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Abstract

BACKGROUND: Bone tissue engineering scaffolds have been widely used in recent years, but their stability and controllability are poor, which may produce
stress concentration easily. Triply periodic minimal surfaces have many advantages, such as porosity, smoothness, connectivity, diversity and controllability,

which provide a new idea for the design and application of bone tissue scaffolds.

OBJECTIVE: To construct bone trabecular structure based on implicit surface method and optimize the structure by using finite element numerical simulation

and topology optimization technology.

METHODS: (1) Based on the parameterization of implicit surface method and modeling S-P, D and G trabecular structures of triply periodic minimal surface
were constructed. (2) Compression simulation of the constructed trabecular bone structure was carried out using finite element numerical simulation method.
(3) The structure optimization of S-P bone trabecular structure was carried out by using variable density method and Solid Isotropic Material with Penalization

interpolation model.

RESULTS AND CONCLUSION: (1) The stress nephogram showed that the three trabecular structures exhibited larger stress values at the intersection of the
unit structures. The S-P type appeared at the radial connection of the unit. The G type appeared at the axial connection. The D type appeared at the axial and
radial connection. The equivalent stresses of S-P, G and D structures were 105.07, 694.78 and 637.36 MPa, respectively. (2) The displacement nephogram
showed that the displacement of the three trabecular structures close to the displacement surface was the largest and decreased along the axial direction. The
total deformation of the S-P type was smaller than that of the G and D types. (3) The porosity of the three trabecular bone structures was higher than 50%,
with the highest porosity of the S-P type (90.7%) and an aperture of 0.63 mm. Bone ingrowth performance was better than G and D types. (4) After topology
optimization, the equivalent stress of S-P structure was 149.11 MPa, the mass of which was reduced by 13.9%, which met the design requirements of bone
tissue scaffold. (5) Therefore, the method of the design of bone trabecular structure that combines triply periodic minimal surface parametric modeling with
finite element numerical simulation and topology optimization provides a new idea for the surface structure design of bone implants.

Key words: parametric modeling; trabecular bone; triply periodic minimal surface; topology optimization; simulation analysis of mechanical properties;

biomechanics
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Table 1 | Triply periodic minimal surface expression
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Figure 1 | Structure unit main program of triply periodic minimal surfaces
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Figure 2 | Initial model subdivision process
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Figure 3 | Triply periodic minimal surface elements
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Figure 4 | Schematic diagram of element construction for S-P bone
trabecular structure
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Table 2 | Numbers of elements and nodes of each structure
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Table 3 | Geometrical characteristics of bone trabecular structures

TH S-P AUF/NRRAH G R /NR LY D R /N
ks 141481 445926 631280
i 272199 795 825 1119929

2 Z58R Results

2.1 BB AEAEME R B 5 N 3 FhE NS SN
TIRRAEAE =B S-P. G, D Al 3 Fi /NGS5 RN 7157
7}y 105.07, 694.78, 637.46 MPa, LN =K K, G
F1 D RUAED SR B/ INTIAR R Sy S, R REAR S ) 73 A 45
B8, AT G S ARGEE . 3 AR/ il T E N RS TR
BT ZE MR RS A 2 IR R DI 4H,  S-P 2 HH HILAE B T AR ] I
Bk, G 7Y W BILLE Sl 1) SR Ak, D BRAE B ) RN A% [ E AL AT o
IS = BRI, BT 4 it 67 % T PR o A % B oK
Wb ANk, S-P ALEIEA/NT G, DAY,

B: Static Structural
]

105.07 A
93536
52005
70473
58941
47.409
35878
2436
12814

£ W Sy
Hi: mm
A 20

B: Static Structural
2

R TR (Von-Mises) Finy
(2 MPa

il 20

| STk

617.59

= 54039 L
4632

e
308.81
23161 2125

15442
I 722
0.032025 Rl

14167
70842

G AR T = DRSSV INPIFA]

B: Static Structural
2

B: Static Structural
&2 ]

:

© m A A
iE): 20 N N
NGOG\

0010992 ik

0.010065 BX ! . 0.010496 WX

00089469 00057708 00093297

00076265 00085454 coosrers  INGENINEIN

00067102 1 00073281 0.0069973 N i N

00055918 | oosiost 00058311 N N

00044735 00043854 00046649

0.0033551 & 0003664 0.0034987

0.0022367 00024427 0.0023324

o0& o omih

uriva - &] 1) g5 ;7 FI A7 3|

S-P AR = G AR & D A% 2

Bl s BRR, 3l NS LT M AT AL IR I AH
S-P AU ITE SLoC AR In e AL, G Y DTS ) EHE AL, D AU TE il i) AN
RIEREALIA, S-P. Gy D A E /INGEEEH 155 408 7 43 7)) A 105.07,
694.78, 637.36 MPa. 18z B NLIR, 3 Pl /N2 48 e 2 30 i in A 78 T
HIER I NI RE IR, IR, S-P R EIEA/NT G, DY

5 | 3MENRERZEYRNZEMREERE

Figure 5 | Nephograms of equivalent stress and total deformation of
three types of trabecular structures
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Figure 6 | Topology optimization process diagram of S-P trabecular
structure
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IR A BRICHERL 7 R a B 1) g 2P Re, HEAT T LR
SIRTRIFR ML, (R BB TR A B Y AT SEAR BRI,
NGB T RE S 3D FTEPE AR G AR R A N L
FLEERRAE, FFRAT R 4a 25, o LI IE B E AL 45 R . A
NE N L FLEE M I B A Y 5 3D T B G B SR TR 45 1
RSP iGILE SEEEAFE I B2 5. VE& a1 IRT 7T LIRS
R, IR — Bk % 00 5] — RF iR e il R 35 B e R
S, AR AN R B RSN . A T R
BB AR SO0 48 J R 2200 75 B A TAR G #ERss
TE BN R LS ORI HE 3D T B SE AR 7Y R A e
T SE BRI T AR A

B N TG B AR R, By st T A
5N TSR AR B R 75 SRR R . 56T = A IR
il 7 S B0 A 5 A PR G BB B, S R P 7, R
INGEGER AT R RAGTE T, PR NN EE, 38 R
VIR N AR (RS B B A A SRS I
RONL, P BT AR R R R, AT REEAYS
NRE KR e AR AL T RE . [RIk, -/ NREEMM T
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