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DESIGN OF ELASTICALLY ISOTROPIC PLA LATTICE STRUCRURE IN FUSED
FILAMENT FABRICATION CONSIDERING MATERIAL ANISOTROPY?

Wang Shuheng Dai Shi Wu Xinwei Ma Yongbin? Deng Zichen ¥

( Department of Engineering Mechanics, Northwestern Polytechnical University, Xi’an 710129, China)
( MIIT Key Laboratory of Dynamics and Control of Complex Systems, Xi’an 710072, China)

Abstract  The rise of additive manufacturing technology stimulates researchers' enthusiasm for structural innovative
design. However, the anisotropy of additive manufactured materials poses certain difficulties for the prediction and
design of structural mechanical properties. To accurately predict the elastic properties of polylactic acid (PLA) materials
and lattice structures made in fused filament fabrication and realize the elastically isotropic design of lattice structures,

firstly, this paper adopts an orthogonal anisotropic elastic model to describe the elastic behavior of the PLA materials, and
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obtains the nine independent elastic constants needed for the orthogonal anisotropic model through experiments and
calculations. Then, a 2D compound truss lattice structure with tunable mechanical properties is designed, and its
analytical expressions for the in-plane effective elastic properties and elastic isotropy condition are derived based on the
representative volume element (RVE) method without considering the material anisotropy. Finally, the elastic modulus
and thickness of the struts in the lattice structure are adjusted according to the anisotropy of the PLA material, and the
analytical expressions of the in-plane elastic properties and elastic isotropy condition of the lattice structur are derived
based on the RVE method. The results show that the orthogonal anisotropic elastic model is suitable for describing the
elastic behavior of fused filament fabricated PLA materials, and the elastic modulus of PLA materials in arbitrary
direction can be accurately predicted based on this model. The anisotropy of the material needs to be fully considered
when predicting and designing the mechanical properties of the fused filament fabricated lattice structures. After

considering the material anisotropy, the elastic isotropy design of part of lattice structures can be realized by adjusting

their geometric sizes based on the RVE method.
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elastically isotropic design

jilllg

El

V8 2 [ K b 2R e e AR i AR S A B 2 0f
rTERE . BRI A R T IaY)FER. MR-k
ARV IR R R RS B AU &
fZ . AR B AR I G 1 i B (1
PR Jre, BRI JiE T34 G AL IR 8 B4 AN 61 7
vhS a0, D SCBUARL- S5 A i SR L T AT
3 R PRt 5 T a0 5 g R R AT K PR AT s v 25 )
MZ IR EC) 2 M TS AU IR 455
TREATET. SR, H AT 2 2R A R K ) A b g
2 PUWT A 5 1) S, e IR 8 0 U 1) B AT
1 R R BRE I S [ 4% 1) S MEAE V2 B T
WA — A R, 5 0 2 24 4% 1) S R 45 R 4T
VRS RIM E B RE B ROROA REIN, oh - T RE v 1) 2%
T AEAEAFAEANEA E VL, FERX PR DL AR B 45
A AE B 23 O3 T L g 25 v RE ] A s 100,
B, BT A T AN R 2 TR « s - - T -7 [ <18
i R, MORHE S e R P R R 2
FlAH AR, A5 5 2R RE N EATAE VF 22 SLIR AN S055
SRR, JIoAERE B USRI B 0% 1 S T,
M T S ISR RL S Sk 0“7 PR RE TR 5 B8
THIIHERE.

PR LG BOR, WA R EOR, U
AAR S BRAE T LU s AR S 2 i iz A A
W B2 Bl b 22 IS AR D0 2 PR REAS i 7 P T I
T ZWG AR, Zou S5 SRT A 1) 7] 1 AR U 5%
[ [ PR AR R OR TN AN [RIAT B 5 ABS M4 EHK )

fused filament fabrication, orthogonal anisotropy, lattice structures, representative volume element method,

Sk RE, AR 5 1) [ A A TR T £ 38 1 5 R e
A HERF. Xia S0V F4R TR0 JE-FRIOW % ) R AR 1
AL T ABS PRI 1 ACKA R R J3 Jk S 56 )
AEUE T FLI0UF T AR M UERf M. ) A TR A,
X TAR L2 HEMORE, SR IEAZ 25 ) S P A 20 LU A
25 ) [R) PSR B 5 453 21230, Casavola S0P gl 1
i 223003 PLA A EHRT ABS A4 BHEIEAZ & 1) S0 )
AT N, R P 2 AR B T A AT T 1 g AT
. Dai 2522645 22 53 PLA FHEIE G TEA8 % 1) 5+
PEEAMEL, S TR E 5 ) FA R} A5
R et R e FBE T B TN A 5K, Biswas S5 23E T 22
H13E PLA FPEHEOMO CT B8 45& B 54k 7
AT RN T MR E RS & 1) 7 Pk Sk AR R R, - fi
PR FLBR 28O, 3% 1) e ME AR FEBRBH (2. b 4h,
FH T8 22 i1 1) T 2 S 500 AT EPpPRL ) PE R A 3R
KI5 M) T8 3o 3 T2 S BRE 5 A7 RO 3 T
TR ) & 1) e P24,

HRT, EAA K T A B 28 a8 45 0 1) 45 17 ) 1
VT BRI 7 P s o) e R (8-10. 25-321 4 TRE Al Y 4%
] [ 1k OB 5 4, AN AT AAS 2% R 2847 1T B HH I
(177 10), 34 T L o 23 1 i 22 i SR (R 52 . H A, 3R
A5 1 [ I g ) R 5 8 ) 5 1) S P
FEM 7 REBT 43 AWk, — R FAvLE it
AR B0 M SRAT B & 1 [R]E pid B 45 4 25271,
TR EERIE TR FUE MAS, 1l e i il 45
PRI, 0 3k A FH 340 5 A0 5 VL0 33-351 3R o o5 o
PRI JUAR] 2 BOFIA B PE e 2 B0k 52 045 7 3 2 2



® 5 M

FAE AR B B ARL AT R A PR 22 3G PLA mi PR R s 2% 1) [ vt 1293

BE 125 1 [7] P BETH CE A2 25 1 S PR . 2 2Bt
JIE R AN B 2 A5 1) S P AN ) B0 45 4
PEATALA 0281 SR AR AR sl 2 AT B AR
MG R IR AT, B A 50 5 K 1) AN [ A
AN PERERIRARIB 2 26 SR, BT rh K%
B B A A 5 [ AR Rl AR % 1 () 1 1, AR D>
% 18 2 52 b B R 25 17 0, AT 3 SO I8 T
D55 BT 45 R S0 45 R IR AE UK K 22 .
W, SBT3 1 A R B B S A I
i B TE 07 FE AR 2% 1) S P e R 1K) — R S R .

AR SCHETAEAS A ) e PR PR R, 46 S gt
LT LG PLA MR SAERI, HES T ROE
Ja PLA FPEME RS 170 b3 PR (0 B T 2 5
BV T — A g 2 R BE T A 4R AL S M 2R AR A
Hey, 25 EEM R & 1 ek, AR IGIE, T
TR B SRR (R AR R RE 1) A A 208 AN SR E A7) [
PEAAT, S & SR I UE T TN 45 R R s A BT
(3T 2, LASHI A 445 22 S 3 ADREAN R B 4 g 24
REM TIN5 i 3R 5 55

1 MR5%m

1.1 3D $TEDHLES. #RISHMMEH

A ICATH Raise3D Pro2 S Z 3D $TERHLAK ]
2 T S BT it A2, Raise3D Pro2 Wit 4% HiL 2 A
Wt MERT R 48, AT LRI T BN RPAS R (A RL, 4 T
ST B HE 1) SR S5 A RO R T A, S H 0.2 mm ELAR )
W, JF HLAEHT B b R e A P B — g A

U FiF Ploymaker 23 7] 427 [f] Polylite PLA
MR (EAT 1.75 mm) 1E 04T EIRPRE. AE4T Ep f v,
PLA 4l 22 {5 WM v s i, B 55 10 G 0 2 0 0 1) i 2
b DU 22 (T 2CHT R I R, PR AT B E. H4k
BT, &2 BB B AL AT B R A I R A
SolidWorks 2014® g, 3 LL stl 4% =t 200) Fr
B R EATH S, T L ESEHTE MR )
SPERER MR, BTN R R T8 S
e, B T 2S8R E T3k 1.

B 1 2R 22 08 OB J5 PLA MR F1 4 H B
(SEM) 45 51, W] LAV 2E A0 31 B JE J5 PLA #1RHE L
MEERE. W 1 R, BTG 22 B IEDIR, X e &
JIERIAUE — 24T BN 5 M 1) 55 R 30 Mz 2 1)
AFAE BB AR, AR I 2 A AR AN [A) 7 1) b 22 R B
. Rk, BOB G PLA MR = 4E SO0 45 #4155 280 ]

DATRIAE A I 2, FEAE R 1 AP 2 wpoe SCT =Mk
), AHRIE 2277 0]y 27 ) AE D) 7 1), B 1
Fiee )y A T . Bl LR 2 WRUE Y, X =
ANT7 AR EAEE, H PLA MPRHRIROW 45 7E 1 = A
Ji ) b EAT BRI 2 e, DM BRI = AN 7 ) L
()2 RE T RE S — I 22 57

®1 BLFIETZEH

Table 1 Process parameters of fused filament fabrication

Process parameters Value
nozzle temperature/ 'C 210
bed temperature/C 60
printing speed/(mm-s ") 60

fill rate/% 99
layer thickness/mm 0.1
fill angle/(°) 0

400 pm - - -
EHT=8.00kV WD =10.9 mm Mag=25X

signal A = InLens m

1 J 22l PLA BORHEOU 24
Fig. 1 Microstructure of PLA material in fused filament fabrication

2 W2eifliE PLA FORMEOU &5 1 fif (e B 2
Fig.2 Simplified model of microstructure of PLA material in fused

filament fabrication
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Fig.3 Dimensions of tensile specimen based on ISO 527-2-2012
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Fig. 4 Schematic diagram of tensile specimens printed in different

directions, global, and local coordinate systems
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Table 2 Correspondence between specimen and elastic

constants
Elastic modulus Specimens Poisson's ratio Specimens
E, A-3,C-1 vi2/vai A-3/A4-1
E, A-1,B-3 vi3/v31 C-3/C-1
Ej B-1,C-3 va3/ v B-3/B-1
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Table 4 Values of the constants in Egs. (9) and (10)

Constants Values/MPa™! Constants Values/MPa™!
A 41216 x 1077 J —-7.6205 x 107°
B ~1.6486 x 107 K ~1.2470 x 107
c 24730 % 107 L 49107 x 107
D ~1.3738 x 107 L ~2.1254 % 107
E 24833 x 107 N —2.5363 x107*
F 52415 % 107 ) 3.8624 x 1074
G ~7.1734 x 107 P 6.5946 x 107
H —5.6973 x 107¢ [¢) 9.9335x10°°
I 43618 x 107 R 5.0222 x 107
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Fig. 7 (a) Surface diagram of elastic modulus of PLA material in space.
(b)-(d) Curves of elastic modulus of PLA material in 4, B and C planes,
respectively
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Table 5 Comparison of average measured and predicted results

of elastic modulus of PLA material in different directions

Measured results/MPa
Predicted results/

Specimens ¢ 6 rrors/%
MPa
average values STD

1 T T 241856 62.24 2482.90 2.66
6 4

2 T T 223082 48.35 212228 —4.87
3 4

3 T 1809.61 39.66 1951.77 7.86
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Fig. 10 (a) Predicted results of elastic modulus in in-plane arbitrary
directions with and without considering material anisotropy and
experimental results for the unit cell shown in Fig. 9(a). (b) Predicted and
experimental results of elastic modulus in in-plane arbitrary directions
with considering material anisotropy for the unit cell shown

in Fig. 9(b)
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Fig. 11 Four types of lattice structures and their testing directions
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Table 6 Geometric parameters of the lattice structures

Specinens Ly /mm L, /mm b /mm Numbers
1 60 60 10 10
2 60 60 10 10
3 84.85 84.85 10 5
4 10 10 10 10

RT RHEEEMREIRERFINESTNESRITEE
Table 7 Comparison of average measured and predicted results

of elastic modulus of the lattice structures

Specinens /() Measured results/MPa Predicted Errorgs
average values STD results /MPa
1 0 219.10 12.16 238.01 8.63
1 90 317.91 9.25 340.91 7.23
2 0 222.46 9.94 219.26 —1.44
2 90 206.51 8.96 219.28 6.18
3 45 215.47 6.09 219.30 1.78
4 37 199.17 8.60 219.30 9.18
4 127 198.50 5.96 219.30 9.48
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