Classification of Engineering Problems

— Crandall (1956)

« Equilibrium Problems

— Time-independent problem

— equilibrium stress, steady state temperature, pressure
» Eigenvalue Problems

— natural frequency (vibration)

— buckling load (stability)
* Propagation Problems

— Time-dependent problem

— propagation of displacements, heat, wave
— IVP, transient and unsteady-state phenomena
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Eigenvalue Problems

Linear (elastic) dynamic problems
Mii+Cu+ Ku = f(t)

Zero damping and external loads
Mu+ Ku=20

Solution form: u(¢) = ®e'
Generalized eigenvalue problem

K—-o’M)®=0
( )

Non-trivial (eigen-)solutions : o , O
eigenfrequency modeshape
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Optimization Problem

max .
p

N
subjectto Y v,p, <V~
=1

0<p_. <p<lI
(K—a>2M)c1> =0

design sensitivity of single eigenvalue

do’ oK  , M
(o),

dp, ap, op,

¢ Mg =1

Vehicle Structure Optimization Topology Optimization: Extension - 3



Fundamental problems

* Optimization problem is not well posed (less structure
-> higher eigenfrequency)

— Solutions: impose mass equality constraint, solve problem
as a reinforcement problem or include non-structural masses

« Spurious modes in low density regions
— Solution: tailored interpolation functions
* Mode switching (non-smooth)
— Solutions: include more modes or use bound formulation

« Multiple eigenvalues = incorrect sensitivities
— Solution: compute correct sensitivities !
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Spurious Modes

Research papers Struct Multidise Optim 20, 2-11 © Springer-Verlag 2000

Maximization of eigenvalues using topology optimization

MN.L. Pedersen

E, = p.P1E,
. me = pel2my
"'-:._____._--"" _ Ca Analytical first eigenfrequency Ve = P31y
.94 (using beam theory) SIMP:p; = 3,p, =p3 =1
A>T o = 14238, w, = 142.9 Hz Do = Penin: PP K Do

Modulus of elasticity
E = 1.810"" N/m?

Poisson’s ratio
v = 0.06

Mass density
p = 2300 kg/m>

ALLLTRTRRUANANS \\\\“i ii ii i\\\ ALLLVLRVLRAAAN

Y w, = 0.997 Hz

- L, =1m —&
Thickness T = 0.01 m
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Modified SIMP

Local "Rayleigh quotient” - E/m

> m— nl=3, p2=1
Bl=3, B2=6
4 } -
3 L -
Zero frequency!
2 T / ]
f/
0 L4 Ep— L L L
0 0.2 0.4 0.6 0.8

w, = 142.3 Hz
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Discontinuous Stiffness

me :mOIOe’ 0<pmin SIOe <1

Ep’, 01<p <1

e 1
—Ep.s Puin <P, 0.1
0/7e> min — /e — 7°
100
10000 - . , .
P
100 | p /100

|II
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i - |II

50007 . |
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\
\ \
l'-. ] ~—_
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RAMP Interpolation

Struct Multidisc Optim 22, 116—-124 © Springer-Verlag 2001

An alternative interpolation scheme for minimum compliance
topology optimization

M. Stolpe and K. Svanberg
i

SIMP

Mod. SIMP

yo) RAMP (p=3) ——
e

0 0.2 0.4 0.6 0.8 1
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Mode Switching (1)

« Weighted average

1
max -
g
2
i=1 Ct)l-

N
subjectto > v,p, <V
e=1

0<p_.. <p<l
(K—an)cD =

0

Choose i

max

Vehicle Structure Optimization

Bound formulation

max [
p

subjectto -’ <0, ie{l

N

Zvepe <V

e=1

0<Ppin <p =1
(K—an)cD ~0

I

% "max

j

large enough to ensure smoothness !
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Mode Switching (2)

* Mean eigenvalue
A =4, +(iwl. (/1,11_ — )n/iwljn (forn==%1%2,...;n#0)

i=l1

4, chosen eigenvalues

w;: given weighting coefficients

Ay» A, + given shift parameters

m: number of eigenvalues of interest

n: given power

case l:n=—1, m=1, 2,=0, D> w, =1= A =4, (lowest eigenvalue)

i=1
N 1 ~ 1 W,
case2in=-1, Y w=1=A=l+———— > A= -y
i=1 i w, A-4, T ﬂ,nl_ —loi

e

Maximize A (maximize the mean eigenvalue)

¢ Maximize A with 4, = (2”0)0,. )2 (away from the specified eigenvalue)

Minimize A with 4, = (27m)0i )2 (approach to the specified eigenvalue)

“
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Sensitivity Analysis (1)
Maximize A — Minimize f (x)=-A

m m 1 ZWI. (ﬂ”i _Z/Oi )n
AZ&0+(ZW1</1”I._/101)]1 ZWijn—)(A—lO)nI i=l
i=1 i=1

> T =) S =D (2,4, ) =0

of i1 ON & y )
(ST WED ALY

n-1 82}11
op

m 1

op S
i=1

SRS S S ()

1-n
. oA _ (A-4) ZW'(&@ _ﬂ“oi)
=1

T im (4, =4 ) NP

i=1
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Sensitivity Analysis (2)

where {—<=| B"—<BdQ

. e N,
mewg (OA__ 1§y, OA
op. p.> H, T P,
f=1
g _ V.
o, Y,
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Modified Optimality Criteria Method

(Minimize f(x)=A

Jsubjectto g (x) —1=-¢ ~-1<0
4 0
0 pminspegl
éf +A—= % _ f—af’—)Dezl _ 9 /% =1 for 0<p,. <p, <1
8/0 ap, AL 9p, ] Op,

- plt=(DL) pt - for 0<p,, < p, <1

DY : positive ?

o _ﬂ@g +,1*a_g:0 for p, < p, < p! (’1*:/1+“)
aloe ape ape

Be:L* ’u_('?f 24 =1 for pl<p <p' where u>max g /%
A op,/ Op, e \Op,/ Op,

e

—> Vi = (51‘ )n pt for 0<p_ <v <1
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Multiple Eigenvalues (1)

* Inherent property for 2- or 3-dimensional
homogeneous and symmetric (eg square or cubic)
structures

« Often an outcome of the optimization procedure

Struct Multidise Optim (2007) 34:91-110
DOI 10,1007/5001 58-007-0101-y

RESEARCH PAPER

Topological design of freely vibrating continuum structures
for maximum values of simple and multiple eigenfrequencies

and frequency gaps

Jianbin Du - Niels Olhoff

A ASnissb desn doman |\
K200

Vehicle Structure Optimization

a

Eigenfrequencies
w
o
o

" (Maximized) @,c—=

20 .40 o) 80
lteration number
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Multiple Eigenvalues (2)

double eigenvalue: (ﬂ, =w’,4, ,¢2)
I\ normalized mode shapes
a o =1747 Y {¢1TM¢1 =1
¢, Mg, =1
mode shapes are orthogonal
6" Mgp, =0

b @, =o" =174.7
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Sensitivity of Multiple Eigenvalue

Available online at www.sciencedirect.com I
( JOURNAL OF

-
dK _, aM i

i e - i VIBRATION

2/ ¢ ¢ ¢ J— C ¢ + C ¢ ) — ¢ ¢ ELSEVIER Journal of Sound and Vibration 289 (2006) 967-986 —_—
ST1°7F2 171 272 wonw clevier.comlocate/jsvi

. dp dp, dpe
¢1 M¢2 =0

nnnnnnnnnnnn

e

_ _ On maximal eigenfrequency separation in two-material
¢ TM¢ — 1 structures: the 1D and 2D scalar cases

L

Jakob S. Jensen®*, Niels L. Pedersen®

wark, Nils Koppels Allé

“Department of Mechanical Engineering, Technical Uy enmark, |
E ilding 4(‘4 Dkr?‘fﬂ(} Kgs. L) onmark
) ) T ®Institute of Mechanical Engineering, Aalborg University, idanstrede 101, DK-9220 Aalborg East, Denmark
—=C + C + 2C C ‘Vhere —_ [ Received 1 March 2004; received in revised form 7 February 2005; accepted 1 March 2003
1 11 2 22 1¥2612 O(ﬁ o ﬁ Available online 8 August 2005
d P, d ,O d P,

51 =@, + ¢\, 9, cllz+c122 :1—>¢71TM¢71 =1
@, =Cp @ +Cpy 0, C212 + 0222 =1- ¢2TM¢2 =1

:ﬁnding values of constants]

finding extreme values of To leads to new (small) eigenvalue problem
L Pe
d(dr)_,

dcl dpe Ly g1 8n € _ 0 eigenvalues 2_1 ¢ /T €
i dA | 0 8o 82|16 0f ceemeen €y i %)
dc,\ dp, )

di |4, with eigenvector @ =c, @ +c.b,
dp, |2, witheigenvector ¢, = c,,d, +c,,0,
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Mode Tracking (1)

— the order of eigenmodes may fluctuate

— critical to keep track of the target modes accurately during
the optimization process

« MAC (modal assurance criterion)

— used mostly in checking the correlation between
experimental and numerical mode shapes

— not explicitly used in the definition of the objective or the
constraint function

2
Computers ¢ar¢b ‘
& Structures MAC (¢ , D, ) =
PERGAMON Computers and Structures 74 (2000) 375-383 . —_— “ (¢aT¢a ) (¢bT¢b )

www.elsevier.com/locate/compst nuc

o @ D, : two mode shape vectors of interest
Mac-based mode-tracking in structural topology

optimization 0<MAC(®,,®,)<1

Tae Soo Kim, Yoon Young Kim* MAC (¢a , ¢b ) =1= exactly the same mode Shape
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Mode Tracking (2)

U

Extracted Modes &

Vehicle Structure Optimization

D, =D, such that max [MAC(Qref,¢k )], k=1,...,N,

N, : number of modes to be checked

Reference Mode @ ref

Check MAC (b ref . Dk )

U

Objective Mode W opj

e 1
|
. -
= T
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Flowchart

[

Initial Design
(Design Domain, Boundary Conditions, Volume Fraction)

]

A

y

[

Finite Element Analysis
(Modal:

Design Update
Material Distribution Modification

H )

linear)

A

y

[ Objective/Constraints ]

ensitivity Analysi

ey

Converge?

(Filtering)

No

[
|

MAC-based Mode Tracking |

Yes

[ Post-processing ]
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Buckling Problem

Free vibration problem: (K —o'M ) D=0

Linear buckling problem: | G (u) -——K| © =0

geometric P buckling
stiffness critical shape
load

INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEERING

Structural Optimization 10, 71-78 © Springer-Verlag 1995 5
Int. J. Numer. Meth. Engng 2002; 54:809-834 (DOL: 10.1002/nme.449)
echnical Papers Topology optimization of periodic microstructures
Generalized topology design of structures with a buckling load with a penalization of highly localized buckling modes
criterion
Miguel M. Neves', Ole Sigmund” and Martin P. Bendsae’*
M.M. Neves, H, Rodrigues and J.M. Guedes
"nstituto de Engenharia Mecdnica. Instituto Superior Téenico, Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal

2Department of Mechanical Engineering, Section of Solid Mechanics, Technical University of Denmark.
Niels Koppels Allé 404. DK-2800 Lyngby. Denmark
3 Department of Mathematics, Technical University of Denmark, Matematiktorvet,
B. 303, DK-2800 Lynghy, Denmark

IDMEC-Instituto Superior Técnico, Mechanical Engineering Department, Av. Rovisco Pais 1, P-1096 Lishoa Codex, Portugal
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Frequency Response Problems

Mii +Cit+ Ku = f —L20 5 (K + joC -0’ M)U = F

U Jjot 4

. XH

IIE

(Direct Frequency Response): U=(K+joC-ao'M) F

. HEZHB(Modal Frequency Response):

u=¢p, - Mii+Ku=f—>¢' Mg p+8 K¢ p=4'f (i=1....n)
i=1 %r—’mi %,—/ki p

oT oT
f=Fe’® | orthogonality N g = ¢1 F . ¢1 F
=Ue’™  p.=q.e’™ 71 2 o
u=Ue’”, p;=g;e kz‘_a)mi mi(a)iz_a)z)

U= Z¢( ¢TFj Z¢qz cI)Q<_{a)l.2:jcigenvalue

¢,: eigenvector

1
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Frequency Response Problems:
Objective Function

Minimize 7z=%‘UTDU‘

« Dynamic mean compliance: p=2(K+ joC-o’M)
 Internal energy of the structure: p-g
 Kinetic energy of the structure: p-wm
 Norm of frequency responses:. p-1

* Frequency response at specified DOF of the structure:

w, # 0 at specified DOF's

D = diag{w,} where
w, =0 at the other DOF's

+ ST FI= A ([e-al)olliA De

Minimize [1= j a))a’a) = Z W.TT (a)

(w;,@; ): quadrature weights and points
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Journal of Sound and Vibration 444 (2019) 1-20

Contents lists available at ScienceDirect

Journal of Sound and Vibration

ELSEV[R journal homepage: www.elsevier.com/locate/jsvi —
—/—
A critical analysis of using the dynamic compliance as objective M)
function in topology optimization of one-material structures Gl |
considering steady-state forced vibration problems
Olavo M. Silva®*, Miguel M. Neves ", Arcanjo Lenzi?
a ical Engineering D Uniy Federal de Santa Catarina, Florianopolis, SC, Brazil
U IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal
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miniﬂmize [Calap(p. p),

subject to  Kp(u, 0p)U(p, @) = Plwy),

SUT (K@U ()
<

Cs=100

C.(u) = 100
(@) G,

Vr(p) < Vg,
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0t

1071

104 —Initial conflg.
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Compliant Mechanism

« Mechanisms which intentionally use the structural fle
xibility as a mechanism function

« Kinematics (Flexibility) + Structure (Stiffness)
 Elastic Deformation = Mechanical Function
« Jointless Mechanism : Less Wear, Noise, etc.

« Manufacturing with NO Assembly
— Micro Machine, MEMS application

Rigid link mechanism Compliant mechanism
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Design of Flexible Structures

« Kinematic function — Flexibility

v o»

/ /

e Structural function — Stiffness

J/L
Deformation
Constraint
/ + +
/
7 ¢
4 Constrained
Reaction force Applied force Motion
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Optimization Problem

Flexibility : Max Mutual Mean Compliance

1 Trade-off

Stiffness : Min ZMean Compliance

o £@)
®m) Multi-objective function: agiielsgilze e (u3)+ - w)L4 (u4)

where w is the weighting coefficient suchthat Q < w <1
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Example: Compliant Clamp

1841 QUAD4 O =0.25x 2, Large displacement analysis

Von-Mises stress distribution
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Example: Compliant Gripper

&4—: 64 - To maximize the displacement in the
o direction of F2 at point P2when the force
) — 16 —>] Zl is applied at point P1.
F1 Plf 48 - _1% MP 2

F2

, O
W///////////////////////}//}////ﬁ
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Comparison of Analogous Properties

_ Discipline
Generic Term — : :
Elasticity Heat Conduction | Magnetostatics

Potential function {u} u {A}
“Strain” {e} —{Vu} {B}
“Stress” {c} {q} {H}
Load Density {p} {Q} {J}
Boundary Load {t} {g°} Hxn
Definition of Strain {e} = [L] {u} —{Vu} {B} =V x {A}
Constitutive Relationship {c} = [D] {} {q} = -[K] {Vu} {H} = [u] 1 [B]
Potential Energy Y2 {c}T {€} Y2 {H}T {B}
Equilibrium Yoy =-P, Ve{q}=Q V x {H} = {J}
Inertia Loading {P} = —p{u,y} Qs = — pcuy,

R. H. MacNeal, Finite Elements: Their Design and Performance, Marcel Dekker, 1994

Vehicle Structure Optimization
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leat Transfer Problem

Conduction and convection in steady state

(o er
—| K, n Q
le( 7o, j !
T'=g onl,
strong form) - ! 555:
( . ) —Kl.ja—T n=h onl, N ihig
Ox \
oT Iy \”\\\ ™’
_Kij— n; :k()(T_TOO) on FOO
| Ox,
j K, — or aTdQ j deQ+thdr j (7, -T)Tdr =0
= (weak form) < Ox; Ox,
\T =0 on I,
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Optimization Problem

temperature 77 <> displacement u,

thermal conductivity K, <> elasticity £, {heat flux energy <> strain energy density
e

heat flux g, <> stress o, high conductivity structure <> stiff structure

temperature gradient 7; <> strain &,

minimize heat flux energy = maximize minimize total potential energy

design design temperature
subject to subject to
equilibrium volume
volume

maximize minimize F (T )

(a.b0) TeV
subject to
J.deQSQS
-1[ K, ST 2deQ Jl Q[ nrdr-+ j kT°dT [ kT, TdT
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Example: Heat Sources and Sinks

— Heat source: f= 0.2 W/m?

— Fixed temperature: T, =0 °C
— Material: kK, = 75 W/m C (white), k, = 2 k, (black)
— Volume ratio (kq: k,) = 1:1

— Measure: high conductivity, integral of| T- T,

|‘. 50 .’I

¥
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Example: Fixed Temperatures

— Fixed temperature: T, =100 °C, T, =0 °C
— Material: aluminum (k = 236 W/m°C) 30%

— Measure: high conductivity, amount of heat delivered from

high to low temperature
T, I,
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Example: Thermal Convection

— Fixed temperature: T, =100 °C, T, =25 °C

— Boundary: h, = 5.677 W/m? °C

— Material: k;, = 75 W/m°C (white), k, = 2 k, (black)

— Measure: high conductivity, amount of heat transferred by
convection along boundaries

30 o
st — -
T, /
Y
. A
20 fl 0
L r\”n
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Example: Shell

Non-design domain (£ = 0)

— Fixed temperature: T, =100°C, T, =0 °C
— Material: aluminum (k = 236 W/m°C)
* 30%, 50%, 70%

ffffEEEEN
fffEEEEEm
fffEEEEERn
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Electromagnetic Problem

— J. Yoo and N. Kikuchi, Topology Optimization in Magnetic
Fields Using the Homogenization Design Method, Int. J.

Numer. Meth. Engrg. 48, pp.1463-1479, 2000

Pole shoe Magnet

¥ \’\ h’ ™
7
¥ \{ N
4 7 .
) S X
stress distribution \__SAa_
magnetic flux distribution
field by FEM stress/flux density constitutive Eq.
Elastic Ku=F e=Vu o=Esg
Magnetic KA=J B=VxA H=£B

Vehicle Structure Optimization
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Optimization Problem

 Magnetic energy

1
“h

n
where B : magnetic flux density, p” : homogenized magnetic permeability

1 1 1
W, == B' = BdQ=—[ J-AdQ=_NIp
240 240 2

J : current density, A : vector potential, H : magnetic field strength

N : number of turns, / : current, ¢ : magnetic flux

1 ) . )
(w,) = —I B'M’'B dQ where M": homogenized permeability matrix
m ), 2 Ja, e e e e

« Maximize magnetic mean compliance = maximize
magnetic flux

maximize  fye = NI@

N
subject to Zve —-V<0

e=l1

« Sensitivity considering the saturation effect

anMC:ljBTﬁ 1 o 1 Bl
Ox 270 oxp(B) OB p(B))ox
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Example

gap

g

Nonlinear case

Linear case
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Sound-Vibrations Coupled Problems

« Sound insulation using laminated structures
composed of porous media

« To obtain the optimal layout of porous media

Elastic structure—"

Porous media—"
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Porous Materials

 Two phases material
— Solid layer and liquid layer
— Coupled problems with respect to inertias
— Viscous damping

* Numerical analysis based on Biot’'s model
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Porous media model

| _ Simplified Homogenized
Practical microstructure  microstructures Properties

Constitutive laws 7
of; = [(P—2N)ejy + Qel,)oi; +2Nej; =

L)

of = Qej+ Rely

Governing equations

éj,%;j+cu (p*°uf + p=uf) = 0
f 2.0
(ZJ TPl +p ) =0 : 1 e
" Viscous damping o] i s
2 |
Equivalent mass density ... / § 1]
e ) 0 §”Gi(w) g
P = (1= )+ (oo = N e
e 0¢*G;(w) -
p = _(am_1)¢pf_j—uj 0.0
P = g (o — ! 1 T
Jw

Radius

— Use of Biot’ model Velocity distributions in microstructures
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Example

To minimize sound pressure at specified frequency ranges

Evaluation domain )¢

Acoustic cavity | !

Elastic cover t=0.002 m 0.075

N

l Design domain Q7

>
Elat panel t=0.0012 m 7 Excitationtﬁv

0.360 m
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Optimal Configurations

 Volume constraint is set to 25% of total volume
— (a) From 55 Hz through 85 Hz

Porous media Air
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Sound Pressure Response w.r.t Frequency

Spectrum of objective function [dB]
|

__________________________________

________________________________

S e — — T Sp—

Vehicle Structure Optimization

!
200

I
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Frequency [Hz]

! I
300 350

f f
400 450 500
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Additive Manufacturing

Chinese Journal of Aeronautics, (2021), 34(1): 91-110

— Produce geometrically CompleX Q

Chinese Society of Aeronautics and Astronautics

N & Beihang University

components layer-by-layer v
— Reduce the geometric complexity csaa
restrictions imposed on topology

Optimization A review of topology optimization for additive L)
manufacturing: Status and challenges

Chinese Journal of Aeronautics

— Make near-full use of the freeform B | | | ,
. Jihong ZHU ™%, Han ZHOU , Chuang WANG*, Lu ZHOU *, Shanggin YUAN ©,

structural evolution of topology Weihong ZHANG*
O pti m izatio n * State IJR Center of Aerospace Design and Additive Manufacturing, Northwestern Polytechnical University, Xi'an 710072, China

Y MUT Lab of Metal Additive Manufacturing and Innovative Design, Northwestern Polviechnical University, Xi'an 710072, China
¢ Institute of Intelligence Material and Structure, Unmanned System Technologies, Northwestern Polvtechnical University, Xi'an
710072, China

Structural and Multidisciplinary Optimization (2018) 57:2457-2483
https://doi.org/10.1007/s00158-018-1994-3

REVIEW ARTICLE

@ CrossMark

Current and future trends in topology optimization for additive
manufacturing

Jikai Liu" - Andrew T. Gaynor? - Shikui Chen? « Zhan Kang* « Krishnan Suresh® - Akihiro Takezawa® - Lei Li” -
Junji Kato® « Jinyuan Tang® - Charlie C. L. Wang '° - Lin Cheng - Xuan Liang' - Albert. C. To'
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Aerospace bracket designed by topology

Original design ,-____--_____-_-___--__-__-_i_?P_ql_?%f_E'_Et.'.r[l.l??HT.?P.EI_TE?P_SEP.%?E_-__-__--__-------,

-

———

-

g S ——— | s

3D printing Size optimization

Loading test
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Additive Manufacturing: Issues

— Support structure design
« Support slimming
« Overhang-free topology optimization
— Porous infill design
« Porous infill optimization
« Lattice material optimization (meta-material optimization
— Material feature in AM
« Material anisotropy
» Microstructure control via topology optimization
— Multi-material and nonlinear topology optimization
« Multi-material topology optimization
* Nonlinear (multi-material) topology optimization
« Topology optimization of structures with specific functionalities
— Robust design incorporating material and manufacturing uncertainties
« Topology optimization under material uncertainty
« Topology optimization under manufacturing uncertainty
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CAD 50 degrees 45 degrees 40 degrees

(a) Topologically optimized support'"! (b) Tree-like support'”

Fig. 17 Innovative support structures.

35 degrees 30 degrees 25 degrees 20 degrees

(a) Non-self-support design (b) Self-support design

109

7 ' Fig. 18 3D printed topologically optimized industrial frame.
(a) Prototype fabricated by SLM (b) Solid structure (c) Lattice structure

Fig. 8 A satellite bracket filled with lattice.
C/8iC FGM
Pure SiC 5 layer L-C

)

sosasasetet

a®a 290
BRRRERRERR
4:~:~:n:n:~:~:l: Seged
£ %e%6%:%:%:%%6 %" %%
Lo o o o _0_0_0_ a a

I"l-

- ik
(a) A typical FGM scheme'™” (b) Backscattered electron image of (c) An optimized functionally graded
(a) Optimized beam infilled with (b) An engine bracket infilled (c) Bi-scale design of bridge-type C/SiC FGM* microstructure'
hexagonal lattice® with strut-based lattice® structure’’

Fig. 24  lllustrations of FGMs.
Fig. 9 Some topology optimization examples for hierarchical structures.
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Toyota’s Lightweight Car Seat

— Challenge: create such a revolutionizing model, but manipulate
and build such a large file

» apply the 3D geometry at the slice level instead of at the STL level,
and save all information about structures and textures as metadata

» (STL) 250GB (metadata) 36 MB
— Reduction: (volume) 72%, (weight) 25->7kg, (heat capacity)
35.4->14.5J/K R o Q

“1!"‘

https://www.materialise.com/en/cases/materialise-slicing-technology-enables-toyota%E2%80%99s-lightweight-car-seat
Vehicle Structure Optimization Topology Optimization: Extension - 52




Struct Multidise Optim (2013) 48:1031-1055
DOT 10, 1007001 58-01 3-0978-6

REVIEW ARTICLE

Topology optimization approaches . Topology optimization
A comparative review approaCh es

Ole Sigmund - Kurt Maute —_ DenS|ty approaCh

— Topological derivatives

m“in: F=Fup),p)= J'r, filulp), p)dVv

st.: Go(p) = fo PN}V — Vo <0 . — Level set approach
:Gilu(p), py =0, j=1,.... M ]
p)=0orl, VxeQ — Phase field approach

i P9 = % oy TG0, 200V * Discrete approaches

st Golp) =3, vipi — Vo =0 ! —_ .
e = Evolutionary approaches
cpi=0orl,i=1,....N .

’ ! « Lagrangian approaches
i P09 = T Joy 1050 204V and combined shape and
st Golp) =3 vipi —Vp =0 | I I I

G~ Tium - Wos0 topology optimization
0=p =1, i=1,....N
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Comparison of methods

Use of filtering and smoothing operators
Convergence and density vs phase field updates
Local vs global regularization

Continuous vs. discrete design variables
Optimizers

Boundary dependent loads and critical boundary conditions
Body fitted meshes

Provision of research codes to the community
Benchmark problems

Local constraints

On the need for level set approaches
Lagrangian methods
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Main Challenges

 Efficiency: large scale 3D problems

« General applicability: arbitrary physics problems
« Multiple constraints

« Complex boundary conditions

* Independence on starting guess

 Few tuning parameters

 Mesh-independent convergence

« Ease of use

 Alternatives to finite element analysis
— Finite volume methods for compressible flow problems
— Finite difference methods for nano-optical problems
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WCSMO-13: Statistics

« The 13" World Congress of Structural and
Multidisciplinary Optimization
« 201~24% May, 2019 Beijing, China
« 553 presentations (475 oral + 78 poster) in total
— China(273), Korea(48), Japan(44), USA(43), Germany(35)
« 13 topics

— Topology Optimization(204), Structural Optimization(40),
Robust and Reliability-Based Design Optimization(32),
Design Optimization(24), Multidisciplinary Design
Optimization(21)
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WCSMO-13: SOTA(State-of the Art) Discussion

Niels Aage
Technical University of Denmark, Denmark

Multiphysics & Multiscale design:

Achievements and Current Frontier

‘Wei Chen
Northwestern University, USA

Machine Learning and Data Driven Techniques:

Status and Opportunities
Hai Huang
Beihang University, China
(et
. i . . . . - -
M Promote the service of Topology Optimization for Layout Design of
A _n Engineering Structural Systems
Yoshihiro Kanno
The University of Tokyo, Japan

.‘ Reliability- and Robustness-Based Design
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Multiphysics & Multiscale design:
Achievements and Current Frontier

I L TTTT————
Multisc I Multiscale: Frony; Multiphysi Multiph
ale f - Fron Physic e ysics:
design tiers and Suggestiq YSics | Multidiscipling Frontiers ang g
Areas. of gpop, Microstrycty, : L= This ey y * The possiy '-'QQEstions
Rplicating . CU“nECt\\dit;ei:;:g—": Lotz ;\; is ha::a: fu ;ﬁn abstiacts, posters and presantation “Dfimizainn°1rm::fm (200 pysical ingigpy
. uired aj onc Wil “mut ieal L 5, oul of i 1 from agpy
Spacecran dasign, 5 Nd must be ensyreq by construction Miphysical design problems ut o Problems iz apparent, BENING sty
Homogenizati, * Themmemeehan * Multiphys;
: N based; chanics: 1 ¥S(Cal design optimizetio
Automotiye. 5 * Separation of scales? — Time: depengany. 1 4{ — - ::ur il o0k works for a mn’;;ﬂ::c:: - 10t ke ik compgance
= : o \ T — o
¥ et Error estimators are available | = ;i:ztean,r_ 9 ! i RAMAtIcS, not religoys baijefs W58 YOUT Mesthod based gn
Sleigenfrequencies: = Use these to quantify how well your design S oouch -
) Your design s truly multiscale * Acousticisiructure: 2 . " - it It prablems Tequire a praciss intorca
Muttiphysics (thermemech, pnt % Future needs: * Agrospace: 2 W A " X allows for just that, BESEIgtON ~ Lse & method thay
Townelc actuatory 30 Neret + | Alrniat = e " N Bt i
4 sion of the ; Couslics incl. viscothermal losses o T o o e . o g
Muttiscale REDQ.- 4 = connectivity Microstructural design problems with guarentied + Electromagnetics/Stnuch 'ab'l?::r;-u:\q . i * Mare multiphysics plaasac DIoP 20 miimum ccarp
3 s L i UM compliance —
« Can = + 3D extention to the homogenization based methods (hardil) * Fluid problems gt o 8=k mbiny
anical dual theory (discrete optimizatien). { * - Always validate your models/designs@ : ~ Thermal transport | conjugate heet transfer- 7 : “P'r‘n"‘?-
. Relate your new work to current SOTA There Is no nesd for rekventiog — Fluid structure interaciion: 1 Cess simulabion and optimization {who gaid AMT)
the wheel. It already exists, so let's just build faster and better cars® ~ Particle transport: 1 " educed order mefhods due to numerical compiexty
.. I gradients can be computed ~ do it and use them » Validate & verify - build f possiole

Presentations: multiscales (60), multiphysics (39

* Discussions
— Fluid-Structure for large Reynolds number
— CAD-CAE interaction
— Benchmarking problem
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Machine Learning and Data Driven Techniques:
Status and Opportunities

Machine Learning and Data-Driven Techniques

|

Surrogate Modeling I Integration with Optimization | 18
Traditional Metamodeling 6= Surrogate-Guided Global
Optimization
Methods for Data Issues
38 Papers Total* o | Surrogate-Based Shape
Feature Engineering (*some overlap themes) and Topology Optimization

Machine/Deep Learning sl= Deep Learning

Models Accelerated Design

Metamodeling

Q Metamodeling will continue to play an important role in SMO with expensive physics-
based simulations, for managing information complexity
(multiscale/multicomponent/multidiscipline), and for solving inverse problems.

Q Choice of metamodeling techniques and sampling decisions need to be integrated and
viewed as a resource allocation problem.

Machine learning/deep learning

Q Machine learning/dimension reduction helps to gain knowledge and draw insights into
physical relations associated with geometry.

a The use of deep learning needs to be justified.

a Physics-based machine learning and transfer learning are needed to make ML practically
useful.

Q Benefits of using ML-based TO over traditional TO methods need to be further studied

2 2 2
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Machine Learning and Data Driven Techniques:
Status and Opportunities

Pros SMO Keyword Count by Year

» ML models are fast to evaluate. (caywords related 1o data-drivenmaching leaming methods)
They can capture highly nonlinear behavior. ~ Kigng - EmergingMLmethods [l Toul counss
They can handle high dimensional inputs such as |mages S Parcostenn of oot M40 pudboastons

+ No explicit domain knowledae is required. = iy

cons

» ML models are difficult to train.
- They are in general only as good as the data.

e .8 rge- amﬁuntafh|ghq Uﬂlft}' data are desired. - - el
» They are hard to interpret.

—— m gt b - N7
1.5% 3 5
-
m some small data 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Engineering applications Cate sousce Eospua 04 52 2019

» expensive black box ﬁ.lnctlons Research on applying data-driven/machine learning

many CS + insufficient data . methods in SMO is growing in recent years.
applications of ML - some known physics

Number of Publications

‘Up to 05/02/2019, SMO has 184 publications in 2019.
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Promote the service of Topology Optimization for
Layout Design of Engineering Structural Systems

| ; ‘
)2 2 gy TaA Ay
; ; wcsmuqs

Frumoﬁ

g more wo
ks f cus
o : .
Structura) design pruhTE:‘I:'"ae""B

Main st
_ Fuct "
rrrrr tations/posts * Preg ure functions

38 session, Brving the outline configuration:
1

S 85 well as relateq
: topolog: = Providi
in other sessions. '€ling the space and locations of instailati
on

. supm«tm_g and Protecting ot
under va % loading cases:

" * providing enough stiffn
Protection for itself; R g
= And suppl ¥ing other special functions
[FSSSER——, -

Presentations: TO (200+ presentations, 38 sessions)
AM (60+), Explicit (30+), Multiscale(30+), Stress (20+),
Large scale (20+), {IGA, ML, MMTO, Multiphysics, Shell,
Mathematical/Numerical} (10+)

e Discussions
— Stress problem
— Benchmarking problem

It seems hard) i
¥ to give
9ive a summary .. her subsystem uipment,
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Reliability and Robustness Based Design

ONgoing,

CoOmputationg
*dl Cost- i
b~ Priori assh‘mmions 3

fidelity Simulatian

Bt ] Semandag
= input distribution in

- . i Nca Constraints,
OIT atll, oot N. com 'L_‘I'.'
HBDG el * Teuse of « oy
_ NCartainty gat in Samples. som i e .
— “ncertajnm , .  thearatica) Quaranteas Robust Optimization ki
* & limitegd nNumber of & I

Princeten =.J-1|-ue-rsn-,l Press, pr NCEHON (2008). (542
* D. Bertsimag, p B. Brown,
Theary ang applications of

SIAM Review 53, 464-501

C. Caramanis:
rabust optimization

* B. Peherstariar . W

: 2011}, (wi137 rafs.)
e, M. Gunzhiyrgg; * both for RBDO & RO, de
513 3 _ 0 ] » desired ;
- Survey of Muktitidefty methods in uncer. . : S
« DRO /- distribe: ; " tainty PIOpagalion, infsrence, and eplimiza. primers, educationa| articles, &
S WA ik [l'
¢ DIRS Workshop Report [Delage, Kuhn Matarajan, & Wiesamann ‘1z ;

1AM Review, 60, S50-591 (2018

accessil
o rafs
* Use of data in construction of ambiguity sat

asY-10-use methods:
= " "the set of the
* risk measures and salisficing criteria

among recer

thors™ has not changed very much
t WCSMOs, though BVeryone recognizes
oot Impartance of RBDO/RO.
¢ lractable reformulations and approximation algorithms .'rL;1i-hf‘Je-'|T},' simulation
Scenario approach [Campi & Garafti ‘15, SIAM (book)]

Presentations: 70 (East Asia 47)

e Discussions
— Only a few group
— Modeling uncertainty
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