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Additive Manufacturing (AM) is facilitating the fabrication of optimal structures derived
from topology optimization. While AM can produce complex shapes, support materials
are required when the overhang angle exceeds a certain angle. However, the use of sup-
port materials is time-consuming and costly. Therefore, there is a need for topology
optimization that produces manufacturable structures without support materials. Re-
cently, a method has been proposed to formulate geometric constraints by introducing
a fictitious physical model that detects geometric features. However, converging to the
optimal geometry is difficult with the method because a fictitious physical model is com-
pletely independent of a mechanical model describing physical phenomena and acts in a
non-interlocking manner. In this study, we propose a “coupled fictitious physical model”
in which two models interact. Specifically, convergence is improved by varying the ma-
terial constants used in the mechanical model so that the value of the objective function
worsens near domains where geometric constraints are violated. As an example, we con-
sider a stiffness maximization problem with overhang constraints, formulate a coupled
fictitious physical model, and perform a sensitivity analysis. Finally, a numerical example
is provided to confirm the validity.
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Fig. 1: The definition of overhang angle and unmanu-
facturable boundaries without support structures. The
angle between the state variable s in the fictitious phys-
ical model and the inverse unit vector d in the building

direction equals to overhang angle.
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Fig. 2: Diagram representing the interpretation of the
fictitious physical model. The zigzag lines represent fic-

titious springs with the spring constant of 1.
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Fig. 3: Numerical examples: structure and fictitious

physical field.
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Fig.4: Geometric singular points.
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Fig. 6: Numerical examples: domains that violate over-

hang constraint and fictitious young’s modulus.

5. REILEEOER L L BERT7ILI) X L
5.1. RBLEEDENL
FABETENML U2 ER R RENHEE T VICEDSE, W
MERAXCHEEEE 2 5. BREBEE 22 cEMbEhzR
(10) L ABETH 3. T/, BEEFHERE D, BEEZHEEK
DRI 573 IR & R 7= B 2 3EREET I E Dy 2 5%, [EE
FEME D Cf U CIRA T ICE 2 Rm A t 2Nz, BER
[, TZEfMu%z 0 LTEE2METS. Ty KOT, DA
RELBETEHEIRZVWDD L L, ZRLAOEFIZAERK
ROHEREREDIET DO TS, chb0BRAEZFDOD &,
ERDEREHBME Vinax 288 272V & 5 RSN G, 25

- 101 -



T ZorE, HRERFERARE LS.

Gulx(@)) = | X(6) = Vi <0
=V (asVsi —eix(¢)) + (1 = x(¢))si =0 in Da
si =20 on 0Dy
=V - (a,Vp) +p = g(s)(1 — x(¢)) in Da
p= on 0Dy
=V - oij(u,p,¢) =0 in Q
u=0 on Iy,
oijng = ti on I
oijng =0 on 'y

(20)

7272L, Da=DUDy, 'y =8D\(I, UT,) TH 3. 7z,
WHT YN o(u,p, ) EOT AT VYV e (u) R OBEE
AV VIATS Cijkl(p, ¢) FRHOWTHUTO LS ICERENS.

- _ 1 Bui 8u]'
stw) = 3 (G + 52 (21)
Cijra(p, ¢) = Ex(p, ¢)
(7(1+U)1(/1_2y)5ij6kl + 72(11” (0irdj1 + 5il5jk)) (22)
Ex(p, ¢) = E (1 — 2 arctan (ypx(¢))) (23)
oij(u,p, ¢) = Cijr(p; ¢)eij(u) (24)
727U, ERIADOMEOY Y Z7RThHD, vIZR7Y Uit
TdH5.
5.2. ZAI50ELERE
RE{LOBECTHOEHEE QBB LT 2 -9, BRiElk
BEORT Yy FTLICARERA Yy > 2 b HERT ZHEN
HD. LAy Y aBHERICIBRRITBE X 003
7=, ZEHMER D\Q TN ANS/NZ Wi T > Y L& §f
OREMEITH 2 e iET 2 W, corx, HEmEERy 2
THAEBDOBEREIE SR MICT ALY A FEM 7 2 H
WT, BEEREHEBICH L CHRR & MBI T > Y L Cijn
WBHUTDOESICEREINS.

Cijri = {(1 = d) (9, €u) + d}Ciji (25)
H (¢, €u)
0 if ¢ <ey
1 5¢ 5(6\° 3 (o)) .
5 + <16€u — g (;) + TG (;) ) if (,23 S [_€u7€u}
1 if ¢ > ey
(26)

72770, e €ERTIE, AT A FEHOBBELZRT I X —
ZTHY, dFEHERD Y > 7 RICHT 3 Z2FER O Hx
HRETH 2. BBIEEZHRT 25E, FTEOMHBRE T
TVU—R =Lk BEFIPEENS. LrL, SEOME
RETIE, —RR L — 27 — VIZEFA T Z RIKIICHATE
RBFUREROBENE LN 20, MLEEEHA NS,
5.3. RREMRT

BenT, FEfEE RIS W RERT O RE R Y. F
Har7ro47 22 HNE#E Uil EEIZEC

BERERIEET B D, 20w & WIS T 5 B AR v 13 —80F 5.
7. IEEp BT B BEEARE N, LT B L, B
REUFORL % 3.

_9aij(w,p,9) Ovi

op O, (27)

—apV2Ap + Ay =
Ap =0

BEFEZRL N, Z T, (RBRYEE 7L s DREFFZER A, 13
UToaRickhErns.

{ a2+ (1= x@)h = % 2 1 y(6)? in D,
Asi =0 Z
(28)
MU ORBETEB KR SRR E VT, SR RAERN Y
ETNRBIZFABEEIML T LS ICEHINS.

% ov; aCijkl(pv ¢) % Ov;
Ox; Ox; o)) Ox; Ox;

J :(Cijkl(p: @)
+2(1 = x()) Apg(s) — e Vs — smsi) x(¢)  (29)

R (29) OFE—HEEOE EFEE SRR 2R L 1%
TAMCHEISEFERETH D, HYIEN O AR
HET CEOHEERETH 2. BEARKENYEE T L
WEoTZODEFAEERTZI &Y, h¥EFT LA
DT > VN Cijr(p, ) DIRBEAVEE T LV OREL %
U, FETLVHEOMEEERANREE S, X512, X (29) 0=
HEPF - RFETRE L LTEHEIN, ZOHIEZZS2DET IV
O H EXEIBE®REVWERD. o T, R T 2E
AR E T MK D, BT 2/ EHEEICB VT
b, BAZHHEGOBENAS Z T, BB K
ZFOMBENDHEEZERB L RPOIRER SN2 Z & HHE
BTED.
5.4. RELT7ILIV XL

BT LTV XL %2EHT 5. RESIFCEE L CQineR
7Y aBERWTEET S, FEHNEZEE 2 bR
0y —BHEtOSKO T ALY XL T XS RFIEL
5.

step 0: XAt ZR DK

step 1: XEABEXDFHE (X (20))

step 2: HHBEEOEH (X (10), TR L TVIUIKET
step 3: FfEAREADFHE (X (27), (28))

step 4: FAHEE R (X (29))

step 5: KHEGIINICBII 2575 VY 2 BBOEH
step 6: L ULty MEEOER (KX (5))

step 7: stepl IZJR %
6. BEREH

BAEfAT B & LT, WRAERIR 2 2R U 7 Z 0T o MR R L
M2 AIRERIEIC & D L2 S 2 MEE S 2. B

- 102 —

on 0Dy



MEREL LT 7O & 5 REEXRGER D, &OIEFREHE
W DN 2EZ 5. £z, YV 7% 210GPa, K7 Y VIt%
032 L, EHMMEHEERTHZ LIRET S, BAT, T
SR L, HLERPRO T KBt =[0,-1]" 22X
5. BEAMZ yEOED KL L. 5 HOBUER T3k
INAF—=N—= V0% 45° ¥ L, HED ERE Vinax % E
ERFREFTHBOHEBD 50%L 3 5.

2.4

DN 2.0

D

1.2 1 | E
Lol Fﬂ912 g
t| 3
y e
te E

Fig. 7: Design domain and problem settings.

LRy PEBOEHIZ, X (5) 2ARENRERRM ¢t
WLUTHEILLTITS. 827 v 72 ORRZED At
At=05t L7 MAT, X(G) ZFHETIEICHEMT, T
6=1DWREMEHT. ZHhUCkD, MEIATINZE
BT EFERA e L, WRERTHZ e 2 REHT 3. £
7z, XGB) MDD AAFTX—2E2ZNEFN K =10, C=0.7,
T=30x10"* ¥ FE L. BMGOLBRIEICEBIT 5%
A —RiZd=10x10"% € =05 L7%. (1) B
B IEER RN as = 3.0 x 107 2 L, I (18) 2B Bk
BUREIE ap = 0.10 & U7z, SERIRY 22 8938 55 o 5
g1(8)(1 —x)? RO EHHE MM go(s) ITBWVWT, 20 ?
NICHWSNZEMS ¥ TEBD T A —& e, % 1.0x107°,
158 L7 MAT, =10x10"°% €, =10x10"°%%L
T, FHHROEETZESEVWEE =01 L%k HMED
NRIRA—ZDB Y, HIED 7 LTV X LIEI TN 1T
Bol.

6.1. F—N—N2TH% L ORITER

YU ITRERNTIEEVyZRBIIHREL, A==
Tl % Z B S ICMTZ1T5. 500 B R 7 v F &AL iR
K8 @ & 5 BB (¢, en) DIFONIZ.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Fig. 8: The structure domain (J#(¢,¢,)) without over-

hang constraint after 500 steps.
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Fig.9: Change in the structure domains (. (¢, €,,)) with

overhang constraint for each step.
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Fig.10: The structure domain (J2(¢, €,,)) with overhang

constraint after 500 steps.
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Fig. 11: Comparison of average compliance with and

without overhang constraint for each step.
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Fig. 12: Comparison of volume with and without over-

hang constraint for each step.
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