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Fig.1 Topology optimization boundary conditions of compression load (a), torsion load (b), and bending load (c)
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Fig.2 Output results of topology optimization models: (a) compression type, (b) torsion type, and (c) bending type
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K3 sl R s A
Fig.3 Reconstruction of cell structure models: (a) TO-C, (b) TO-T, and (c) TO-B

K4 TO-BZ LS 40uREE

Fig.4 Schematic diagram of geometric parameter of TO-B structure
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Table 1 Rod diameter and aperture values of unit cell models

Porosity, p/%

Structure type ~ Parameter/mm
60 70 80 90

t 0.455 0.380 0.295 0.200

TO-C
D 0.606 0.681 0.766 0.861
t 0.375 0.315 0.250 0.170

TO-T
D 0.689 0.746 0.811 0.891
t 0.385 0.315 0.245 0.165

TO-B
D 0.676 0.746 0.816 0.896

%2 Ti6Al4V ELI 1B M
Table 2 Material properties of Ti6Al4V ELI

Young’s modulus/

Density/ . . .
N Poisson’s ratio Yield strength/MPa
g-cm’ GPa

4.5 110 0.33 970
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Displacement: AL=0.1.=0.3 mm
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Fig.5 Boundary condition of compression simulation
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Angle of torsion: 5° y
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Fig.6 Boundary condition of torsion simulation

Displacement: AL=0.1.=0.3 mm

L=3 mm

K7 #S i saL S ok

Fig.7 Boundary condition of bending simulation
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EIAL A 4 i1, BT M RE 9 42 )& 3D 4T B0 TibAl4V
ELIEE B3R AR, AL R WA 3
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%3 Ti6A4V ELI{LZE K 5>
Table 3 Chemical composition of Ti6Al4V ELI (wt%)

H N o Fe C \Y% Al Ti
0.012  0.05 0.08 0.13 0.25 3.5 55 Bal.

K8 Ti6Al4V ELTF R MO K3
Fig.8 Microstructure of Ti6Al4V ELI powder
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K9 Ti6Al4V ELD AKLAR 53 A7
Fig.9 Particle size distribution of Ti6Al4V ELI powder

4 SLMAFEIZEH
Table 4 Parameters of SLM process

Scanning Sweep spacing/ Layer
Laser power/W . .
speed/mm-s mm thickness/mm
200 1200 0.14 0.03
3 HR57H

3.1 hEMRHELSER
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B A 60% I 22 5 B IR, DR R 22 1 T 60% FL B e i 4% &5
R SRR BUE M 5. 5410 5% 5 AT LG i
Gy R 3 PR R S RE TSR 55 , L PP R SR AP
i 38 FF K /N2 9 TO-B>TO-T>TO-C, i 41 58 K /N A
TO-T>TO-C>TO-B.
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Fig.10 Simulation results of mechanical properties of porous structure: (a) compressive strength, (b) torsional strength, and (c) bending strength

R5 LFLEM60% FLERRETRY L1 RE

Table S Mechanical properties of porous structure with 60%

porosity (MPa)
Mechanical property TO-C TO-T TO-B
Compressive strength 158.36 177.42 228.13
Torsional strength 155.85 191.08 140.45
Bending strength 162.54 173.28 249.08

3.2 A LEMEFLRE

{ il SLM T EDHLH# % 7 3 Bl 22 FL &5 M 7F 60% FLBR
HENF (1 e A A, 530 45 K 28 Y o) 4 3 AN IR 2R AT TR 4
TR, FT B 58 55 18 FH 2R DI BN LK i1 D) o A
W VR JE AR AT B RS A3, ARAIE L LA A 3 T 5
51 [A] I T 3 Bk 45 44 P IR 40 oK 4 ikl TIGA14V ELL Ay
A, M8 G o R B0 £ SR R AR R P AR N R . Kb EE 5E R
(1) 3 o B an P 11 Firos , m BAFE HA 3 A LB 23 A1 B
B H RIFI O & .

JIT A £ 6 45 R 56 158 4% S CMITS 105 R fafed ' 7 15
RE 50 AL, 1 AT 150 A0 S B T 4 T R A
1 mm/min, % J& 4b B2 58 B (1) 3 Fl 85 4 R B il 1R E AT T
TGRS o U5 58 U 5 4 SR A6 s, TH R A
AR I 2 1) 7 - A% 1 2, 60% LI R £ FLAR A 1
71-RiAs 2 an & 12 B

B N 3-8 i 2 DL R 446 06 B0 5 40 A el e, 3

TO-C TO-T TO-B

K11 Eailfr el

Fig.11 Schematic diagrams of compression specimens
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F12 60% FLIR A 2 AL R T 240 7 513732 Hh £
Fig.12 Compressive stress-strain curves of porous specimens with

60% porosity

GERE RIS (1 RO A, an B 13 Bizs . TO-C R TO-T
2 TG R A1 2 ST R AL 5 T% 45 K A7 TE A R Ak 2 301
H 4S5BT UI IR R AL, S B i 2R 3 B B 2R
N R ZWE TP, TO-B4iH T iRNEBE Y
FFIEB AL IS AR, 5 30 R O XN IR T 46 1 AL
W28 2 i B, B 2 BN B A 2R B TR R
2, A 5 B P 5 B A e R A e

T I R A e BE AR L PR R MK IO
TO-B>TO-T>TO-C, 5 & 10 H [ 4 77 B &5 Rt A —
. HrhTO-B 454 4T R 51 2 4 258.88 MPa, fm T A
A4 5 J5 B 470 9 (100~230 MPa) . TO-T Al TO-C Z5 14
43124 213.35 F1188.35 MPa, 75 A {4 5z Jif B 470 15 58 i 3
P oo 5% 458 3 PE B & TO-C N 2.87 GPa, TO-T N
2.51 GPa, TO-B N 4.16 GPa, I 7E N Fr K 36
(0.02~20 GPa) , 3 Fi 45 14 P s 5% J5 A0 o P 155 & 20 {8
WK 6.
3.3 ZILEMAOEMREALR

J1EPERRIEH O N e 2 LK & SRR i E EE I Pk
e, BN G T AR S 5 L S RN T X R T



* 1586 ¢

W] B RS TR

554 3%

Bl 13 ZfLEM 45° 8T U1 R A
Fig.13 45° shear failure diagrams of porous structure: (a) TO-C structure and (b) TO-T structure

®6 60% FLERER S LA AN ELSR I RE

Table 6 Compressive properties of porous specimens with 60%

porosity
Structure type ~ Compressive strength/MPa  Elastic modulus/GPa
TO-C 188.35 2.87
TO-T 213.35 2.51
TO-B 258.88 4.16

BHENY) 7500 5 B B, 5B AR 2 FLE M
SVEREATZR & VA, BRI 45 tH 25 G M R R FE I 45 1 2
. A AR TAERF DR T 45 3, & 45 M B &
SRR PO R R AN P S i R AL AE [R) b FL R 2R I AR A
A—HHEFWE. Fk, N7 B & S5 R 25
G 1R RE S DL 60% FLBR R 22 FL&EFI I )y 2 e A 5]
BEATHR TS . B2 R 450 507 B2 AR E IR 22, A
AR 077 B 45 kAT J1 28 M RE R 2% LA, i I o &
S5 60% LB 2 I 1) 5 B2 K08 B DA B R AE AT I3 — Ak
BN T s AR LL g R, Wk 14 Frow.

HH 722 REx L g5 R BT W LAE Y, TO-B &5 M 1t &
5 B2 RN 4025 il 98 R B 2 /& T TO-C 5 TO-T 2 Fh 4544,

Compressive strength
3.0 Torsional strength
Bending strength
- 2.5
5]
2.0
<
§ 1.5}
1.0
0.5
0.0
TO-C TO-T TO-B
Structure Type

K14 ZLE5H A TR R SR A T HLAE SR
Fig.14 Comprehensive comparison results of mechanical properties

of porous structures

TO-T &5 M T IS PEREAN 55, (2 L P R i 0 55 iy
T H A 2 P45, 1T TO-C 454 1) 3 Bl Jy 2 MR R AS 5
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9 55 4 % 9 TO-B>TO-T>TO-C, 3t TO-B &5 M) 45 & /1
PERe AL -

4 25 g

DR N AR & 2 775 S 046 B 15 TO-C
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W EHAN TR

D% 3 PR M 2 FLES AT T 1 R A IR T
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#:TO-C 2.87 GPa.TO-T ~2.51 GPa,TO-B 4 4.16 GPa,
TENH 0.02~20 GPa [ M A5 i P4

XT3 FREE RIS = RE AT T 256 X T, dl il bl
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Topology Optimization Design and Mechanical Properties Study of Porous Titanium
Alloy Based on Loading Characteristics of Human Bone

Zhang Yongdi, Zhao Lisong, Dai Luyu, Yang Guang
(School of Mechanical Engineering, Hebei University of Science and Technology, Shijiazhuang 050018, China)

Abstract: The stress of human bone in daily activities is complex. To obtain the optimal porous titanium alloy structure suitable for bone
implants, it is necessary to analyze the mechanical properties of porous structures. According to the compression, torsion, and bending loads of
human bone, three kinds of porous structures (TO-C, TO-T, and TO-B) were designed and reconstructed by topology optimization method. The
mechanical properties of different porous structures were studied by finite element simulation in compression, torsion and bending states. Finally,
the compression test of porous specimens prepared by selective laser melting technique was carried out. The simulation results show that the
compressive strength and bending strength of TO-B structure are optimal, while the torsional strength of TO-T structure is optimal. The
compression test shows that the compressive strength of three structures at a porosity of 60% ranges from 188.35 MPa to 258.88 MPa and the
elastic modulus ranges from 2.51 GPa to 4.16 GPa, all of which meet the requirements of human bones. By combining simulation and
compression test to comprehensively analyze the mechanical properties of porous structures, it is found that TO-B structure has the best
comprehensive performance and is the optimal type of porous structure for orthopedic implants.

Key words: porous titanium alloy; topology optimization; mechanical property; human bone load; selective laser melting
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