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TPMS H.56HE i Gyroid #LIGRIE A :

¢(r)=sinXcosY +sinYcosZ +sinZcosX =C (2)
A, X=2nx, Y=2ny, Z=2nz, X, Y, z AEERLIFR
TR, X (2) FosIRIE. FIHEN 1. BIMERN C 1)
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Fig.1 Undeformed (a) and deformed (b, ¢) G surface and unit cell
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o(r) = asinXcosY +bsinYcosZ +csinZcosX =C  (4)
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o(r) = p(x,y,z) ={2sinXcosY +sinYcosZ +

sinZcosX <C |x,y,ze RH. (6)
0<x*+y> <25 0<7z<20}

K, X=2axIT(r), Y=2r/T(r), Z=2xz/T(r), T(r)=T(X, Y, 2)
TR T 5445 x, y, 2 RRECR R, T(AER R
BA AR FLARRE 2 FLE5 .
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T(r)=-0.Lyx*+y* +2 (8)

XF TR Ze R, B T(r) ek ik X F

T(r)=k,z+b, (9)
XPZFERZ LG, B Trin=1.5, Tow=2, ATHHE R 5L
k,=0.025, HHL b,=1.5, WiZihiaFLIRHE R 2 FLAE M
HOEE:SE

T(r)=0.025z+15 (10)

FF Visual Studio 2015. QT5.14 JF K IAIEM C++
FERFiTiES, 158 Visual toolkit FTARAL T HAL, {§iF
2 B (KRS 557 J5 4 Cmarching cube, MC) #7147 TPMS
SAHMIPERG PR E TPMS 2L SR R S,
NS v P TPMS 2 L4548 STL 5
B KOst e 2 AL Nm T’ 2 fr
7~ B 2a F1 2b 43 HAFLER 2 60%F1 75% (148 T Gyroid
FAICAR AR BE 2 ALY, B[RO AL 2, A AL
JEIN 1.5, & 2¢ #1 2d 43 5 A FLEREE 60%F1 75%01) 4%
¥ Gyroid ool [ml b 2 2 FLBR, I8 — 35 JE R 1.5,
T A 2.
1.3 TH Gyroid B E S X R NFMEAEN T

HERI B F T E A FARE, ERK K
B IR P R B Bl PR 77 B AT — SRR 1S Bl A
SN E SRR B A, DR SO R T B R AR
BWATIER T g )%, AT Abaqus Xf it
(IHh B 22 AL SR EE R AT A IR G ER 152 T A, ik
ATXPHE, N —ZH LB 3 70 609%1 75%1K 34 57 2 fL
SERIREAT b, YIBRRAL I 3 . Wit 2 FLESH
N STL =M A, AeeE#MH THERCHHr. H
STL HEAY A FROTRE YA [ R B 2 FhidAs, [R]4%
AR STL BN SRR, BRI A%, BEd%
BATEAE STL A b E 4 A BR ek M As . TPMS 2
LB ST 2%, MDA STL R BYHL AV Ry SRR, AT
FoAE A 3-matic, Hi STL AR B 3248 i IR o
PR IRSAE TS, 1 AR 7 5y HY A Abaqus 4341 BT 75 4 Inp Y
WSO AR U AR ISR Sy B DU T A%, K R A
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1.4 ZIKAESHEMG SLM HI&5HhF MR

1 FH 5 [E EOS A 7] 4E 7 1) M290 245 11 3D 4T EP#L,
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Fig.2 Radial (a, b) and axial (c, d) aperture gradient porous models of deformed G unit cell
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Fig.3 Boundary conditions (a) and grid model (b) of uniform model

xR1 BARTEEREHE
Table1 Mesh number of finite element model
Type Porosity/%
60 75
Radial 1243121 955747
Axial 1203189 943652
Uniform 1220560 949733

H & 1AL Gyroid BTk & & 2 LR iE
Vi) o0 LR AN s PSS 2L R 2R 1 FLBR 2R 43 il M 600071
75%, FECERSEA @10 mm>20 mm, EERhRECEECE A 4
A, X FHHET R4 RE, 58 KA Instron BT T ReA R
RIRHL, INEGEZEDY 1 mm/min.

a
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+4.662e+08 +3.044e+08
;3 +4.274e+08 +2.790e+08
(=) +3.885e+08 ' +2.537e+08
[ +3.497e+08 +2.283e+08
© +3.108e+08 | +2.029e+08
Y= +2.720e+08 - +1.7764e+08
© +2.331e+08 +1.522e+08
> +1.943e+08 +1.268e+08
= +1.554e+08 +1.015e+08
@ +1.166e+08 +7.610e+07
<] +7.771e+07 +5.073e+07
S +3.885€+07 +2.537e+07
a +3.306e-20 +9.683¢-07
e d
.
S, Mises o S, Mises
(Avg: 75%) . (Avg: 75%)
+7.947¢+08 +5.093e+08
© +7.285¢+08 . +4.668e+08
LCO +6.623e+08 - +4.244e+08
~ +5.960e+08 L2 +3.820e+08
+5.298e+08 » +3.395¢+08
S +4.6366+08 v +2.971e+08
+3.974+08 N +2.5466+08
> +3.311e+08 L +2.122e+08
= +2.649e+08 & +1.698e+08
8 - +1.987¢+08 L] +1.273e+08
o +1.325e+08 @ +8.490e+07
o +6.623e+07 4 +4.246e+07
a +9.989e-21 0 +2.568e+07
L
.
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Fig.4 Radial and axial porous samples fabricated by SLM
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Fig.5 Stress distributing graphs of deformed Gyroid porous scaffold
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MPTEFRLEE, 1R 2 iR,

JE I 6T AR ) A0l 1) FLAR A B B 3 ST A [R] AL B 2R A
T¥ Gyroid H.o0 2 FLCHEE BRyeH At B4 R, v LRI
BEE FLBRZR I LT, 2L S 20470 e it P R 45 5 P A
TR X TRMAEAEE, 75%FLEH S M E 60%FLER %
ST 5 B R S5 AR 5 43 S R A 49.3%F1 57.1%;
XF Tl BR R, 75% LIRS 2R M E 609%FL BT 2 3 48t
s 5 FEE R A S R M AR R 40 ) T B 52.29% 1 77.4%, T
BIBCHE, T5%FLBR 2 SCAEAH EE 60%FL IR 2 S 484t 1 5
JEE RN A B 2y 3l R BE 53.2% 1 39.3%. FLERFEAH
[FJ S, 60%HT 75%-FLIR 2 (1) 4% [r) A5 B2 SC 4R AH EL 35 o S 48
PUE R /> 45 6.3%A1 15.2%, SHPERIE >R
14.8%#11 20.4%; 60%FI1 75% FLIT 2R [ [ A 5 S ZEAH Eb
IR S BB SR E 53501 R % 19.6%F1 18.0%, A% &4
ST B 14.6%H1 20.7% . 12 R #6 8 SCAE 15 R T3 o
SCHE, Bl R S AR T S R A LA T S SRR .
2.2 RESZIHEHNFMEMNER

B R AR A0 0T 15 3 2 LR - A B, Bk
O HCHE T AR A (1) R 440 LA B R 46 1S 7153 700 A «

e=AL/H (12)

o=F/IS (13)
X(12). (13, AL RE4aIKE, H AFFRS=E, F
N FT, S ONBRTHTEA, BT BRI 2. MR v
R, AR S & 2 FUR I S R A T B A

E=0/e=FH/SAL (14)
HH UG A3 B ER A 4 2 FLAE AR I I g - I8 A% ity 28 0 46 5
B, N Jy-RAR i 2B A B 6 s

PN - AR 28 B RT DAt LA Bl ) AR [ B
(ARTE G 50 2 LR A2 i) FE 45 3 72 K E0RT 49 2 4 A
M| ZRBrEpy B B IR B R L B A

R2 KEEBIIRNFURMNELER
Table 2 Simulation results of mechanical properties of titanium

alloy porous scaffold

Sample Compressive strength/MPa  Elastic modulus/GPa
Radial 60 202.690 15.328
Radial 75 102.857 9.755
Axial 60 153.326 11.403
Axial 75 73.236 6.428

Uniform 60 190.653 13.356
Uniform 75 89.289 8.105

+ 1159 -
200
—— Axial 60
Axial 75
160 | —— Radial 60
< —— Radial 75
o
= 1201
w
o
& 80t
40

O 1 1 1 1
0.0 0.1 0.2 0.3 0.4
Strain

6 ERAEEL LT RIR - A 2

Fig.6  Stress-strain curves of porous titanium samples

EIRSE B, W 7 Bion, B 7a ) 60%FLER ZA% B
FE 2 AURE M EZE T FE I, B 7o S 75%FLRE =R i i e
ZAFEAF R TR . A2 B e o e, R AR
HAPEASTE , WA AR 38 P I K, Rk AR A
B K 1A I3 0, SCAR AT SZ N R I AR R,
NIEIRMY B, AL B IEAR T, B Bl N AR 2218 1
K, XBERRIR G, BJIRGE TR, AR T
B, SMITIEWIR, BEERRRRI R, AR R R
B, NABEAE SRR R s BTt

FH . 3-8 2R AR T AR 3, FLER R 60%4% M)A
FECHRBARREPFPURREE, O 193.982 MPa, fLIR
ZR N TE%I N [F Ak E S A5 e B EE B IS, 04 41.809 MPa,
R 3 NG LR T I H R i FE AN S A

SCHR[L7]0 FIRE TR AN R B4R & 4% T Gyroid H
TCEBR 2 AL T R 4R D R, WIS R S A
AR, RIGAE A B FLBR 2 43 3 60%FH 75%, LIS
B oA, ARG WU AR (R P S50 470 5 P AR A P A
WK 4 Fiow.

TR ISt B AR ) R 2 e FLAR AR B R 350 R A I 4
gER, WLLE A FLBRZRN LA, AR R R
FERBAPERLE TR, B, 75%FLER AR
L 60%-FL R ZE A1 250t s i B 1~ 35 S B 43 )
b 59.20071 38.7%; HhmAhEELLH, 75%FLBRZAEAEXT L
60%FL BT Ze A A~ 35 470 e 5 85 R - 1) e P A 6 4 31 B
66.6%1 47.2%; ¥ FRAEIEALF, 75961 KRR RELEAH
Ft 60%-FL IR 28 PRI AL~ 357 47T e 5 55 R 1 57 3L P A - i)
NF% 53.4%FH1 45.3%; FLERA MK FEZ FL45 4 sL
PR30/ D 5 RARE JR ek /N, 470 5 P AR A P A ik~
FFIFLIR RS, 250 LA ol 51 2 FLSC 38 T 31k
RER A . M4FLERAN 60%HF, 43 AR 5 S ZRA L T
49 I SCHR (P e s 5 B AN A5 B AR B A T AR v 7.4% A0
12.1%, il [ o6 P S 20 AH LU 35 J5 S 2 PR 0 o P R 2528
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Fig.7 Compression deformation process diagrams of part samples with porosity of 60% (a) and 75% (b)
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Table 3  Mechanical properties of gradient titanium alloy
samples
Sample Compressive Elastic modulus/GPa
strength/MPa
Radial 60 193.982 6.102
Radial 75 96.073 3.723
Axial 60 125.014 4.685
Axial 75 41.809 2472

x4 HKREEHRBEHNFMRE

Table 4 Mechanical properties of uniform titanium alloy samples

Compressive

Sample Elastic modulus/GPa
strength/MPa
Uniform 60 180.671 5.442
Uniform 75 84.281 2.976

BRI 2) 5)R % 30.8%41 13.9%; 4 LI Ny 75%IH,
AR TR JEE S R L T 249 J03 S SR P 0 s 5 B S5 280 P A
AR 14.0%H1 25.1%, il a8 B 52 4R A L3 i
BRI 5 RN A5 R 5 43 ) T B 50.4% 71 17.0%.
FEAAFFLBRER R, 421 B FE AR T Gyroid 5t 2 L3 48
FHECI S SR HAG AR Jy 25 1tk e, SEE T Ko & (1)
HERE S s TR R FE SCERAR L3 T S AR ) v e
Frskss, EEH TR B E S EIIE S .
2.3 BREHEERSHFMEMNRER ST

T M LR SR 2~3K 4 W LUE H, AR JCi B F

IASFEI B L < AN TR FLER R 2 LS AR 5 R kA B A 47
J 568 J3E 245 R 88 ey T SR T e g R, TR A 3D
ITEN L ZZ O GG 30 52 1 52 T B0l HE O S PR LR
T RO ALIR A, SEERITENREIEA /N kb,
BR T 07 FLA5 B M 25 RO BARSRAT F g SR (BAE )
PR RS b, FIRTHHRER 5B EIR —
Bl RIS TREBERE . AR R 2 AL, FLIR
IR, J1VEREIRES; SLRRRARFINS, fRmafhE%
FLECRI AR RE I T3 2 AL, BB 2 FLC
ZRAR LIS SR T 72 BE IR -

3 4 ip

1) M FARSLBEKAEE Gyroid #t% L3
28, SCHRI AR R A B R T 5 FEE 25 L B 2R 1 38K
T B o

2) FLBRFAMFEI , 12 R 2 ST )22 P e A
TR AL, AR AR S AE 0 J A P RE 2R
T PR R SRR R B BRARAE s RO B 3 22 FL SR ) A 1
ML ST s, T B SO BAT AR I 0 A
PERE, DRl E Al R0 B 15 22 FL SR AT 10 A A P RE R
AN RS L B SR E R
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Design and Analysis of Gradient Porous Structures for Titanium
Alloy Deformation Gyroid Units

Shi Zhiliang®, Ruan Pengcheng’, Gao Jie*, Zhu Shaoho?
(1. Wuhan University of Technology, Wuhan 430070, China)
(2. Zhongnan Hospital of Wuhan University, Wuhan 430071, China)

Abstract: A parametric design method of deformed Gyroid cell porous structure with radial and axial aperture gradients was studied. The
deformed Gyroid cell porous structure samples with 60% and 75% porosity of titanium alloy were prepared by selective laser melting (SLM)
technology. Static simulation analysis on four kinds of gradient porous scaffold models and two kinds of uniform models were carried out by the
finite element method (FEM) and the mechanical properties of the prepared titanium alloy gradient porous samples were tested, and the
mechanical properties were compared and analyzed with those of the tested uniform samples. Finite element calculation results and the mechanical
performance test results show that the mechanical properties of porous structure deformation Gyroid unit decrease with the increase of porosity.
While the porosity is the same, the mechanical properties of porous scaffolds of radial gradient is better than that of uniform porous scaffolds,
which are more suitable for cortical bone defects of bone repair. And compared with uniform porous scaffolds, mechanical properties of porous
scaffolds of axial gradient are weakened, which are more suitable for the cancellous bone.

Key words: deformed TPMS porous structure; aperture gradient; titanium alloy; mechanical properties; finite element method
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