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Research progress on optimization design methods for continuous fiber direction and

path of composites
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Manufacturing (SDIM), Southern University of Science and Technology, Shenzhen 518055, China)

Abstract: Continuous fiber reinforced composites have gained wide attention and application in high-end equip-
ment fields such as aerospace, defense, and medical devices, due to their excellent specific stiffness, specific
strength, and other properties. The fiber orientation has a significant impact on the mechanical performance of
continuous fiber reinforced composites. However, due to the limitations of conventional manufacturing processes,
the fiber paths are usually set along regular directions such as 0°, 45°, 90°, etc., which hinders the full utilization of
the advantages of continuous fiber reinforced composites. Nowadays, the development of 3D printing technology
has facilitated the manufacturing of composites with complex curved fiber paths, and the corresponding optimiza-
tion methods for fiber orientation and path design have gradually attracted attention from experts and scholars

worldwide. In this article, we focus on the optimization methods for fiber orientation and path design of fiber rein-
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forced composites. We introduce the theory of orthogonal anisotropic material direction optimization, review the

methods for fiber angle optimization, summarize the existing fiber path planning algorithms, discuss relevant

cutting-edge issues, and provide future prospects. This review provides important information for the design optim-

ization and manufacturing of high-performance continuous fiber reinforced composites, which will contribute to

the rapid development and wide application of continuous fiber reinforced composites.

Keywords: composites; 3D printing; fiber orientation; fiber path; optimal design
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Fig.1 Topological design continuous fiberreinforced composite (CFRC):

(a) Four-point bending beam!"”; (b) Meta-structures with negative
Poisson’s ratio"); (c) Three-dimension cantilever beam!"; (d) Three-

dimension beam structure under multiple-loads'*”
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Table 1 Fiber extreme angle obtained from stress based method

Cases Condition Extreme angle
ddoria + AP [(1 = 020 + 403, | - 2 0y +02)?
6) = arct
d>0 1= aretan 2d(o1 —02)—c (o1 +02)
1 and . 5
ad? [(m —02)? +4<7%2J > (o +02)? 4doyy - \/4d2 [(01 ) +4cff2] —2 (o1 +02)
6, = arctan
2d(o1—02)—c(o1+02)
d>0
2 and Z' = gl
2 2 2 2 2 1=
4 (01 - 02 +40, | < Aoy + o)
3 d<0 01 =6;

Notes: ¢, d—Material property parameters; o}, 0, 0,—Stress components; 6, 6;— Two principal stress directions.
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Table 2 Fiber extreme angle obtained from strain based method

Cases Condition Extreme angle
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Notes: a, b—Material property parameters; £y, €, y¥;,—Strain components.

Case 2 45 L [F BE 55 ELSEARAT , 32 0 A8 J7 [] J&
5K B0 AR Y Fe K J7 ), T CFRC 45 14 B G 7
WA A AT I LRI B R, DR oK A 4RV 2
JO7 A% 5 Tl A, AT LTS 4 A T 2k i 1) A g A
B, BN, RSN,

1.3 ETFEMEERENMAAERLER

T 5 T 0 7 ik A TN AR B T
AR 30K Pedersen™ SR 4 7 1 B Sk 3 T I 0
(7. X FR—AEEAIT, RASRET R R,

1 1 1
I1= ESZCSe = Ecllsﬁ + §C228%2 +C12811£22 +2C668%2

(16)
&1 5 SR B, AU N AR Y, I8 A A Wl
ZA T KPS
oIl _ 8611 8822 6811
80, =Cren 80, +Crnexn 00, +Cr2en 80, +
Ciaen1 Oen +4Ce6E12 Oe1y =0 (17)

06, 06,

X L1 6,52 B MH B R 1Y FE N AR er(ler| > len]) Fil

B RWIEE (A1 > An) J7 I Z A 2 ffy, AR 98 35 0 AR

IR A, A S (17) AT R 3 AR Y
B

oIl

00,

1
=—(g —811)Sin(29e){§ (C11—-Cx»)

(er+en)

1
E(Cll +C22)_(C12+2C66)] (18)
(e1—en)cos (29e)} =0

K =X (18) W] 45 F & L M A R Jr
Pedersen ™ 45 1 T 2 (18) B TE40 45 F, W3 3,
Hrh a2 MM B ZBAH X T/ NS 8, My
UM B S B J 0 AR A G TE s NS H, X
wmre

2
Er Gir VLTET
=1l+—01-2 4 —||1-—= 19
az=1+ EL( vLT) (EL )( EL (19)
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Table 3 Extreme angle under different circumstance'*!

Relatively "low" shear stiffness a3 > 0

Relatively "high" shear stiffness a3 <0

Extreme angle 6,

y<-1 -l<y<l1 y>1 y<-1 -1<y<l1 y>1

0° Global min Global max Global max Global max Local min Globa min

90° Global max Local max Global min Global min Global min Global max

cos(26,) = -y - Global min - - Global max -
Hrb, Er. EL. Gur. verZ il J i ) s pE A i | FE SCHTR R
Gy gL | B DRI E DL AR L . cos26 sinZ6 sinfcosé

B (C11 - Cn)(1 +&n/er) (20) T@O) =| sin’0  cos’0 —sinfcosd (22)
7= [C11+C2—2(C12+ Ce)] (1 —&n/er) —sin(26) sin(26)  cos(26)

XHCl. Ciay Coo Ceste TRVER R 43 3

20, = 0N, BWRE L4 J7 iy & 56— E N AR
B 77 1), T A — = N AR I [l FES 32 1 A8 5 ) AH
290°, M0, =90°fCKELF 4 71y 4 = F N
T, MNRPIES R LIE ], X T A
MOEEZ 8, R B D7 Ta) A AR KA 2 AT RE AR
FERI AT BT ), X FIl Gea il Luo FOAF 7T 25 SR J&
—3m,

JAE I BE SRR R g g B A S ST T b
B X —-REEYHE EE T, A2
Pedersen™"! | Gea il Luo®™ [ #F5E 45 R4 H T —
MR R ZE R, BIXT 557 SIS AR IE
A W A RE, Ry (FERAR) S AL
LYE 5 ), 3K — 45 R R % S 2 AE B A A £ it
TS, A2 F R CFRC i & £
N (FE R AR ) T ) B % 2 41 4 1 B A (FE SR —
T INFEAE AR o

2 CFRCHAEBEHEMRL

W™ W 2 BN B . N Y. AR
MM Z B R, ff B oK i i 0 2F 48 5
2L A BER) . Ik, 7F Pedersen™ | Gea
A1 Luo 45 H B 45 ) Sk A4 L O 1l 16 4k B 38 Y
Bl b, 2 T2 A R B 5 SR i 4% 1 S
MR AT ), NI R S — R A AR
LY BERAL SR . AR At £ AR R
FEA B AW ITI T — it &, BIA4E
JT IR 6, RS S5 R4 B TT I 3O B eh U o e Ak
T R 1 4 Rk e SR OB R T 2 R I T o S
Dy =T"(0) DoT () (21)
Hidr, Do Z4F 4 R ong s oC i MESE ;. Do
21 4 Jy 1n) Y A AL bR R T R0 SR AR B kL PR R
TO)EHERE RN, UL S0 T R0, Jietk jH 1

YRR F 2 B iR 2 e A R ICH 2
P, FREBANEBCRITHRIES A ME, 155
b RE R B e, — MR Z5 R W e R AR L
Y 25 4 ff B AR AR TR AT DA RaR n h
T Y
find: 60— 3 <6< 3
min: J (@) = U@ K@) U©) (23)
stK@U@B)=F
SR AR 2 (23) 33X AP0 Ak TR) A1) 4 Jy B {2 TR
B, HE T e R R T (6) e ) 3 M 1Y) TE 5% R 4R 5% bR
BT R, PRt H AR eR B A R AR R
S ERE AW I S R ANV | R A W N S 5
ME, EZRIRY K
2.1 HHAEFTEML
1 B8 W B 5 R B R AT DLSK i =X (23) 2K 1)
BB, 41 Moita % ® if i Davidon-Fletcher-Powell
AT AR R 9 OO SR i T 2T Ak 1 5 B TS 45 i TR
J& LR 4 J5 1) £ 4k 18] 81 ;. Bruyneel #1 Fleury®™ |
FHF 50 Y B0 J7 255K i T 21 4 3 5 52 5 bR
PR 2R 4 5 1) A TR A, (B2 2 Oy 9k TG AR IR
H bR sk B S BN 2 Jm (B . Ry T i e Jmy BB AR L 7]
W, B L 4 5 ) i 1k (Discrete fiber orientation
optimization, DFOO) J5 7% # #& i1 , L) Stegmann
F1 Lund®® $2 1 59 25 #0k B ik (Discrete material
optimization, DMO) k& &l , fii 4 th — R 5 19
DFOO &%, Wik 4 frReeed]
DMO ) A< SEUAE R K 45 44 B0 1) s PR 6 B D,
HH — FR FN S [R) i 156 4 64 79 B 50 Pk R B AR
TR, MTR-ABICH,

DezzwiDi, O<wi<l1 (24)
i=1

Hrr: n ek 2 g M B 8 s DA [F i ik

AR B SR R B, g — i 3 A RE X A — A £
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Table4 DFOO algorithms and the number of required design variables for a discrete element
Method The number of design variables required

Discrete material optimization (DMOQ)"®
Shape function with penalization (SFP)"*!
Bi-value coding parameterization (BCP)"*"!
Bipartite interpolation optimization (BIO)""!

Normal distribution fiber optimization (NDFQ)!®*

ne
ne/2
[logyne]
[log,n]
1

Note: n,—Number of candidate materials.

AefBE, WHRSYEMEARO0 . F15°, F30°, F45°.,
F60° . F75°. 90°; wite B A LT I Y S
FEFERACE , wi ) BUEE AL 0 Fl 1 2 (8], Jf H
L R A

e
:E:vw-z 1 (25)
i=1

B — G BT n N, B
WREAE— DB AR, R B B,
] 2 AN [ i A 1 B SR o X B S R G 119
SUEK, A bR R BOA B (E . 7 R,
AT AT — A ALE IR R, 25 A BT A S
B R AN DAL B SRR R Z A, IXRE AR A
KAERAYHE R, WIH T #15 DMO A
B, AR BRI A AT, R —A
R 1, HARAE ST 00 O 1 ke i AR 1R
o E) A I B0, 2R AL TS SIMP Hh X v i) 285 3 114 A%
fijEe el DMO LI A TS A T p, WA
TR, X (24) BT

o=y [l (o
i=1

Jj=1

0<xy<1

Hob, xCgl AWMt 28 &, i 25 B pxf
M AE 1Y X HEAT AR, B AL E wila i T 0 A 1,
24 i 8 B RE A B0 n B 4, X N B £F 4 R R
0°, 45°, 90°. —45°, 3% Pl 15k A1 RE ) 5k BIUSR s
RN DMO4, %} DMO4 1 AiY #3171 1F 0 1k 4b
FRI15 5] T DMO5:
WDMO4

WPMOs _ i (27)
¢ ZZilkaMO4

DMO4 F1 DMOS5 /2 fix # H 1) P # DMO J7 % ,
EVFZ BRI R AP RCR . 7 DMO 91
EHEZR TS, X T A& NA B HUCR T 4548, Bt
A B ne X N, B TE AR 18 09 08 R i

B, x5 2 DMO WA R WA . S TR
DMO BIEE%% , Bruyneel Xf DMO #£17 T ek,
P T — 3 IR OIR pR B B RS Bk Oy 2
(Shape function with penalization, SFP), &7 [R
T MY, AR R T N B AR 5 R T SRS AL
KA E], HrpiACE R IEAR %L, Bruyneel
B MR R BUE S DMO4 H AL E , JIf 5] AFETT
+, 153 SFP By E F ik

Bl p
wy = Z(l—R)(l—S)

:1 P
wy = 4_1(1+R)(1_S)

:1 Zp (28)
w3 = 4_1(1+R)(1+S)

:1 P
w4 = Z(I—R)(1+S)

XH RS it H, nLIE /e SFP
AP B2 R Al LR IA 4 DA, LT
DMO4, Beit e i B8 > — 2, R E
FH#E TR . Bruyneel 25! X X} SFP i 47
TR, BHE 7T Al KR A e e AR AR
B #ik . Gao %0 SFP i 2 — 1Y B
X, T W AE % 4 2 Bk (Bi-value coding
parameterization, BCP) 5§, 7£ BCP g 1, #
PRI E e

N p
1
wij = 2—Nl_[<1+sjkxik)l , —I<xp<1 (29)
k=1

Hrr, xR, spia (30) B,

1, je[1,2¢
Sjik = -1, jE[Zk_l,Zk]
Sek, ] € [2k+ I,ZN], where £ = 7[logriT 41 —j

(30)
Lrpr, N2 E%, R BB ITR BT
7 EL

A, R (31) B
N = [logym] (31)

M

S
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Aob, IR BB R, 76 BCP T L, m
AN A BT LU NAS IR TR Rk R A . AT (E
Mg, 152 TARAL SR TAE 4k B R 8
BB BHE LT, BCP X A4 Rk s M [ 1) 2 B dk
FKik,

P a(a) FrR ®, 5 & 4 Bk A R, B
MEEME B ITE S AN, BT RN E
1 A AR B SRR I, BT AR i (&) FT R
YRR ITT I SR BB AR bR, Ja ¥ Ak A 1 7 6 s e T
AT RSORT RV 4 P R O 2 B O A L R R 1Y BT
BR, MR A bR Y AR R R, Y AN
X IZ R TT R PR B A ST, R B, 7ETE] 4(b)
o, R 8 R BE A RBLET B 25 R R R T X
N —NEE 8 AW AR, iR (L,
bory ER) TR T L TR AL, SR
M2 A R R SR T AT AR N A A 3E A R
SHf P R B O6F B o0 B BRPE R MR DT Rk . R LAY,
Zhang % O B T — Fh > 4 5 1 1k (Bipartite
interpolation optimization, BIO) % I& , F|FHn/~i%
THAR R A DLR IR 2V, DL 4 Rl #4 kL Ry ]

&5 7 1 2 AN BT 728 5 g Rl o iR A7 i 16 B4 R
VEPER L AR o g — A B B RL XS N 3 — A~ I
W, B2 50 1 W B A I TT o y 2X(32) ITE XL,
K =(1-x)(1=x)K{+(1-x1)x2 K5+
T T

(32)
x1 (1 —XZ)K§ + X1X2 Kz

w3 Wy

SIAFEST A F p, BIO SR T BAE — B # ik
K= (33) s .

n P
We = r]@ﬂx(l—mn}, 0<xi<1 (33)
i=1

/L4 DMO. SFP, BCP #l BIO 44 T 1R & (1)
iR, HREANRAAAE — AL E A R, B
7 9 A B T 1B AR B S %, B SFP.
BCP F1 BIO 76— & 2 B bR A% 1 53 H28 B i A48
X T R\ EcR T, SRR A
Rt . Mtk B, Kiyono Z80 T IEA
43 A 45 4 f b (Normal distribution fiber optimiza-
tion, NDFO) J5#k, UL 1 4Bt ARk R
IRAT AT K5 ) i 358 M4 BHAN B, Kiyono 25 1 FH 1IE 245

- e
31 H 2(1,1)
: . o
Gt | |,
= ‘ &1

(a) -1,-1) |

(1,1, 1)

[Coe 72 [ (1HEa60) (14Eaa) (1466 17 [C)

[Cl, i=1, 2, -, 8 represent different elastic matrix; e is element index; &), &, are local coordinates system; &,;, & are local coordinates; [Ce(z,)] is the elastic
matrix of #e element; pf is exponent

4 SUEATESHAL (BCP) HIARMITIMI: (a) 4 FMELFIE; (b) 8 FMEILM R

Fig. 4 Illustration of the Bi-value coding parameterization (BCP) technique'®: (a) Four candidate materials; (b) Eight candidate materials
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KD

K;

Kf, i=1, 2, 3, 4 is the stiffness matrix of candidate materials
5 ZodfEL L (BIO) SR rr g b Rk ekt i)

Fig.5 Selection process of four candidate materials in bipartite

interpolation optimization (BIO) scheme!*"!

oA R EUE SR I3 (34) FTn

(6=

wi=e 20

w, wherei=1,--- n. (34)
22;1 Wk
Horr: ORELFAEME; n R ARLEM B ;
pRAFETIH T M FIE A0 A6 ok B0E 28 5ol i,
BASEHPIT AT LA E IR, T
FIABAN BRI R, ORI & TR,
2.2 EZEFEFEML

M DMO %I NDFO, i & 77 3 3 A AR AR 2 A
— ZR B A AL XS IO 19 £ 2 A B v AR b ok B £
ML AEMEA S, LA gs AR KR B LK T
o e AR ZERE Bl T AR X RN 1Y £ BE AR TG
BREE AN, X BT R Y S [
e/ T, B EE R ) DFOO 11— &R 31 5545

w; =

B TR, 2 E T ORI i 46 R
(23) & Jm A LA, DA AR PR A 2 18] AN A28 19 4%
T, SR 4 A R B U 2 i L AT R R R
G M B AEAR A SC R I 2 —, PEiS BoF, B
% DFOO H.i: it MR- 80 2, RIS R &
B0 AR ) R (23) I B LA, S A1 A
ol T 055, B EET 47 AR Ak In] @Rk i Ak R i
2 41 4 7 In) {4k 7] £8 (Continuous fiber orientation
optimization, CFOO). % — &% ff 4& 3| & T N J7 |
BT 0 A I T R S P R B B DT R e T
CFOO, 1T CFOO J& —> i Bk i A Ak 1] &,
ARATAE Y 9] R 11 4 J S P A 2 1 0 RME 11
I DR [ 30 AL A 42 J) S5 A i 2 CFOO DL A 358 125 1Y) 26
BRIz —; £ CFOO W, L4 RIFEO
Pz | %2 ny 284k, WL A s st N ml g
A Ay VR ALY X, XA fh g R R K
A PR W, P PR IE 2T 4 Dy ) B i 2L 2
CFOO H3E M oy — A Sl ) f . 3 5107 gl 17 2%
T4k HE CFOO [ J5 i S HAR Bl

H Hif i) CFOO 53 32 & I FH A& T 6 B2 ) AL
OB, S5 A IR B RS B0 R U5 L Y
24k B 37, Xia F1 Shi'®® 42 1 F1 ] Shepard ffi {5
J7 IR XA Y A B AT AR AR AL, AR R

O@) = > wix)e,
i=1

35
llx—pill™” (3%)

D lx=pell”

For xMpACRRE ||+ IRBREEG pE—
ANIERG R TRIALF A M IE ;O (o)A {5 Y 2T
Y ff 4047 . Shepard i (8 J7 147 W IRAIE T 27
e i HE 2 DR SV 26— R IE B AR T A

wi(x) =

K5 BHTMHAEESEAHET EMALEZ (CFOO) M7 EREMERS

Table 5 Several approaches to continuous fiber orientation optimization (CFOO) and their advantages and disadvantages

Method Advantage

Shepard interpolation for fiber angle

Gradient descent method

Discrete-continuous

parameterization

Principal stress orientation interpolated . .
X discontinuity;

continuous fiber angle

Full-scale topology

optimization

Deep neural network models

The continuity of fiber angle is guaranteed

Superior convergence properties

The solution space is complete;

It reduces the risk of local optimal
Reduce the phenomenon of local fiber

Higher convergence efficiency

The difficulty of optimization is low;
Can generate continuous fiber paths
Reduces the number of optimization
iterations and decreases computational costs Problem-dependent

Disadvantage Ref.
The optimization result depends on the

initial design; [68]
Ends at local optimal solution

Poor continuity of fiber angles [69]
Difficulty in determining the number of [70]
subintervals

Optimization results depend on the

72
direction of principal stress (2]
High computational cost [73]
Post-processing step required; [74]
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NS, H R S A A R A S L ik
45 RARME W) L6 i, 2R e DA 1), Guo I
Zhou™ TE % [EH FEERE MG DL T, WF5T T 41 23
SR IE A BRI S W EE DL AR BT, D i 9 O A )
B RS, R R — AR IR ML AL,
TR IR A 4t Ty i Ak, I BE R R R Ok
SEIR LT 4E A AU T8 . Shen £ Branscomb!™ 1 4]
WEFE T 6 LR B EE TR A 1] S PR A RL D7 ] G Ak v 1Y
i, Shen 1 David X 4 B T B i v 9 2 )
17 7 ekt i 2R
0t — G —a'g
e B (36)
max(|g])
Hop: 025 ikERE Mg MEmE; gfn
B i o R R, o M P R R
Y WA IH— A6 15 BB AR ) 4 Ok AR 47 4
A RE Y B R PR IR R, G BB T VA BE A K
PRUE H A5 R ECH) T RE, AT AL 42 Je) / Je 3 e /s
B R AT AL, 6B T BEIE A % IR LT 4R Y
HEEE, LA A5 R eT Be D BLAF 4 £ BE TR ALY
X3 . Luo % MV & & T — Fh B 1 -i% 82 2 B ik
(Discrete-continuous parameterization, DCP) £f 4
AT, et 4 fn B LA ) R At T — SR L
1E DCP WY SEMg 21 4E £ 2 i DAk we o A~ 1
(A {8, A B— 2L T DMO, K 21 2 £ 1 19 BRUE
0 [ [—/2,m/ 213 50 53 BUE T 5 X 8], DAREAS T 4R
1y AR R R L 4E M FE . AU DMO J5i:, M
B 0 2T 4t £ B 4 vh iff s B D BT Y B AT 4E A T
AT A 2 A 5 G B AR 2T 2 A B T IR Y X ]
- 0] R R A B A X D) P R AT 3 82 1Y) £F 4 £
FEAAL, FHREAERNLFLET W, T X E A
L /Iy, PR Ot 5 4% B A il %) e R KR R B AT
Kl 6 JE 1A R AR FCE 1% 0 T B R ik 4
H. DCP —J5 T RE PR UE AR 25 [ A 52 B Pk, o5 — T
TET £t A AV Jmy 30 e G e 1000 KRS, L2 A o] A S 5
B DX AR AT A ), H A R ek AR 1 T 2k
Ye 5 45 5 5 I S 07 ik R R T — B 30
J1 W) i O(H % 22 4F 4k /i JE (Principal stress
orientation interpolated continuous fiber angle,
PSO-CFAO) 1 fb 55 % , 7E PSO-CFAO H', HITIH
Z1- 47 0] O 2T 4 £ BE BT AR B 0F 320 ) 5 ) 6
LR B2 o £F 4 B B 1T A8 8 0n] LLTE (—n/2,7/2]
BSR4 AR BB R 5 05 320 ) T 0] 6,
Z [A] 1 25 (8 SCanR R

(®)

Fl6 IR XIAECRTFL TR RIMALR™.: () 1 74
®)2MTHE; ()34 TR

Fig.6 Optimization results of cantilever beams under different number

of subintervals: (a) One subinterval; (b) Two subintervals;

(c) Three subintervals

_ 0—65l60—6s| <m/2
8(0)—040—0,| <m/2

(37)
P g OoJE T T R A 4 1 (W R,
TN H
gx)= L, (38)
|x|
ST o I A7 T A £ i T 40 £ O R AR
0 folo-6, <3
Oy = y|9—es|>§,ye(—n/z,n/2] (39)

gOMG—&t>gm¢(ﬂdZnﬂ]

Hofr, fIEHET Sigmoid M PR EUK R I R B9 3 H
PREL,

1
I et )

yHYFIAAANT
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y=80)-f¢ (41)

1E LR R B, B8R A 1 15 27 2 £ B
BN 1T 6y, BN G AT A 2 £ R i S 4T
HeMIEWIT AR B0, A KT L4 f 8 4 A
R EAE 7 iR,

i T Sigmoid i {H P& EC A 32 5 77 5 1) B ok
B ELF LTy 1 2 IR R I E B, 5% T4 4%
J7 1 B 2k 28, PRI PSO-CFAO J7 5 1] L) A 45 Hh )i
DRI A SIS, IF H ML 51 CFAO
DA b B SRR . 5 R T 7 AR
B4y m )7 EAH L, PSO-CFAO J7 ks “i”
BY YR 5 19 45 08 N A5 2 AT A R BE RS E Pk
JEE AT IR “EE R E/NME” BRE, 5 —

Step 1:

Ll

Ao BAT QPR R AR Li % 5 iy B AT i
S 21 Y B A A £ Al 0 25 4 B0 4 RO SR ML AL 5
o ART LR LT 4E ML ST, Li 545 2F
2 £y B2 B0 Ak 1) A XURE R B 3 F e Ak 1] AL
XEFRARIT, R P BTAE i p) Fl og R fifi ik
FOTIRE, pp =0RRZPICAHZ, pp = 1RRZ
BT A BHE TR (X 1 SIMP i AR i U2
R ), BeitE & o i IR & 2%, pp=1H
Pz = 0F IR LT WK MBI, pp=1Hp =1
TR BITCe BT MRS . B st p, DRE T 5
TLRE A MRS F LR, plE T E A
MEPRS ROCHI LT Y&, WnlEl 8(a) FiTan .
WRIL B IR AR TT 0], TEA BRI B

* Y Fiber orientation

-~
[6-0s|< % - Direction of
1 principal stress
I
I
* Y Fiber orientation
! 0
-T Direction of
principal stress
~

Step 2: []

(a) p=<m/2 (b) p>m/2 (c) p<n/2 & O (—n/2, m/2]
sy
yf 4
ol
I
»y

! x Datum axis
==

0, 6, O E (—/2, /2]

oM, Ve (n/2, n] u(—=, —1/2]

¢ is the angle variable defined in Eq. (37); O is the continuous fiber angle improved by the direction of principal stress; oM, M and HI\NA obtained through

rotating the angles of ¢, 6 and Ox by 180°; 6 is fiber angle; 6s is the direction of principal stress
Bl 7 R PE R R4 2 e b

Fig.7 Treatment of the fiber orientation results under different conditions'™

]
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(b)

gt i BT Y SRR i fh R UE X @)
B~ () () £ (1= B (1) e 02
Hrb, Emin. EvFIEy 73 ARR AR, JEMAHRHR

21 4 b oRHRY SR D . CFRC /9 #h £ L Ak 7] 2

WAL AL Gy Z A M A I R, AR KRR -

RS T EUE AL ROMERE . I H AL T2 STy e —

WIE R T LAY AE, AR T Iaseny A =il ,

nEl 8(b) F1 8(c) B o fH 23X il Jy 12 BER 45 1 40

IR ETTECR AU S 2, RIS AR BUR Clvoid I Fiber materil

FO - MEE RN TR LS R~ g

R RS, LT IR 2 M, K &8 (a) Ak EHEIMIEIL; (b) Michell B2 1H8; (c) Michell F4IfL45 R
T CERC I 46 3B AN EF 71 9O RE 1y (ot oplogy ptmiatons ) il b s

SONNNNN

Design domain

NNNNNN

7}1& , 5 CFRC 1Y ﬁ[} ’fti«,%i‘l‘il’;% ﬁt T jf ] , ﬂﬂ ¥ 9 domain; (c) Optimized result of Michell beam!™!
Samlsatlre a:lepdatmg Collaborative optimization Ji Anisotropic
= framework of CFRP + T

design domain

Y

) . |
Generating training

> sample data < l . il

| Element Fiber i |

| density - angle k )

v

y
Initial conditions and
-+—
4
|

I
Building the DNN model |
. |
Updating |
Optimal value of DNN sample
Optimal solution |
Stiffness |
contribution |
I
No
Convergence
‘Yes
Volume constraints Optimal structure and
fiber angle

}

Post-processing

DNN—Deep neural network; CFRP—Continuous fiber reinforced polymer; F—Load; p—Density; 6—Angle; C—Compliance
P9 CFRC Z5H#m+NAZF4E Jy 1) ) Bl ] fRe AL A 2

Fig.9 Collaborative optimization framework for topological structure and fiber orientation of CFRC"*!
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o RMAHESL hy A N ZREE A B | DI 2R TR
LA E N T R N 152 ) = et L D
A BRIC B A2 U TN R Bs 4, B R
Yot & ouE EMA i AR S, TSR,
M) P R B o 222 0 % S S 8 A D A bR R 1]
fR ST, R B RE S84 (BT 0 265 1) i o 4 SR 2R AT
JRALBR, e AT B AT G 1 5N S 2T 4 A
AIS5AE . AT UL, R R 28 ) 45 A5 Y R 4T CFRC 1Y
DAL BT AT LA 80T 9350 A, H o 25

W —E MR SIAh, FE R R 2% B AT AR IR
4 TR R AR DG, ROV A s 45 SR AR T I R B 4
e LA X AN /] ) CERC ARG A [ 2
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Fig. 10 Different fiber printing paths: (a) Straight line'”; (b) Zigzag!
(c) Spiral™; (d) Grid™!; (e) Honeycomb'™’; (f) Contour'®”
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Table 6 Three types of continuous fiber path optimization design methods
Th tation of fib

Method Optimized variables patehrsepresen ation ottiber Advantage Disadvantage

Low design freedom;
ient f . . !
Based on continuous and Functional . . Convenlent. or adding Optimization resu ts.
. . . .. Function trajectory manufacturing depend on the selection of
differentiable functions coefficients . . A
constraints fiber representation

functions

Level set function
Based on level set function or expansion
coefficient

Iso-contours of level set

function

Based on stress vector

fields Streamline

Stream function

Fiber paths without gaps  Fiber path may occur sharp

and overlaps corners

More robust and
straightforward

Post-processing step
required
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[ I ] [ I |
—al2 0 al2 —al2 0 al2

(© (d)
r, a—Polar coordinates; Ty, T1 —Fiber angle; T, T (x) —Fiber angle
function
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Fig. 11 Linear variation in fiber angles and corresponding fiber paths'**”
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X, y are main coordinate system; s, r are auxiliary coordinate system; « is
rotation angle; P(x, y) is a point in the coordinate system; a, b, ¢, d are
constants

12 (a) EAPRRRMAIALRR; (b) £T 3 HETENH
AR AR

Fig. 12 (a)Main and auxiliary coordinate systems; (b) Variable-stiffness

panel based on cubic polynomial function!®'*!
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7K - £ J5 110939 (Level set method, LSM) &
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PR E A MY 2y 1), s 13(d) B, Btk

0(x,y,a)=

@, i=1, 2, 3, 4—LSF value of element nodes; ,—Fiber orientation;

@ —LSF value of element center; £, p—Local coordinate system

13 FETKPAE %L (LSF) MEF AR 2L (a) LSF; (b) LSF 4§
fHEk; (c) BT LSF S EHA ML AERRAR; (d) £F4EA R E X
Fig. 13 Optimization of fiber path based on level set function (LSF)!"*:
(a) LSF; (b) Iso-contour of LSF; (c) The fiber path based on iso-contour of
LSF; (d) Definition of fiber orientation
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I |
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I T :
: Initialize ¢ with initial holes Calculate fiber paths ] I
1 ! ] 1
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l I I :
: FE analysis Update a, ¢ I
| 4 | 1
1 Update expansion coefficients a Fast marching method |
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I |
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1 |
I |
1
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_________________________________________ I
R T et
: Inner loop I Inner loop 11
| (Topology optimization) (Fiber path optimization)
1

.
| FE analysis | Update fiber paths |‘—

| Initialize ¢ with initial holes |

T T I Update expansion coefficients o I FEA analysis
| Initialize expansion coefficients a I |
1 ] | Reinitialize o and calculate ¢ | Update o and ¢

| Initialize fiber paths |
[

; w No | Fast marching method |
| Yes No
|
1 Yes
I
1

No

Convergence?

FEA—Finite element analysis; ML |, ML ; —Maximum number of loops; ®—Level set function; «—Expansion coefficients; FE—Finite element
14 (a) WUFDEALSRIE AR (b) RRIGLAL SN R

Fig. 14 (a) Flowcharts for sequential optimization scheme; (b) Flowcharts for simultaneous optimization scheme!'!”!
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E;;;;,—Components of the effective elasticity tensor; —Weight

parameter; v;,—Poisson’s ratio
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Fig. 15 Design of continuous fiber reinforced meta-composites based on
LSEF: ((a), (b)) Continuous fiber path of meta-composite based on LSF;
((c), (d)) Actually printing path of meta-composite; (€) Variation of

mechanical properties of meta-composite versus tailorable parameter'*!!
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Fig. 16 (a) Design domain of MBB beam; (b) Initial fiber paths;
Optimized fiber paths: (c) € = 1; (d) £ = 0.11%

— R LSF £F 4k #4280 4k 75 2 A % AH LA £
ARAEFR N B 7 119 (Offset method, OM), X Flr
Or ik — AR ML B LS A, A FMM A1 2
AT T AR S B R AR AR B AR, AR B M AL
U o L R O TR AN A BN B 90 DI S L R
Bt , BEE BN, S5 R0 R A Ik B R
GE, U WA, WA 17 fiR,

e ELFE I E, FIF LSF ol 4 offset 743 | (9 £F
YEPEARTTRESSAETE — S0 . 28 %, X—
AFT 3DATER R M3, ) — N S 4
R AT fE7E X Se Ay & A U e 18 iR, BRIk



BN A MR LT Y Ty 1 B AR LA B O Ik A Yt R

- 4553 -

fa Ko

17 BT E I (OM) Fl LSM ¥R ME AL A2

Fig. 17 Topology optimization based on offset method (OM) and
level set method (LSM)!**!
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Fig. 18 Stress concentration phenomenon due to abrupt fiber
orientation change: (a) Fiber path; (b) Von Misses stress distribution

(Unit: GPa) 1!
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— Average load transmission orientation
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(@)
CCF—_Contiuous carbon fiber; SCF—Short carbon fiber; PA—Polyamide; 7 —Fiber direction vector; ¥—Streamline; V-cz—Fiber content
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Fig. 19 Continuous fiber paths designed based on streamline methods: (a) Average load transmission orientation and continuous fiber paths of the

cantilever beam; (b) Continuous fiber printing paths of the cantilever beam; (c) Meta-structures with negative Poisson's ratio; (d) Composite grid

structures of enhanced effective elastic modulus and their continuous fiber printing paths!
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Fig. 20 (a) Design domain of L-shaped beam; (b) Fiber paths
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distribution; (c) Fiber content distribution;

(d) Von Misses stress distribution*!®
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Fig.21 Continuous fiber printing path planning algorithm based on
stress field: (a) Solving the principal stress vector field; (b) Principal stress
vectors field determined by minimum spanning tree (MST); (c) Identify
the region of disturbed principal stress vector; (d) Remove the principal
stress vector from the disturbed area; (e) Full principal stress vector field;

(f) Continuous fiber path; (g) Final fiber printing path!"'”
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(a)
Stress vectors J \
. ‘\
Me(%lal e S g 5
axis T P
4 F oy . T * 4
E Path vector = .~
Geometry boundary

(b) .
m Tensile stress
= Compressive stress
(c) Printing speed
W35 mm/s
B 15 mm/s

B7 mm/s

&l 22 () EATHICEEZRR] (LPP) HFIUSHL; (b) 454 FLIW MBB 34
LR BT Ui A2 s (o) RJRESEM A JEFTEN AR
Fig. 22 (a) The parameters in load-dependent path planning (LPP);
(b) Optimization results of Messerschmitt-Bolkow-Blohm (MBB) beam
with a hole and corresponding fiber paths; (c) Global continuous fiber

printing path!"'®!
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I, h—Structural dimensions; w—Length of the load application region;
u,—Displacement in x direction
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Fig. 23 Design optimization of a composite plate structure with a hole:
(a) Design domain and loads; (b) Optimized fiber direction and fiber
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sample for visualization"'
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