=20
5325

<

min,
S.t.

Ku=f
—0c <0 < Oy
a=0

if Cll'>0
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2) GROUND STRUCTURES IN 2D

. SOLUTION f(a*) = 15.97
a*={7.02 214 2.76}

a’l

1T =
fa=40@ 5.0 1.7 ~0.9 .
J:
1T _ . '
fr=30@ — 3.2 6.1 41  o=or if ;>0
2 > 0

fo =20 @%T” -1.8 4.4 5.0



2) GROUND STRUCTURES IN 2D

L L
< e >
min, Vv =a’l
s.t. Ku=f
—0, <00y if a;>0
a=0

« SOLUTION f(a*) =12.81 (FROM15.97)
a*=1{8.00 1.50 0.00}

fA—4O@% 5.0 0.0
fr=30@ = 0.0 20.0 18.9

2

fo =20 @%T” ~5.0 20.0 21.4




ROADMAP
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3) GROUND STRUCTURES IN 3D

RESTRICTION PRIMITIVES:

BOX SPHERE

QUAD

TRIANGLE

CYLINDER ROD SURFACE

DISC
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

IES 6, 8(47), 589-597



3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

<bp
Vopt = 2M log (tan { TS = +

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES"

PHILOS. MAGAZINE SERIES 6, 8(47), 589-597
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

Iteration 000

268,636 BARS
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3) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
IMPROVING THE BASE MESH: SPHERICAL COORDINATES
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3) GROUND STRUCTURES IN 3D

MORE APPLIED PROBLEMS?
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3) GROUND STRUCTURES IN 3D

« MORE APPLIED PROBLEMS?
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ROADMAP
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4) DENSITY-BASED TOPOLOGY OPT

 DENSITY-BASED TOPOLOGY OPTIMIZATION

F,=-50 Fy=-10
’ ‘(40,54)

(-15,51) © Fx=-10 F.=10

(BAA3)

(42,43.5)

__ R=38.25
§>(—4o,7.2) Fy=-10

(0,0)%?15

CANNONDALE CAPO BIKE DOMAIN AND LOADS
(URBAN COMMUTER BIKE)

(61,7.2)

HTTP.//WWW.CANNONDALE.COM

ZEGARD T, PAULINO GH (2013) “TOWARD GPU ACCELERATED TOPOLOGY OPTIMIZATION ON
UNSTRUCTURED MESHES.” STRUCTURAL AND MULTIDISCIPLINARY OPTIMIZATION, 48(3):473-485 58



4) DENSITY-BASED TOPOLOGY OPT

 DENSITY-BASED TOPOLOGY OPTIMIZATION

Iteration 00

ZEGARD T, PAULINO GH (2013) “TOWARD GPU ACCELERATED TOPOLOGY OPTIMIZATION ON
UNSTRUCTURED MESHES.” STRUCTURAL AND MULTIDISCIPLINARY OPTIMIZATION, 48(3):473-485 59



4) DENSITY-BASED TOPOLOGY OPT

e« ARCH OR
SUSPENDED?
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4) DENSITY-BASED TOPOLOGY OPT

LOW FILTER HIGH FILTER
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4) DENSITY-BASED TOPOLOGY OPT

« MAXIMIZATION OF LOSS TANGENT

Initial guess 3x3cell

Optimized topology

Loss tangent
o
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4) DENSITY-BASED TOPOLOGY OPT

« DENSITY-BASED (NESTED) FORMULATION:
— USING A DENSITY FILTER!
— MODIFIED SIMP234

min J (p,u(p))

P
s.t. p=Hp
Ne VOLUME
S3 P = (1) (V) £0
gi(pulp) <0 i=1..N,
. 1= SOLID
0<p; <1 j=1...N, 0 = VOID

|
| —

with K(p)u="~

1) BOURDIN B (2001) "FILTERS IN TOPOLOGY OPTIMIZATION." INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN
ENGINEERING, 50(9):2143-2158

2) BENDSOE MP (1989) “OPTIMAL SHAPE DESIGN AS A MATERIAL DISTRIBUTION PROBLEM.” STRUCTURAL AND MULTIDISCIPLINARY
OPTIMIZATION 1(4):193-202

3) ZHOU M, ROZVANY G (1991) “THE COC ALGORITHM, PART II: TOPOLOGICAL, GEOMETRICAL AND GENERALIZED SHAPE
OPTIMIZATION. “COMP METH APPL MECH ENGRG 89:309-336

4) SIGMUND O (2007) "MORPHOLOGY-BASED BLACK AND WHITE FILTERS FOR TOPOLOGY OPTIMIZATION." STRUCTURAL AND
MULTIDISCIPLINARY OPTIMIZATION, 33(4-5):401-424. 63
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4) DENSITY-BASED TOPOLOGY OPT

« DENSITY-BASED (NESTED) FORMULATION:
— USING A DENSITY FILTER!
— MODIFIED SIMP234

. . VARIABLE THICKNESS
min S (p,u(p)) | SHEET PROBLEM
st. p=Hp | (CONVEX)

S B — () (Vo) <0

gi(p,u(p)) <0  i=1...N,

0<p; <1 j=1...N,

Ey (p) = Epmin + 74 (Eo — Eppin)  k=1...N,
with K(®)u=f

1) BOURDIN B (2001) "FILTERS IN TOPOLOGY OPTIMIZATION." INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN
ENGINEERING, 50(9):2143-2158

2) BENDSOE MP (1989) “OPTIMAL SHAPE DESIGN AS A MATERIAL DISTRIBUTION PROBLEM.” STRUCTURAL AND MULTIDISCIPLINARY
OPTIMIZATION 1(4):193-202

3) ZHOU M, ROZVANY G (1991) “THE COC ALGORITHM, PART II: TOPOLOGICAL, GEOMETRICAL AND GENERALIZED SHAPE
OPTIMIZATION. “COMP METH APPL MECH ENGRG 89:309-336

4) SIGMUND O (2007) "MORPHOLOGY-BASED BLACK AND WHITE FILTERS FOR TOPOLOGY OPTIMIZATION." STRUCTURAL AND
MULTIDISCIPLINARY OPTIMIZATION, 33(4-5):401-424. 64




4) DENSITY-BASED TOPOLOGY OPT

 FILTERS IN DENSITY-BASED FORMULATION:
— SENSITIVITY FILTER (1-FIELD)
— DENSITY FILTER (2-FIELDS) I R
— PROJECTION FILTER (3-FIELDS)

UNFILTERED FILTERED
(CHECKERBOARD)

REVIEW ON FILTERING:
SIGMUND O, MAUTE K (2013) "TOPOLOGY OPTIMIZATION APPROACHES." STRUCTURAL AND
MULTIDISCIPLINARY OPTIMIZATION 48(6):1031-1055 65



4) DENSITY-BASED TOPOLOGY OPT

e POLYMESHER: VORONOI POLYGONAL MESHER (CVT)

a
vm
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11000
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TALISCHI C, PAULINO GH, PEREIRA A, MENEZES IFM (2012), "POLYMESHER: A GENERAL-PURPOSE MESH
GENERATOR FOR POLYGONAL ELEMENTS WRITTEN IN MATLAB." JOURNAL OF STRUCTURAL AND
MULTIDISCIPLINARY OPTIMIZATION 45(3), 329-357
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4) DENSITY-BASED TOPOLOGY OPT

« POLYTOP: POLYGONAL ELEMENT TOPOLOGY OPT

UNFILTERED
POLYTOP
(2700 ELEMENTS)

TALISCHI C, PAULINO GH, PEREIRA A, MENEZES IFM (2012), "POLYTOP: A MATLAB IMPLEMENTATION OF A GENERAL
TOPOLOGY OPTIMIZATION FRAMEWORK USING UNSTRUCTURED POLYGONAL FINITE ELEMENT MESHES."
JOURNAL OF STRUCTURAL AND MULTIDISCIPLINARY OPTIMIZATION 45(3), 329-357 67



4) DENSITY-BASED TOPOLOGY OPT

« CONVOLUTION (BLURRING) OF THE DENSITY FIELD
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4) DENSITY-BASED TOPOLOGY OPT

e EDGE-LOADED CANTILEVER BEAM
Lx=3, Ly=Lz=1
VOLFRAC=10%, R=6, O=1 AND P=3

559872 DVS FOR %2
(1,119,744 TOTAL) 69



4) DENSITY-BASED TOPOLOGY OPT

Lx=3, Ly=Lz=1, VOLFRAC=10%, R=6, Q=1 AND P=3

Iteration 000 Penal = 3.00

B

—
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4) DENSITY-BASED TOPOLOGY OPT

e EDGE-LOADED CANTILEVER
Lx=3, Ly=Lz=1
VOLFRAC=10%, R=6, O=1 AND P=3

559872 DVS FOR %2
(1,119,744 TOTAL)
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4) DENSITY-BASED TOPOLOGY OPT

e EDGE-LOADED CANTILEVER
Lx=3, Ly=Lz=1
VOLFRAC=10%, R=6, O=1 AND P=3

—

/
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(1,119,744 TOTAL) 72



4) DENSITY-BASED TOPOLOGY OPT
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4) DENSITY-BASED TOPOLOGY OPT

IDEA: WHAT EXPONENT O MAKES Hii(2P)=H;(3D)7?

5.5
5
4.5
4
3.5

Required 3D filter exponent [q]

¢ = log (rmin) + —q®P) + —q¢

1 1.5 2 25 3 35 4 45 5

Filter Radius [r]

17 4 ap 1

20 o7 87
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4) DENSITY-BASED TOPOLOGY OPT

e EDGE-LOADED CANTILEVER
Lx=3, Ly=Lz=1
VOLFRAC=10%, R=6, O=3 AND P=3

559872 DVS FOR %2
(1,119,744 TOTAL)
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4) DENSITY-BASED TOPOLOGY OPT

e EDGE-LOADED CANTILEVER
Lx=3, Ly=Lz=1
VOLFRAC=10%, R=6, O=3 AND P=3

—

/

559872 DVS FOR %2
(1,119,744 TOTAL) 76



4) DENSITY-BASED TOPOLOGY OPT

« EDGE-LOADED CANTILEVER
DENSITY FILTER: R=6

LINEAR DENSITY FILTER CUBIC DENSITY FILTER
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4) DENSITY-BASED TOPOLOGY OPT

« BRIDGE PROBLEM
Lx=25 Ly=Lz=5, VOLFRAC=10%, R=5 O=3 AND P=[CONT]
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4) DENSITY-BASED TOPOLOGY OPT

« BRIDGE PROBLEM
Lx=25 Ly=Lz=5, VOLFRAC=10%, R=5 O=3 AND P=[CONT]

Iteration 000 Penal = 2.00

\
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4) DENSITY-BASED TOPOLOGY OPT

« BRIDGE PROBLEM
Lx=25 Ly=Lz=5, VOLFRAC=10%, R=5 O=3 AND P=[CONT]

351,840 DVS FOR %
(3407360 TOTAL)
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5) MANUFACTURING & DESIGNS
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5) MANUFACTURING & DESIGNS

« BRACED TOWER
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5) MANUFACTURING & DESIGNS

« MORE APPLIED PROBLEMS?

C‘OPYQIGHT © SKIDMORE, OWINGS & MERRILL LLP (SOM)

4100
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5) MANUFACTURING & DESIGNS
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5) MANUFACTURING & DESIGNS
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5) MANUFACTURING & DESIGNS

« PROCEDURE

100101 C. .
01101 Optimization
“ Application

Third party Additive
communication Manufacturing
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5) MANUFACTURING & DESIGNS

« TORSION BALL
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5) MANUFACTURING & DESIGNS

TORSION BALL
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5) MANUFACTURING & DESIGNS

3D CANTILEVER
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5) MANUFACTURING & DESIGNS

« 3D CANTILEVER
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5) MANUFACTURING & DESIGNS

 BRIDGE
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5) MANUFACTURING & DESIGNS

 BRIDGE
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5) MANUFACTURING & DESIGNS

 BRIDGE




5) MANUFACTURING & DESIGNS

« BRIDGE: ACHIEVING LARGE SCALES
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5) MANUFACTURING & DESIGNS

« AMIE

Iteration 000
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5) MANUFACTURING & DESIGNS

« AMIE

COPYRIGHT © SKIDMORE, OWINGS & MERRILL LLP (SOM)
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5) MANUFACTURING & DESIGNS

« AMIE

COPYRIGHT © SKIDMORE, OWINGS & MERRILL LLP (SOM)

100



5) MANUFACTURING & DESIGNS

 CRANIOFACIAL RECONSTRUCTION

£ Nose bridge
or Glabella load

- Support

Nasal

cavity . Oral

cavity

Upper jaw
load ~———F

SUTRADHAR A, PAULINO GH, MILLER MJ, NGUYEN TH (2010) "TOPOLOGICAL OPTIMIZATION FOR
DESIGNING PATIENT-SPECIFIC LARGE CRANIOFACIAL SEGMENTAL BONE REPLACEMENTS." PNAS,
107(30):13222-13227 101



5) MANUFACTURING & DESIGNS

 CRANIOFACIAL RECONSTRUCTION

Iteration 000 Penal = 1.50

1

= =
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5) MANUFACTURING & DESIGNS

 CRANIOFACIAL RECONSTRUCTION

Front view Side view
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5) MANUFACTURING & DESIGNS

 CRANIOFACIAL RECONSTRUCTION
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ROADMAP
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6) SUMMARY AND CONCLUSIONS

« HOOK PROBLEM

DOMAIN & BCs GROUND DENSITY-BASED
STRUCTURE METHOD
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6) SUMMARY AND CONCLUSIONS

TOOLS FOR INSPIRATION

INFORMATION FOR DESIGNS
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