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1) INTRO & MOTIVATION

« WHY USE STRUCTURAL OPTIMIZATION?

LIMITED
RESOURCES EXTREME STRUCTURES FUNCTIONAL



1) INTRO & MOTIVATION

« WHY DISCRETE—CONTINUUM?
— LIMITED MODELING CAPABILITY
— REASONABLE SIMPLIFICATIONS OF REALITY

\/

REAL FRAME SIMPLIFIED FRAME MODEL



1) INTRO & MOTIVATION

« GRADIENT VS. NON-GRADIENT




1) INTRO & MOTIVATION

« STRUCTURAL OPTIMIZATION METHODS

f Optimization Method :

( Gradient-based ' [ Non-gradient '

(' Structural Elements )

R

( Discrete ) (  Continuum )




1) INTRO & MOTIVATION

« POTENTIAL APPLICATIONS

ANCHOR POINT LATERAL BRACING REINFORCEMENT
LOCATION SYSTEM LAYOUT
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36X11X8 MESH (19008 TET10)
SLAB: LX=10 LY=3 LZ=2

2) TRUSS LAYOUT WITHIN A CONTINUUM
« 3D BEAM WITH REINFORCEMENT
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2) TRUSS LAYOUT WITHIN A CONTINUUM

« 3D BEAM WITH REINFORCEMENT
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2) TRUSS LAYOUT WITHIN A CONTINUUM

« 3D BEAM WITH REINFORCEMENT
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3) LATERAL BRACING SYSTEMS

« EXAMPLES OF BRACED BUILDINGS
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3) LATERAL BRACING SYSTEMS

« OTHER APPLICATIONS

HONGS

STAGE HIRE

1



3) LATERAL BRACING SYSTEMS

« BRACING POINT UPPER BOUND

Heicht Weight - Cost Performance
G T olume  Load Path Compliance Displacement
2D 0.70H 0.75H 0.75H 0.75H
3D 0.6256H 0.625H 0.6768 H 0.6768H
p p

+
+

B

TWO-DIMENSIONAL THREE-DIMENSIONAL
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4) GROUND STRUCTURES IN 2D

 TRUSS LAYOUT OPTIMIZATION IS HIGHLY
NONLINEAR

8

MAZUREK A (2012) - “GEOMETRICAL ASPECTS OF OPTIMUM TRUSS LIKE STRUCTURES
FOR THREE-FORCE PROBLEM”, STRUCT AND MULTIDISCIPLINARY OPT 45(1), PP 21-32 1



4) GROUND STRUCTURES IN 2D

 TRUSS LAYOUT OPTIMIZATION IS HIGHLY
NONLINEAR
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4) GROUND STRUCTURES IN 2D

« MAIN IDEA:
CONVERT A GEOMETRY AND SIZE OPTIMIZATION TO A

SIZING-ONLY PROBLEM

 PLASTIC FORMULATION:

min V =17a
a

st. Bin=f
—oc <o, <op it a; >0

a; > 0 iZl,Q...Nb

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



4) GROUND STRUCTURES IN 2D

min V =17a
a

st. Bln=f
—oc <o, <or it a;>0 VANISHING
a; >0 i=1,2...N, CONSTRAINT

« MULTIPLYING THE INEQUALITY BY CROSS-SECTIONAL AREA

min V =17a
a
st. B'n=f
—0Cca; SN S oTa;

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



4) GROUND STRUCTURES IN 2D

min V =11a
a
st. Bin=f
—0Cca; <Ny < 07ay

INTRODUCING SLACK VARIABLES
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4) 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.

_I_ _

min V =1% (S— + S—)

5+,5_ orT gC

st. Bl(st—s7)=f
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4) GROUND STRUCTURES IN 2D

« SIZING OF A HIGHLY INTERCONNECTED
AND REDUNDANT TRUSS

NODES 404
- LEMS 200
| EVEL S




4) GROUND STRUCTURES IN 2D

« SIZING OF A HIGHLY INTERCONNECTED
AND REDUNDANT TRUSS
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4) GROUND STRUCTURES IN 2D

« UNIQUE SOLUTION — NO COLLINEAR BARS

GIVEN g, = 1AND P = 1
a1 — 10 az — a3 — 00

a1 —_ 00 az —_ a3 —_ 10

a; = 1.0 a;, =05 a,=a3=0.5
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4) GROUND STRUCTURES IN 2D

 HIGHLY INTERCONNECTED TRUSS
— CONNECTIVITY GENERATION

TRUSS MEMBERS
AT THIS CONNECTION

LEVEL




4) GROUND STRUCTURES IN 2D

« EXAMPLE
— BASE MESH




GROUND STRUCTURE METHOD

« EXAMPLE
— CONNECTIVITY: LEVEL 1




4) GROUND STRUCTURES IN 2D

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

EXAMPLE

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

EXAMPLE

LEVEL 4

— CONNECTIVITY
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4) GROUND STRUCTURES IN 2D

EXAMPLE

LEVEL S

— CONNECTIVITY




4) GROUND STRUCTURES IN 2D

EXAMPLE

LEVEL S

— CONNECTIVITY




4) GROUND STRUCTURES IN 2D

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

/

\/




4) GROUND STRUCTURES IN 2D

* INTERSECTION TESTS FROM VIDEO-GAME
AND COMPUTER GRAPHICS INDUSTRY

DELETE
MEMBER COLLIDES
WITH RZ1




4) GROUND STRUCTURES IN 2D

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

« CAN BE COMBINED...

3 CIRCLES
+

1SEGMENT




4) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER

>y

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



4) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER

A

11

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES",
PHILOS. MAGAZINE SERIES 6, 8(47), 589-597 4



4) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER 28,256 BARS

Iteration 00

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES",
PHILOS. MAGAZINE SERIES 6, 8(47), 589-597 4



4) GROUND STRUCTURES IN 2D

« MICHELL CANTILEVER
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4) GROUND STRUCTURES IN 2D

« HOOK PROBLEM

DOMAIN & BCs GROUND DENSITY-BASED
STRUCTURES METHOD ¢

O 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", STRUCT. MULTIDISC. OPTIM. 45(3), 329-357



4) GROUND STRUCTURES IN 2D

« FLOWER PROBLEM




4) GROUND STRUCTURES IN 2D

« FLOWER PROBLEM

69,400 BARS
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5) GROUND STRUCTURES IN 3D

« BASE-MESH DEFINITION

— GROUND STRUCTURE ALGORITHM SUPPORTS ANY
CONVEX POLYTOPE

— IMPLEMENTATION IS RESTRICTED TO 7 ELEMENTS:
MESH GENERATION AND PLOTTING PURPOSES




5) GROUND STRUCTURES IN 3D

RESTRICTION PRIMITIVES:

BOX SPHERE

QUAD

TRIANGLE

SURFACE

ROD

CYLINDER




5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

MICHELL AGM (1904), "THE LIMITS OF ECONOMY OF MATERIAL IN FRAME-STRUCTURES",
PHILOS. MAGAZINE SERIES 6, 8(47), 589-597 4



5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

oF 1
Vopt = 2M 1 t — + —
Pt og(an{4 2 JT+UC

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



5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

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



5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM




5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
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5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM

Iteration 000

268,636 BARS
5



5) GROUND STRUCTURES IN 3D

« TORSION BALL
IMPROVING THE BASE MESH: SPHERICAL COORDINATES




5) GROUND STRUCTURES IN 3D

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

« OTHER KNOWN SOLUTIONS?
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5) GROUND STRUCTURES IN 3D

« MORE APPLIED PROBLEMS?

SMITH ODS (1998). "GENERATION OF GROUND STRUCTURES FOR 2D AND 3D DESIGN
DOMAINS." ENGINEERING COMPUTATIONS, 15(4):462-500.



5) GROUND STRUCTURES IN 3D

« MORE APPLIED PROBLEMS?

SMITH ODS (1998). "GENERATION OF GROUND STRUCTURES FOR 2D AND 3D DESIGN
DOMAINS." ENGINEERING COMPUTATIONS, 15(4):462-500.



5) GROUND STRUCTURES IN 3D

« MORE APPLIED PROBLEMS?
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5) GROUND STRUCTURES IN 3D

« MORE APPLIED PROBLEMS?
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6) ADDITIVE MANUF. OF OPT. STRUCTS.

* INTRODUCTION TO DENSITY -

TOPOLOGY OPTIMIZATION

BASED

F, =50 Fy=-10
L ‘(40,54)
F,=-10 Fx=10

(~15,51)

X —

?

(42,43.5)
(37,37)

) F.=-10 R=38.25 i
§>( 40,7.2) (o’o)¢(=-15 (61,7.2)
CANNONDALE CAPO BIKE DOMAIN AND LOADS

(URBAN COMMUTER BIKE)

ZEGARD T, PAULINO GH (2013) “TOWARD GPU ACCELERATED TOPOLOGY OPTIMIZATION ON
UNSTRUCTURED MESHES.” STRUCTURAL AND MULTIDISCIPLINARY OPTIMIZATION, 48(3):473-485 6



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« INTRODUCTION TO DENSITY-BASED
TOPOLOGY OPTIMIZATION

lteration 00

ZEGARD T, PAULINO GH (2013) “TOWARD GPU ACCELERATED TOPOLOGY OPTIMIZATION ON
UNSTRUCTURED MESHES.” STRUCTURAL AND MULTIDISCIPLINARY OPTIMIZATION, 48(3):473-485 6



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« DENSITY-BASED (NESTED) FORMULATION:
— USING A DENSITY FILTER!
— MODIFIED SIMP224

min J (p,u(p))

P
S.t.

p=Hp

SN B — (f) (Vo) <0

ngjél jlee

with K(p)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

k

N, —

FILTERING

VOLUME
CONSTRAINT

1=SOLID
O = VOID

MOD-SIMP

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.

6



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« DENSITY-BASED (NESTED) FORMULATION:
— USING A DENSITY FILTER!
— MODIFIED SIMP224

VARIABLE THICKNESS

i/ (p,u(p)) . SHEET PROBLEM
st. p=Hp (CONVEX)
Zi\r Pivi —
0<p; <1

Ey. (p1) = Envin + 0, (Eo — Ein) E=1...N,
with K(p)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 Il: 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 6
MULTIDISCIPLINARY OPTIMIZATION, 33(4-5):401-424.



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« FILTERS IN DENSITY-BASED FORMULATION:
— SENSITIVITY FILTER (1-FIELD)

— DENSITY FILTER (2-FIELDS) I
— 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 6



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« CONVOLUTION (BLURRING) OF THE DENSITY FIELD

o
AN
—~
TS Q@
~ wm
=g
L& —
R o)
= ~
+~
_ ®
g
fe
£
=
T.
e
o
—
S
-ﬂ:UQJ
S—
4=
n
& -
_
g
e
g
=,
—
|
—~
S
uz’
S—
=




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« EDGE-SUPPORTED CANTILEVER BEAM
Lx=3, Ly=Lz=1, O=1, R=5 AND VOLFRAC=10%

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



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« EDGE-SUPPORTED CANTILEVER BEAM
Lx=3, Ly=Lz=1, O=1, R=5 AND VOLFRAC=10%

Iteration 000 Penal = 3.00

B
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6) ADDITIVE MANUF. OF OPT. STRUCTS.

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)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« EDGE-LOADED CANTILEVER BEAM
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6) ADDITIVE MANUF. OF OPT. STRUCTS.

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)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

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)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

 FILTER'S WEIGHTS FOR A REGULAR MESH

1AND ELEM SIZE IS L=1

THREE-DIMENSIONS

TWO-DIMENSIONS

0.4194)

(Hii =



6) ADDITIVE MANUF. OF OPT. STRUCTS.

IDEA: WHAT EXPONENT O MAKES Hii(2D)=H;i3P)?

5.5
5
4.5
4
3.5

Required 3D filter exponent [q]

1 1.5 2 2.5 3 3.5 4 45 5
Filter Radius [r]
17 4 (b 1

(3D) _ oA epy 4
q 0g (Tmin) + 50 + =4 37



6) ADDITIVE MANUF. OF OPT. STRUCTS.

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)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

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)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« EDGE-LOADED CANTILEVER
DENSITY FILTER: R=6

LINEAR DENSITY FILTER CUBIC DENSITY FILTER



6) ADDITIVE MANUF. OF OPT. STRUCTS.

 BRIDGE PROBLEM
Lx=XXX, Ly=Lz=YYY, Q=22ZZ, R=5 AND
VOLFRAC=10%

y




6) ADDITIVE MANUF. OF OPT. STRUCTS.

e BRIDGE PROBLEM
Lx=25 Ly=Lz=5
VOLFRAC=10%, R=5 O=3 AND P=3

851,840 DVs FOR Y%
(3407360 TOTAL)
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6) ADDITIVE MANUF. OF OPT. STRUCTS.

e BRIDGE PROBLEM
Lx=25 Ly=Lz=5
VOLFRAC=10%, R=5 O=3 AND P=3

851,840 DVs FOR Y%
(3407360 TOTAL)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

¢ SIMP'S POWER-LAW:

1

0.9
0.8

SIMP:
E;i (pi) = p; Eo
0 5 Pmin S Pj S 1

0.7
0.6
“a 0.5
0.4
0.3

MODIFIED SIMP:

0.2

0.1

O : - . | H H H H f
0 01 02 03 04 05 06 0.7 08 09 1
P

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 Il: TOPOLOGICAL, GEOMETRICAL AND GENERALIZED SHAPE 8
OPTIMIZATION. “COMP METH APPL MECH ENGRG 89:309-336



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« CONTINUATION OF "P” PARAMETER

Penal = 1.00

% 01 02 03 04 05 06 07 08 09 1
p

ALLAIRE G, FRANCFORT G (1993) "A NUMERICAL ALGORITHM FOR TOPOLOGY AND SHAPE OPTIMIZATION." IN TOPOLOGY
DESIGN OF STRUCTURES, SPRINGER

ALLAIRE G, KOHN R (1993) "TOPOLOGY OPTIMIZATION AND OPTIMAL SHAPE DESIGN USING HOMOGENIZATION." IN
TOPOLOGY DESIGN OF STRUCTURES, SPRINGER

SIGMUND O, PETERSSON J (1998) "NUMERICAL INSTABILITIES IN TOPOLOGY OPTIMIZATION" STRUCTURAL OPTIMIZATION,
16(1):68-75



6) ADDITIVE MANUF. OF OPT. STRUCTS.

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

Iteration 000 Penal = 2.00

\
 7




6) ADDITIVE MANUF. OF OPT. STRUCTS.

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

851,840 DVs FOR Y%
(3407360 TOTAL)



6) ADDITIVE MANUF. OF OPT. STRUCTS.

 TOPSLICER: AN INSPECTOR/EXPORTER OF 3D
DENSITY-BASED TOPOLOGIES

B TOPslicer v0.5 = e e
| RESTORE
| SYMMETRY
| EXPORT TO
e I X3DORSTL
B0
50
40
30
20 ‘
. ‘. = i .

20 40 60 80 100 120 140 160 180 200




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« MANUFACTURING OF GROUND STRUCTURES

2D GROUND STRUCTURES 3D GROUND STRUCTURES



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« PROCEDURE

100101 C .
01101 Optimization
“ Application

Third party Additive
communication Manufacturing



6) ADDITIVE MANUF. OF OPT. STRUCTS.

e X3D: ROYALTY-FREE FORMAT FOR REPRESENTING 3D COMPUTER
GRAPHICS. MANAGED BY THE WEBSD CONSORTIUM.

= | E] |
[ 3D Topology --- exported %
« C ([ - - J— - —— — %] =

3D Topology --- exported from TOPslicer

author: T. Zegard

[E] Mormal Rotation — [G] Camera Rotation — [F] Fly mode
[FgUp] / [PgDn] Change view -— [R] Reset current view — [SPACE] Stats on/off




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL:

« COLOR CODE
BLUE — 2D GROUND STRUCTURES
RED — 3D DENSITY METHOD
BLACK — APPLICATION-ORIENTED

« MANUFACTURED USING:

— FDM: FUSED DEPOSITION MODELING
— SLS: SELECTIVE LASER SINTERING



6) ADDITIVE MANUF. OF OPT. STRUCTS.

SHOW AND TELL: TORSION BALL




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: TORSION BALL




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: CANTILEVER




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: CANTILEVER




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL

EDGE-LOADED 3D CANTILEVER (NO FIX)




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL:
EDGE-LOADED 3D CANTILEVER (NO FIX)




6) ADDITIVE MANUF. OF OPT. STRUCTS.

APPLICATION-ORIENTED: LOTTE TOWER

Front Iso
view view 1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« APPLICATION-ORIENTED: LOTTE TOWER
ZVI(CQV; 'y

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

 APPLICATION-ORIENTED: LOTTE TOWER

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« APPLICATION-ORIENTED: BRIDGE

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« APPLICATION-ORIENTED: BRIDGE

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

 APPLICATION-ORIENTED: BRIDGE




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« APPLICATION-ORIENTED: BRIDGE
ACHIEVING LARGE SCALES

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

* APPLICATION-ORIENTED:
CRANIOFACIAL RECONSTRUCTION

Eye

£ Nose bridge
or Glabella load

- Support

Nasal
cavity

_ Oral
cavity

Upper jaw
load ~———

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



6) ADDITIVE MANUF. OF OPT. STRUCTS.

* APPLICATION-ORIENTED:
CRANIOFACIAL RECONSTRUCTION

Iteration 000 Penal = 1.50

1

= =

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

* APPLICATION-ORIENTED:
CRANIOFACIAL RECONSTRUCTION

Top vew Iso view

Front view Side view

1



6) ADDITIVE MANUF. OF OPT. STRUCTS.

* APPLICATION-ORIENTED:
CRANIOFACIAL RECONSTRUCTION

1
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7) SUMMARY AND CONCLUSIONS

« OPTIMIZATION:

1.

2.
3.

ESSENTIAL FOR SUSTAINABILITY
CAN BE INCORPORATED INTO DESIGN TODAY

GIVE A DESIGN, AND | WILL TRY TO MAKE IT
BETTER

DIFFERENT METHODS FOR DIFFERENT
PROBLEMS

YES, WE CAN MANUFACTURE THIS

DESIGN GUIDED BY FUNCTIONALITY AND NOT
JUST BEAUTY



7) SUMMARY AND CONCLUSIONS




7) SUMMARY AND CONCLUSIONS

* INTEGRATED DESIGN PROCESS:

START TO FINISH

Design domain,
loading and supports $

Ground structure Density-based
method ‘ ‘ method with SIMP
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THE END




2) TRUSS LAYOUT WITHIN A CONTINUUM

« SLAB WITH SUPPORTING CABLES
SELF WEIGHT OF SLAB

L—



2) TRUSS LAYOUT WITHIN A CONTINUUM

« SLAB WITH SUPPORTING CABLES

N
Els |—y
0 Y
'e 9| A
1 X1 I_y

A
\



2) TRUSS LAYOUT WITHIN A CONTINUUM

¢ TRUSS ELEMENT

LOCAL COORDINATES

. AE[ 1-1
K _T[—1 1]
do
K. =T!K'T. T =
e, 0]
1
dzz[i‘CQ—mhyQ—yngQ—Zﬂ

GLOBAL COORDINATES 1



2) TRUSS LAYOUT WITHIN A CONTINUUM

o SENSITIVITY WR.T COORD 'N" OF NODE "J’

K. ()TT OK* 0L JOT.
e *T TT T TTK*

on;  On; B on . “on;

J(1) (d) = 7 (de — I) J(2) (d) = —J) (d)

;()—L — _dn ;()—L — dn

()?’M ()?’ZQ

OK*  AE[ 1-1

oL L2 |—-1 1

(X1,Y4)

HANSEN S R, VANDERPLAATS G N (1988) - “AN APPROXIMATION METHOD FOR
CONFIGURATION OPTIMIZATION OF TRUSSES”, AAIA JOURNAL 28(1), PP 161-168



2) TRUSS LAYOUT WITHIN A CONTINUUM

« DISPLACEMENTS "U" ANYWHERE IN @ USING
FEM SHAPE FUNCTIONS

u = Nu,

« CONFORMING COUPLING

— TRUSS MEMBER’S K. IS COUPLED BY AN
EQUIVALENT K MATRIX

w/ Kou=u'K'u,
(Nu,)" K, (Nu,) = u! K 'fu,
uz (NTKQN) u, — ugK:uc

————————————————————————————————



2) TRUSS LAYOUT WITHIN A CONTINUUM

¢« PROOF-OF-CONCEPT:
COMPLIANCE FORMULATION

ming x C = u/Ku =ulf

] — REOUIRED IF MEMBERS
s.t. D, AiL; <V <— ARE ALSO SIZED

with Ku=1f

VOLUME CONSTRAINT IS NOT ALWAYS NECESSARY IN
A GEOMETRY-ONLY OPTIMIZATION PROBLEM



2) TRUSS LAYOUT WITHIN A CONTINUUM

e 3X9 MESH (04 ELEMS) ]
SLAB: LX=2 LY=08 E=100 v =03 !
CABLE: AE=300 %‘x_ﬂ'% L
LOAD: B=[0 -2] . LA

0.8 /\,//\ = 1

0.7 ﬁﬂ 045

. lf ﬁf\ﬁ i svaaaon) N |

e @9 WiGee | §

) f)\) i s A

0.2 O L loos o bL=—gs== == 15 2

o @ = DETAIL Compliance [C]

o

o
=N

0.6 0.8 1
Compliance [C]



2) TRUSS LAYOUT WITHIN A CONTINUUM

0.8
06 [~ _| %:F/O\D>))) //)/ 2
0.4 (\(Q\ /;) ZJ/ / / 1.5
- C\C?%:)J—J/ 2.2 05
o Compllance [C] " ’
0.8 | 0.8
0.6 y 0c §/’ d < 2
0.4 04 S 1
0.2 . 02;/_/:‘/"“9 a °G 0
0077 % o5 1 15 2
aC/ax oC/dy
GLOBAL 03 ¢ —
OPTIMUM IB'BN o - < ——9C/ox=0
. ) S @ G — 0(C/0y=0
04 b M p SR e S
_ﬁ7 [ | j : ‘
02t V - J{ | A —;~:>"=‘<-‘4°G
; A -
0 0.5 1 1.5 2 1



2) TRUSS LAYOUT WITHIN A CONTINUUM

_______________________________



2) TRUSS LAYOUT WITHIN A CONTINUUM

« GAUSSIAN BLUR:

— CONVOLUTION WITH A
GAUSSIAN FUNCTION

Original

-
%
-~
&

» Three pixel radius

DEA.:
 LETS "BLUR” THE FIRST a

DERIVATIVE!

@ Ten pixel radius D/ /E]




2) TRUSS LAYOUT WITHIN A CONTINUUM

convolution function

* ARBITRARILY SMOOTH CONVOLUTION?

o
o

o o
i (o)

o
o

—

0 ; ; ; .
0O 02 04 06 08 1 1.2 14

L h(0)=1
'h(r>R)=0 ,
' ah | REQUIREMENTS
| — — 0 :
: dr| _p :
. Gaulss 0;1/3
h () | R=1 | 1 _ rr
h,( | R=1 || hi(r) =< ) S (2 )
,,,,,,, | > ) 2 .
fffffffffffffffffffffffffffffffffffffff ho (1) = ¢ (()E) -2(f) +1

r

r <R
r> R
r<R
r>R



2) TRUSS LAYOUT WITHIN A CONTINUUM

« CONVOLUTION=-BASED SHAPE FUNCTIONS
— PARTITION OF UNITY REQUIREMENT

o o o o o)
~ h(r
Na — ( a> o
Zk h(r)
O
K" =N'K.N
oK+  ONT_ 0K, . ON
— ¢ — _ KN+N N4+ N'K,—
0 1 on j azi ()?’Z;



2) TRUSS LAYOUT WITHIN A CONTINUUM

0.8 ¢

0.6 |

04 ¢

0.2 ¢

« CONVOLUTION FUNCTION LOCALITY
— SEARCH WITH BINARY, QUAD & OCT TREES

0.4

06

0.8

0.75

0.5-

0.25

0.75



2) TRUSS LAYOUT WITHIN A CONTINUUM

0.8

0.6 |/

04
0.2
0

FEM SHAPE FUNCTIONS

i
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2) TRUSS LAYOUT WITHIN A CONTINUUM

CONVOLUTION (R=0.3) CONVOLUTION (R=0.5)

08 [ T sl

e | W= [ 0

g Laasy) |

e T -r 7
L—gs—===" 15 2 0 b =gs= === 15 2

DETA| | Compliance [C] DETAL Compliance [C]

N —=—=4 W ———

R = — %§

0.5 /// ] 04 0.5 =
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2) TRUSS LAYOUT WITHIN A CONTINUUM

CONVOLUTION (R=0.3)

0.8 —
| |

1A //’\\]}///
.« EEETET e e DT 2
STF D VA1 11/ .
- ] 1
o, [T17 41/
) 1 b /1] 0.5
. = 77y AT

o'——o-s———1— 15 2

— 0C/0x=0
— 0C/dy=0

——— 3C/3x=0
——— 3C/3y=0

PREVIOUS
CASE




2) TRUSS LAYOUT WITHIN A CONTINUUM

« SLAB WITH SUPPORTING CABLES (8X2109)

VIDEO

3X9 MESH (Q4 ELEMS)

SLAB: LX=2 L¥Y=08 E=100 v =03
CABLE: AE=300
LOAD: B=[0 -2]

v
| A

% X Ly
_¢_x2 y

L,




2) TRUSS LAYOUT WITHIN A CONTINUUM

- DOUBLE CORBEL (UNSTRUCTURED MESH)

q,=1.403 kips
222222222/

3|'—6—'|3

q,=0.736 kips
AR =0.17 kips

> dt=

—14"—>

18" >
<>—>|<—1 O:—> +

—71 4" —>i«




2) TRUSS LAYOUT WITHIN A CONTINUUM

« DOUBLE CORBEL (UNSTRUCTURED MESH)

VIDEO



2) TRUSS LAYOUT WITHIN A CONTINUUM

« DOUBLE CORBEL (UNSTRUCTURED MESH)
— INTERPRETATION




3) LATERAL BRACING SYSTEMS

 UNIT BRACES IN 2 AND S-DIMENSIONS

TWO-DIMENSIONAL THREE-DIMENSIONAL
BRACE BRACE



3) LATERAL BRACING SYSTEMS

« MULTIPLE STORIES = MULTIPLE BAYS




3) LATERAL BRACING SYSTEMS

« MULTIPLE STORIES = MULTIPLE BAYS

P, YPz P, YP- P, YPz 2P, ¥y2P 2P, y2P; P, yP;

3D PANEL REPETITION




3) LATERAL BRACING SYSTEMS

« WHAT IS OPTIMAL?
— LEAST WEIGHT
— MINIMUM COMPLIANCE
— SMALLEST DISPLACEMENT
— OTHER. ..

¢« ASSUMPTIONS
— ZERO CONNECTION COST
— STATIC, LINEAR & ELASTIC
— TRUSS MEMBERS



3) LATERAL BRACING SYSTEMS

« FORMULATIONS (1/2)
— MINIMUM VOLUME
mina x V = ATL

s.t. o. < o0; <oy

with Ku =

— MINIMUM LOAD-PATH
ming x 2 =, |Ni| L;
S. 1. Zz A.-iL?j § V

with Ku =

Vi=1...



3) LATERAL BRACING SYSTEMS

« FORMULATIONS (2/2)
— MINIMUM COMPLIANCE

mina x C = w/Ku=u'f
S.t. Z'zﬁ A?ijg_ < V
with Ku=1f

— MINIMUM DISPLACEMENT
mina x A = u;
S.1. Zl A;L; < 1%

with Ku=1f~



3) LATERAL BRACING SYSTEMS

3D SYMMETRY:

BRACES ARE TWICE AS
== EXPENSIVE" ASIN 2D




3) LATERAL BRACING SYSTEMS

« MIN VOLUME ANALYTICAL SOLUTION
— 2D BRACE: a=1
— 3D BRACE: a=2

L = CYAlLl + CI{AQLQ + AgH -+ )\11 (—A15' — Nl) + )\12 (—Aﬁ + Nl) + ...
o1 (—Agﬁ' — NQ) + o9 (—Agé’ + NQ) + ...

A3t (—A30 — N3) + A3o (—Az0 + N3) e

AMi=aly/5 Mg = x:2@+1H %%
4oy X
)\21 =0 )\22 = O/.Lg/ﬁ'

Ag1 =0 \pp = H/G y=— M




3) LATERAL BRACING SYSTEMS

« MIN COMPLIANCE ANALYTICAL SOLUTION
— 2D BRACE: a=1

— 3D BRACE: =2
4P? [L§ Li Ly,
+ =2+ =y

O p—
EB? |Ay Ay  Aj

AP [L} L3 L .
-+ =2+ —B;zﬁ] + A (@A Ly + aAyLy + A3 H — V)

T EB2|A, A, A,




3) LATERAL BRACING SYSTEMS

« ANALYTICAL SOLUTION FOR A SINGLE BAY
— 2D BRACE: a=1
— 3D BRACE: a=2

2a0 + 1 2¢/a + 1
r = H T = H
4oy 4/
WEIGHT & COMPLIANCE &
LOAD-PATH DISPLACEMENT
Heioht 7 Weight - Cost Performance
S Tolume . Load-Path Compliance Displacement
2D 0.75H 0.75H 0.75H 0.75H
3D 0.625H  0.625H 0.6768 H 0.6768 H




3) LATERAL BRACING SYSTEMS

« LIMIT CASE OF 00 BAYS

Py *Pz Py +Pz
— —

Py *Pz

A
\




3) LATERAL BRACING SYSTEMS

« LIMIT CASE OF 00 BAYS

d

4l

3D UNIT CELL

Pz

4|



3) LATERAL BRACING SYSTEMS

+ 3) LATERAL BRACING SYSTEMS

(O Cost/Weight o U l
[ stiffness/Performance : 3
) ui o 0 1 — 1
NPL o 1 af 'TYP|
Niyi = 0A; b= Z' | o
()i = Ocy ; AIE Uit1 0 ERd!
Niyi = 014 [Ni| /Ai =0 L= =
( Volume Load-Path Compliance Displacement
. Weight - Cost Performance
Height « , — : 4
Volume Load-Path | Compliance Displacement
2D 0.75H 0.75H 0.75H 0.75H
3D 0.6250H 0.6250H 0.6768 H 0.6768 H




3) LATERAL BRACING SYSTEMS

« OPTIMAL BRACING POINT FOR
TWO-DIMENSIONAL BRACES

Stories = 1
0.8
— P_/P.=0.0
0.75 zox
- = -P,/P=05
0.7
Stories =2
§ 0.65 08
— P_/P.=0.0
°e 07 PZ /Px 0.5
== ==Y
0.55 07
0.5 0.65
=
045 :
1 2 3 4 5 6 0.6
bays 0.55
0.5
045 :
1 2 3 4 5 6
bays

x/H

08

0.75

0.7

0.65

0.6

0.55

0.5

0.45

Px *PZ PX *Pz
— —

Stories =3

—P,/P,=00
- - -P,/P,=05




3) LATERAL BRACING SYSTEMS

« OPTIMAL BRACING POINT FOR
THREE-DIMENSIONAL BRACES

Stories =1
0.8
075 Vol. Comp. |
P, /P =0.0
0.7
065 Stories =2
T 0.8
x
0.6 075 | Vol. Comp.

0.55

0.7 r

0. 1 065 |
T .
045 : X
1 2 3 4 5 6 0.6

bays 055 |

05}

=
0.45 :
] 2 3 4 5 6
bays

0.8

0.75

0.7

0.65 |+

0.6

0.55

0.5

0.45

Stories =3

Vol.

Comp.

P, /P, =0.0




3) LATERAL BRACING SYSTEMS

« GROUND STRUCTURE METHOD
— WEIGHT MINIMIZATION WITH SYMMETRY

Px Px

i —

BASE MESH

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



3) LATERAL BRACING SYSTEMS

« GROUND STRUCTURE METHOD
— WEIGHT MINIMIZATION WITH SYMMETRY

2D RESULT 3D RESULT

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



3) LATERAL BRACING SYSTEMS

« GROUND STRUCTURE METHOD
— WEIGHT MINIMIZATION WITH SYMMETRY

>

%

A\ }ﬂz«'
K/ 7 \ %
) Va4

75

A

2D RESULT 3D RESULT

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



3) LATERAL BRACING SYSTEMS

« GROUND STRUCTURE METHOD
— WEIGHT MINIMIZATION WITH SYMMETRY

£ 2\
Px Px
- —l-

BASE MESH

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



3) LATERAL BRACING SYSTEMS

« GROUND STRUCTURE METHOD
— WEIGHT MINIMIZATION WITH SYMMETRY

2D RESULT 3D RESULT

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



4) GROUND STRUCTURES IN 2D
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5) GROUND STRUCTURES IN 3D

 DIRECT EXTENSION OF THE 2D METHOD
— FORMULATION REMAINS UNMODIFIED

. N 2 7y [sT
min V ———{l k1 }{s_}

st.s oT 1% 2N,
2Nb X1

T T s
S.t. [B —B} o= 1
NaogX2Ny S Naoy x1

QNle
st s; >0

71 3

oT
K= —
gcC



5) GROUND STRUCTURES IN 3D

« TORSION BALL PROBLEM
— ERROR DECREASES FROM ~23% TO ~12%

-0.6

10
- An,
>o \\."o
: 10—0.7 i \\’Q'.'~ ||
3 \\‘
> IR
| \ A\‘ ol
3 \ ::.A..‘..
~0.8 ..
10 [ | N \\.
§ N
O O Lvl=3
- A- Lvi=4
LLT = EEEN V] .Y
10—0-9 l 1 .
10* 10° 10

Number of Bars — N,



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: DIAMOND
T

--------
------
L]

¥ o 1.
*/

NOTE: HALF-DOMAIN



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: DIAMOND




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: SHEAR BOX

NGUYEN TH, PAULINO GH, SONG J, LE CH (2009) "A COMPUTATIONAL PARADIGM FOR
MULTIRESOLUTION TOPOLOGY OPTIMIZATION (MTOP)." STRUCTURAL AND MULTIDISCIPLINARY 1
OPTIMIZATION. 41(4):525-39.



6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: SHEAR BOX




6) ADDITIVE MANUF. OF OPT. STRUCTS.

SHOW AND TELL: TORSION CONE
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6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: TORSION CONE




6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: TORSION CYLINDER

1



OF OPT. STRUCTS.

6) ADDITIVE MANUF

: TORSION CYLINDER

« SHOW AND TELL

1






6) ADDITIVE MANUF. OF OPT. STRUCTS.

« SHOW AND TELL: PINWHEEL




