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Starship

Height 121 m
Diameter 9 m

Mass 5,000t
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Video courtesy of SpaceX

~000,  SPEED 143 KM/H

s will be attempting the first ever return to launch site and catch of the Super He



’I Introduction

* Mechazilla and Chopsticks

Bl
/
Mechazilla |
Height 140 m

Horizontal

Cantilever forces

Single Axis for Both Arms
(Allows open/close and pivot)

Shock Mounts?
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« Optimization Target : Chopsticks

U= 300E9| ZAH 2

~ Subject 10| A Static load2F 1243+ Q| &F X XS

pal
ot
ot

Subject 20{| A Thermal expansiont Thermal weakening= F7t5t0{ |

https://www.youtube.com/watch?v=8sWomHYJbYQ
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 Model

#

material: high-strength alloy steel mechazilla tower?| 7|1t &&= 22 A
Property Variable  Value Unit 0| AL=OS d) RL HHO A (@:]
prasn T starshipl| ot52 BNF= 222 A I E0 A X<
[  Young's modulus E 200e9[Pa] Pa
[+ | Poisson’s ratio nu 0.30 1
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* Formulation

N
min : c(x)=U'KU = > E,(6,)u;k,u, «—— modified SIMP
=1

e
— _ p
: V(0) E.(6,) =E {0, +(1-06,,)0.'}
subjectto: —==1f
VO
¥ |nterpolation
KU B F Interpolation type:
0<0<1 SIMP .
SIMP exponent:
Froi ; T User defined -
¥ (QObjective Function + > =pv 2T sErdetine
3 1
s E:.;preggi.:.n Descriptinn Minimum penalized volume fraction:
compl.solid Ws_tot Total elastic strain energy Omin User defined -
0,001 1
¥ (Constraints 4+~ =~
FE
Expression Lower bound | Upper bound 7|_7.|_S E"_él_l__ll' 7E|-2 %k_gl XHE% A|-_g_'c'5|.7| _?_l'é‘H
compl.dtopol.theta_avy 0.12

—
volume fraction 740 2t

Andreassen et al., 2011, Efficient topology optimization in MATLAB using 88 lines of code, Struct. Multidisc. Optim. 43, 1-16 HANYANG UNIVERSITY &
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¥ Filtering

* Formulation ertype

Helmholtz -

Filter radius:

~
Rmin  From mesh =
O
I Miilling

¥ Projection

Projection type:
helmholtz hyperbolic tangent Fiyperbalic tangent projection T
. . . Projection slope:
filer projection 5 1
- Projection point:
, — tanh(56,) +tanh(B(0 - 6,)) B 03 1
RAG+6=0 0 =
tanh(ﬂﬁﬂ) + tanh(ﬂ(l— (9ﬁ )) ¥ Optimization Solver
Method:
G MMA -
ZE Optimality tolerance:
o 0.001
:: ‘ . Maxirnum number of iterations:
as ._,il"f . z . 1 100
04 ; ,
03 | . Parameter name | Parameter value list Parameter unit
| ?3 beta v 1248163264128256
of i".'_
e beta update (every 100 iterations)

Fengwen Wang, et al. (2011) On projection methods, convergence and robust formulations in topology optimization

9
Shengli Xu, et al. (2010) Volume preserving nonlinear density filter based on Heaviside function. HANYANG UNIVERSITY
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 Model

Geometric Entity Selection

Geometric entity level: Entire geormetry A

Element Quality

T Quality measure: Skewness =
TuYAAYy,
LOOOOARER
o -
;‘vgvﬁg*‘%ﬂe}g%ﬂ i »'é:: Statistics
TR g 1A Sl T
Py bb‘%i E,‘.‘“ iﬁrmn “::11»‘:.:5
K1 SRR S Complete mesh
R RS
S R e Sy SRR .
DK EE??F"&E Pt 125‘::‘!'3 Mesh vertices: 18218
1<) e A [ A
£ i e e S A
S gaaagas KL :aﬂgga m Element type: Al elements -
< i g s B
X CEREREREED SERRY
L) gg'.i;ag;-»: X SKERER Tetrahedra: 91292
[> A >
% '«iiﬂir‘hﬂr 4“;‘»‘5#‘-5 Triangles: 12581
S T riangles:
5 LER QRS
k1A Sl
L1 KK AVAYAvAiy Edge elements: 1207
o KT v
Ed 1
=1 L AT n 3
Ee AR . . Vertex elements: 102
[

Domain element statistics

MNumber of elernents: 91292
Minimurm element quality: 0.2139
Average element quality:  0.6629
Element volume ratio: 3.232E-4
Mesh volume: 3056 m*

Element Quality Histogram

- PZ T E E9| element quality A4t
- element quality= 10l 7t7M2+2 £2

- 0.1 0|5t 42 poor quality= THTE

HANYANG UNIVERSITY 10

www.comsol.com/blogs/how-to-inspect-your-mesh-in-comsol-multiphysics
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’I Topology Optimization - Subject 1
* Model

v =3 Solid Mechanics (solid) (1) Symmetry

s Linear Elastic Material 1
S Freel

= |nitial Values 1
I Symmetry 1

—

e Added Maszs 1
(s Spring Foundation

s Spring Foundation
lm Spring Foundation
"E Gravity 1
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 Model

v E=A Solid Mechanics (solid) (2) Added mass

s Linear Elastic Material 1
I

i Free1

e Initial Values 1

(m Syrmetry 1

E Added Mass 1
(s Spring Foundation 1
lm Spring Foundation 2 r—
lmw Spring Foundation 3 m

"E Gravity 1

Superheavy mass : 200 t

— Ot A+=E 184010 300t = 29

* Added Mass

Mass type:
Total mass -
m  150e3 kg
Isotropic -
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* Model lfting cableto] 1 2.2

v E=A Solid Mechanics (solid) (3) Spnng Foundation

s Linear Elastic Material 1
S Freel

e Initial Values 1

I Symmetry 1

| Added Mass 1

s Spring Feundation 1
(s Spring Foundation 2
lmw Spring Foundation 3
3 Gravity 1
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* Model

v £ Solid Mechanics (solid) :
s Linear Elastic Material 1 (4) GraVIty
S Freel
i Initial Values 1
m Symmetry 1
m Added Mass 1
e Spring Foundation 1

X
w Spring Foundation 2 9 0 y | mfs
- Spring Foundation 3 -g_const
I? Gravity 1
= <o
Td TES9 AESE A
| |
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* Result
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* Result
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’I Topology Optimization - Subject 1

* Result

25¢

2.0F
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Objective
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() 2.433e6 Beta Values

beta=1
beta=2
beta=4
beta=8
beta=16
beta=32
beta=64
beta=128
beta=256

4141

e ® ® ® o

@)
O
O

0 200 400 600 800
Iteration

HANYANG UNIVERSITY

17



’I Topology Optimization - Subject 1

* Result

beta(9)=256

Computational
C Design
Lab

Volume: Displacement magnitude (m) Max/Min Volume: Displacement magnitude (mm)

max displacement = 5.17 mm

%1073

4.5
max: 5.17297 mm

1 3.5

1 2.5

1.5

0.5

HANYANG UNIVERSITY
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* Result

beta(9)=256 Volume: von Mises stress (MPa) Max/Min Surface: von Mises stress (MPa)

MPa
A 304

30

25

20

15

10

V¥ 0.0193

max stress = 30.35 MPa
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* Result

7 | 2':— E Eél -6H £|‘| J_I_|' I:I | le_ Mesh Max/Min Surface: Element quality (Skewness)

0.9
0.8
0.7
0.6
0.5
0.4

0.3

0.2

0.1
TAYAvava, =3 —=lk
e 2 O T 5 = ARE?
£ A AV AN AV AV A VA oo & v A [
[ ‘vmv‘v‘e:ﬂ@{:;; &, - 1R

LA

Domain element statistics
Number of elements: 2977417
Minimurm element quality: 2.097E-8
Average element quality:  0.6671

Elernent volume ratio: A4 174E-14
Mesh volume: 416 m?

MO 2 £ 0.62] element qualityS %
S&et d4ol 2E0|M= o0 7Hit2 242 7HXA7| 20
o

H
2F A7 3/ LIEtE ALz Od

Element Quality Histogram

HANYANG UNIVERSITY 20




imizati i CDL &
’I Topology Optimization - Subject 1

* Result

7|1E ZE oAt B

Volume: Displacement magnitude (mm) Max/Min Surface: Displacement magnitude (mm)

70
max: 70.1383 mm 60
50
40

30

max displacement = 70.14 mm
(Z[H 2=l D A0 A L] max displacement = 5.17 mm)
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* Result

7|1E ZE oAt B

\l< Volume: von Mises stress @ax/Min Point: von tress (MPa)
| 1| X
| |
|

von Mises stress (MPa), Point: 55

99.167

Volume: von Mises stress (MPa) Max/Min Point: von Mises stress (MPa)

min: 0.00691554 MPa

= M3t =l &40 A max stress(30.35 MPa) 7t 2421 E point £2 9| stress
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- 1 0.6

t 4 0.5

- 4 0.4

¥ 4.34x107°
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’I/ Topology Optimization - Subject 2

 Model

i £t = Al ChopsticksO|
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* Formulation

N
. . T _ T
min: c(x) =U KU—Z:;‘Ee(@e)u k.u

subjectto :

Vv (6)
Vv,
KU=F+F,
0<0. . <061
K.T=Q

E, = E, (1- aAT)

f

, cE 2 HEHT € 791 HHQ & 0|83l FEM

HANYANG UNIVERSITY 24
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* Formulation
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* Formulation

. o — o A H5
T g I YA ME A A g2 A4t X 25} e A4
_ T
KU — F + Fthermal gthermal = OtAT Gthermal Dgthermal thermal J B'o O thermal dQ
o QHEE A% D:EHd ™

12.3e-6[1/K]

HANYANG UNIVERSITY
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* Formulation

L E 25 70 U2} Young's modulus H2totE =

Computational
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Lab

INPS =S|

oz
AE =80 |
:: Basic (def) Expression:  200e8[Pa]*(1-3e-4[1/K]*(T-293.15[K]))
v 2% Young's modulus and Poisson's ratio (Enu)
) . Arguments: T
= Analytic 1 (E)
5| Murnaghan (Mumaghan) Derivatives: Automatic

HANYANG UNIVERSITY
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’I Topology Optimization - Subject 1
* Model

¥ Heat Flux

Flux type:

v |l Heat Transfer in Sclids (ht) Convective heat flux

Heat transfer coefficient:

Computational
C Design
Lab

'I= Solid 1 User defined
|I= Initial Values 1 Heat transfer coefficient:
% Thermal Insulation 1 ho 10
; Ter‘ﬂperature'l External temperature:
; Heat Flux 1 Tex User defined
293.15[K
4‘_% Multiphysics "

E8 Thermal Expansion 1 (tel)
. * Added Mass

Mass type:

Total mass

m  150e3

Isotropic

AHO ost €8 71 2 =4 e Ao 600K 2| Dirichlet boundary condition

THOf 293.15K 2| 2 E2F10W /(m*K) O CHF A& HEd STl F#E A
=0E=s 2 228d

kg

F 0ot

o

=

o 2
H==X O 2
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* Result
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Objective

Weihong Zhang, Jungang Yang. Yingjie Xu,

Topology Optimization - Subject 1

* Result
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’I Discussion
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Weihong Zhang, Jungang Yang, Yingjie Xu, Tong Gao (2014) Topology optimization of thermoelastic structures: mean compliance HANYANG UNIVERSITY

minimization or elastic strain energy minimization



’I Discussion

Li, X., Zhang, W.H., & Gao, T. (2021) Enhanced SIMP Interpolation for Improved Convergence in Topology Optimization with Design-Dependent Loads.
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2|

A
)
ga)

- RAMP(Rational Approximation of Material Properties) 2 & AtE

0
1+ q(l—g) (EO o Emin)

q: 22t g0l Hods =H=ok= o7l
Aot S LRSI =4 7h4d
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- www.spacex.com/vehicles/starship

- www.youtube.com/watch?v=8sWomHYJbYQ

— Andreassen et al., 2011, Efficient topology optimization in MATLAB using 88 lines of code, Struct.
Multidisc. Optim. 43, 1-16

— sFengwen Wang, et al. (2011) On projection methods, convergence and robust formulations in
topology optimization

— Shengli Xu, et al. (2010) Volume preserving nonlinear density filter based on Heaviside function.

- www.comsol.com/blogs/how-to-inspect-your-mesh-in-comsol-multiphysics

— Weihong Zhang, Jungang Yang, Yingjie Xu, Tong Gao (2014) Topology optimization of
thermoelastic structures: mean compliance minimization or elastic strain energy minimization

- Li, X., Zhang, W.H., & Gao, T. (2021) Enhanced SIMP Interpolation for Improved Convergence in
Topology Optimization with Design-Dependent Loads.
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