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Background

Coated orthotropic infill (shell porous-infill) structures
v' Biomimetic structure - Exists in nature such as animal bones, and plant stems

v Advantages of shell porous-infill structure: Superior energy absorption, high strength-weight ratio,
Robustness to load variation and material deficiency

v Uninform infill versus Graded (spatially-varying thickness and orientation) infill

Human femur bone Uniform infill**** Graded infill=

" Y. Luo, Q. Li, and S. Liu, Topology optimization of shell-infill structures using an erosion-based interface identification method, CMAME, 2019
" A. Clausen, E. Andreassen, O. Sigmund, Topology optimization of 3D shell structures with porous infill, Acta Mech Sin, 2017

€ Gwangju Institute of " V. Hoang, P. Tran, N. Nguyeb, K. Hackl, H. Nguyen-Xuan, Adaptive concurrent topology optimization of coated structures..., CAD, 2020
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Science and Technology ***** S. Chu, L. Gao, M. Xiao, Y. Zhang, Multiscale topology optimization for coated structures with multifarious-microstructural infill, SMO, 2020

J.P. Groen, J. Wu, O. Sigmund, Homogenization-based stiffness optimization and projection of 2D coated structures with orthotropic infil, CMAME, 2019
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Background

Topology Optimization for Shell-infill Structures

m) Requires two design schemes for (1) Coated macrostructure, (2) Graded porous Infill

(1) Coated macrostructure design
v" Various approaches have been proposed based on smoothed (filtered) density field.

v Coating region is identified as material interface between void and solid region.
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GwangJu Institute of ™ J.P. Groen, J. Wu, O. Sigmund, Homogenization-based stiffness optimization and projection of 2D coated structures with orthotropic infil, CMAME, 2019

* A. Clausen, N. Aage, O. Sigmund, Topology optimization of coated structures and material interface problems, CMAME, 2015
IIII Science and Technology " Y. Luo, Q. Li, and S. Liu, Topology optimization of shell-infill structures using an erosion-based interface identification method, CMAME, 2019
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Background

Topology Optimization for Shell-infill Structures
(2) Graded porous infill design: Three approaches

A. Local volume constraint v' Straightforward single-scale approach

v High computational cost for large-sized

in single macroscale™™ . " large-
macrostructure with small-sized infill

v Abundant flexibility in infill design

B. Concurrent topology v' High computational cost

optimization™ ™" , o
v Require to work on connecting infill

microstructures

C. Homogenization-based v" Computationally efficient

kkkk kkkkk

multiscale approach™ v' Post-processing is required to restore

infill microstructures

"J. Wu, N. Aage, R. Westermann, O. Sigumnd, Infill optimization for additive manufacturing, IEEE VCG, 2018
" M. Schmidt, C.B.W. Pedersen, C. Gout, On structural optimization using graded porosity control, SMO, 2019
- . " S. Chu, L. Gao, M. Xiao, Y. Zhang, Multiscale topology optimization for coated structures with multifarious-microstructural infill, SMO, 2020
G T GwangJu Institute of "™ V. Hoang, P. Tran, N. Nguyeb, K. Hackl, H. Nguyen-Xuan, Adaptive concurrent topology optimization of coated structures..., CAD, 2020
S

: P. Geoffroy-Donders, G. Allaire, G. Michailidis, O. Pantz, Coupled optimization of macroscopic structures and lattice infill, INME, 2020
Science and Technology ****** J.P. Groen, J. Wu, O. Sigmund, Homogenization-based stiffness optimization and projection of 2D coated structures with orthotropic infil, CMAME, 2019
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Research Objective

Proposed topology optimization of shell-infill structure for additive manufacturing

Vi i il fiuidiry traction

Set design domain Fixed Design Domain v

and boundary conditions

v" Five sequential design procedures based on Define Design Problem
homogenization-based multiscale approach

Step 1

v Design of coated structure with spatially-varying

Prepare effective elasticity tensor C'f}

(functionally graded) infill microstructures e

Step 2 Y

~ Pml'
Multiscale [ = e 5
. . . . . . Topology Optimization = ,
v' Limited in two-dimensional single-load problem DZ’ A m

for given problem

<Ch> < Cls

< Optimized microstructure density > < Optimized microstructure orientation >

Step 3 7 Pm l

Post-processing for A

Coated Structure Design O .
Modify microstructure size design variables

for coated structure

< Modified microstructure density for coated structure >

N -s.‘."’~ « KO % ©e Step4 v

Eliminating Duplicate EOOOO G OOOCK '
Microstructure States XOOOXX ‘ ‘
Modify microstructure orientation design | i ‘ ‘

variables for eliminating duplicate states Before modification After modification

< Modified microstructure orientation >

Step 5 \

De-homogenization

Restore designed microstructure
as explicit geometry

P RS, >
~ —— 3T -
e —— g T -_',-‘-h -

additive manufactured design result Reanalysis of

Design Result

€ T Gwangju Institute of O gt v
S Science and Technology | . '
Design procedures
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Key ldeas

A. Design of coated macrostructure

v' Straightforward sequential post-processing
approach based on filtered density

v" Suitable for graded infill structure

v Not suitable if coating structure is critical

B. Design of infill microstructures

v Orthotropic infill microstructure is restored
as explicit geometry using rotated rectangular

v' Easy to generate mesh of design result
for re-analysis

v" Suitable for additive manufacturing

€ T Gwangju Institute of
S Science and Technology

Infill structure using rotated rectangular
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Part 2
Topology Optimization Formulation

Step 2 Step 3 Step 4 Step §
Topology optimization Coated structure Eliminating duplicate states De-homogenization
M.ila.‘ozmlimre Microstructure Modified microstructure  Modified size variables Filtering on Restore
Sf:ﬂrflfllil size variables size variables for unification design variables Microstructure
* * i * T \ o
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Y yz( yZ( )) with (18), y2\ Yy (E.g. (23)) y y yZ( yZ( )) Void holes
(19).(22 S~ Size
I\-Iiﬁ}‘osrtl'?_cmre Microstructure Modified orientation Filtering on
degilglnv?lsizll])les orientation variables variables for unification  design variables | Orientation
- r i
A0 I(de(x)) @) C00)
(6).(7) refer Fig. 4 d(x 24) 7’ )+ Center
d?](x) U(dn(x)) (eg (23)) n( ﬂ( )) n(d n(x)) {33)/
hmﬁgfg}l?nn‘e Filtered design Material Extract
design variables ~ Variables density field /—?Macmstructu re
dg(x) 4)(8) dg, (X)(g’g)_(m) p(dg(x)) Geometry
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A. Design of coated macrostructure

Sequential post-processing step after designing macrostructure and infill
v Simultaneous design of coated macrostructure and infill densities may cause 0-1 convergence problem
v" Ambiguity between macrostructure density p, and microstructure hole size fields I, and I,

v Coating region may cause sudden change in material property

T ~ lu er ZloweT’
_Rivgd@(x) + dQ(X) = d@(X) l‘yl(X) = 2 5 (dyl(X) + 1) + Lpwer-

7 lu e-r_l.ower
p(00) = H,(d(x) ) = 2 4oy 1)

vot - -~ H vot
CH(x) = C* 4 p(dy)"(C"; (dyn, dyo, de, dy) — O
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= Problem in 0-1convergence of macrostructure density
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A. Design of coated macrostructure

Post-processing step after designing macrostructure and infill

v To avoid this convergence problem, sequential approach is proposed for coated structure design

v’ After designing macrostructure without coating and infill density, infill density is set to 1 (i.e. hole sizes
l,; and |, is forced to be 0) at the interface of macrostructure density

o(x) in D Wpna(X) = 1 — Cpnappna(X
_REVEHx) + () — p(x) bnd(X) bdPbnd(X)
0 inDe g — s :
‘ l;‘;l (X) — u“bnd(X> upper ower (dyl (X) + 1) + l{owe.r
\N 1 if 01<p(x)<09 - 2 -
,‘ AN Pond (X> — , _lupper — liower ]
Macrostructure density p O (i)ﬂlerWlse lyQ(X) — u"’bﬂd(x) I 2 (dyZ(X) + 1) + l[owe-r_

Macrostructure boundary \
density p,q -

G B Guwangju Institute of Infill density (1-1,,)(1-l,,) before and after proposed post-processing
S Science and Technology
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B. Design of infill microstructure

De-nhomogenization using explicit geometry (rotated rectangular)

Macrostructure Microstructure Base cell

v Explicit geometry representation imitating
microstructure base cell

v' Easy to handle small-sized microstructure unit cell

Y2 AV’

L—A_‘. gy ‘(\, el L.y]

! :
Macroscopic coordinate Microscopic coordinate

Microstructure with rectangular hole

v' Easy to generate mesh for re-analysis

a0
VAV 4
POOAS
YAVaw AVAVAV .Y AN
TR
Ay

Infill structure with very small-sized
microstructure unit cell

Finite element mesh
for re-analysis of design result

€ T Gwangju Institute of
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B. Design of infill microstructure

De-homogenization using explicit geometry (rotated rectangular)

v From microstructure orientation fields ¢, n, the density field p,4 representing square void
region is obtained. Then, its centroid location is determined using image processing

v" Rectangular voids are then removed from the macrostructure
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Infill design

€ Gwangju Institute of L . . . . ..
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Part 3
Numerical Exampies
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MBB Beam Design

Shell-infill design for compliance minimization problem

o I, External Domain D_, /)11“
A % 09
% tm 0.8
0.7
| o Fixed Design Domain D Z:
D
% 93 444444—pﬂ—uu A ’ :::
R , o I D, W
I-—o_\‘l < ° W > ° . . 0 . . L]
Design problem Microstructure density field p,, Microstructure orientation

Comphance Volume fraction
value ( (V/Vior)
232.64 0.4004

Compliance  Volume fraction
value (P) (V/Viot)
233.90 (.3988

B o

Restored infill structure

CAD model for
additive manufacturing
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MBB Beam Design
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Shell-infill design for compliance minimization problem

Number of cell per unit length P=15
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Compliance
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Bell Crank Design

Shell-infill design for compliance minimization problem

ID m

Non-design Domain D, 1
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Design result with restored infill structure
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Bell Crank Design

Shell-infill design for compliance minimization problem

von Mises
Stress (MPa)
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CAD model and its reanalysis result

Additive manufactured design result

Size: 240 X 150 X 30 mm
Model: A multi-jet printing machine (Projet 3510 SD)

Resolution: 0.0250-0.05 mm per 25.4mm
II Gwangju Institute of
S

Science and Technology Printing material: Ultraviolet curing plastic (Visijet M3 Crystal)




Bell CrankDesign

Shell-infill design for compliance minimization problem

[l 4414

I‘- Non-design Domain D, tdz@
( S\ ) ‘ ) \“\.;,» ,,/" = i Fixed Desigh Domain D
External Domain D,

tqr (traction at I';y) tqr (traction at I'ys)

A (1,0) N/m? (0,1) N/m?

B (—=32.0) N/m? (0.3) N/m?

C (]3 0) N/m? (0. ;‘) N/m?

D (f% 0) N/m? (0, ;’) N/m?

Design result with various loading conditions loading conditions
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Any Questions?
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