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Abstract; Objective To analyze and compare the strength of titanium alloy crystalline porous scaffolds and
porous scaffolds with a triply periodic minimal surface (TPMS) structure and explore the effect of porosity on the
equivalent elastic modulus and permeability. Methods Crystalline porous scaffolds (cell 1-4) and TPMS porous
scaffolds (P-, G-, D-, and FKS-type) with the same porosity were constructed, and the equivalent elastic
modulus, equivalent yield strength, and permeability of the scaffolds were calculated using finite element
simulation. Results The elastic modulus of eight scaffolds was in the range of 5. 1-10. 4 GPa, the yield strength
was in the range of 69-110 MPa, and the permeability of 4 crystalline scaffolds was in the range of 0.015-
0. 030 mm’. Conclusions With an increase in porosity, the elastic modulus and yield strength of the scaffold
gradually decreased, and the permeability gradually increased. The cell 2-type scaffold is suitable for repairing
defects at load-bearing bone sites because of its high elastic modulus and yield strength. The cell 3-type scaffold
with a uniform stress distribution and a longer linear elasticity phase may be suitable for designing porous tibial
platforms for knee joint prostheses.
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Fig.2 Models of different porous scaffolds (a) Crystalline
scaffolds, (b) TPMS scaffolds
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Tab.1 Geometric parameters of the scaffolds
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cell 1 0.25 0.77 75.02
cell 2 0.30 0.55 75.03
cell 3 0.37 0.56 75. 80
cell 4 0.37 0.56 78.57

P 0.37 1.71 75.43

G 0.28 1.32 75.32

D 0.23 1.15 75. 68
FKS 0.16 0. 63 75.71
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Fig. 3 Equivalent stress nephogram for different porous
scaffolds (a) Crystalline scaffolds, (b) TPMS scaffolds
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Fig.4 Stress-strain curves of different porous scaffolds
(a) Crystalline scaffolds, (b) TPMS scaffolds
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Tab.2 Equivalent modulus of elasticity and equivalent yield

strength of eight scaffolds

B SRR R/ GPa SR IR/ MPa
cell 1 8.19 90. 81
cell 2 10. 35 109. 84
cell 3 5.18 69. 59
cell 4 8.03 85.99
p 6.90 91.67
G 7.38 88. 00
D 7.92 93. 41
FKS 8.96 99. 17




EREYMANE $£39%8 H28 2024548
226 Journal of Medical Biomechanics, Vol.39 No.2, Apr. 2024

T, AR AR S A A e R A e R A2 B S
it 1 T Sl R R R 22 A A R T T LR T 45 A
AN TPMS 7248 JHORE TR JE AR Hh e ok 4k 3¢ 18 5K
P, LS AR R R IR iR B A7 B RE 1 45 44 T IR
opA

AFFFE SCARFLBR 3R X B A e AR ) R
XF cell 2 il cell 3 BYZHFE) 1R 5 ZHAN [ LB 3 A AR A
TR BT, S5 R W, cell 2 S BRHPERT HE A
4.48~14.60 GPa, i /IR i B2 H 45~ 149 MPa, fLF %
H 67.00% ~87. 60% ; cell 3 S HRTAMERIRE g 2.5~
5.2 GPa, Jit IR58 & 4 34.5 ~69. 6 MPa, LR K
75.80% ~85. 78% ., W ZH A5 U 1t A5 Ak s AL £ R A
A5 AR 32 It A LB 3 A B4 A E R s/ A
PRISONT B ARS B 5 L BRI X R AT

Y =-49.276X + 47.476  (cell 2)
Y =— 26.498X + 25.207 (cell 3)
i AR S AL R RN
Y =— 506. 475X + 488.289  (cell 2)
Y =- 349.715X + 334.438  (cell 3)

SR B, RIRILA sREST A — K R B,
HAFAE R*>0.99, cell 2 U 25 H4) fity 25 20 3 A 2 A
AR R IR o P A 1, B PR AE R 0% 114 iR A6 L 2 4
TR, 38 A T R R B s 2
cell 3 FUZEAE ) SMEAR BE B /N I ) 0 AT Je 389 50, 46
PR B B A K, R Rl A AR A 1 10 T 3 P 4K
SO, T BERE T O B A BR BE A 3
2.2 YERMREDNFHFELER

S T L N N N D2 S B 3 I N
PRGN S D2 S s o R R = =B O =Y (A OB/ E
(WE5), FREMRARSH TAREEHASURA D, )
FEFIREK ;T )2 9 AR SR 00 1 7 38 i A /0N, s 101 4k
X E S35 0, Horbr cell 2 Al cell 3 /B /NGE 340
A 14350124 1.01,1.06 Pa, Z 4 32 cell 4
ZER BN DR S1/NT cell 2 Fl cell 3 B9 A7, 3X
ST cell 4 4548 Y8 9 A 0L BR R ARAIG, a3l P
B /N T ATETT

PG (7) KSR ABER (WK 3) , 4
TR, 4 PR S RR)B B E AR B L5 5
PEJERE (0.05~0.50 mm*) Z N, cell 1 3242 H 3R
A2 5 JE AR 2 1 XSG T 0, HL cell 1 3228
7 PR S DX 308 A LAt S AT AR A A cell 1 45

cell 1 cell 2
RiF1/Pa RiF3/Pa
0.742 1.006
0.668 0.905
0.593 0.805
0.519 0.704
0.445 0.603
0371 0.502
0.297 0.401
0223 0301
8-(1)33 0.200
: 0.099

0.000 0002
cell 3 cell 4

B F3/Pa BiF3/Pa
1.062 0.890
0.955 0.800
0.848 0.710
0.741 0.620
0.634 0.530
0.527 0.440

0.350

0.260

0.170

0.080

=0.010

0.420
0313
0.206
0.099
-0.008

5 TEBREZERREENEE
Fig.5 Fluid pressure nephogram of different crystalline scaffolds
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Fig. 6 Wall shear stress nophogram of different crystalline

scaffolds

Ali 2 SBIEFE A, AT LU WSS SR PR B
NG G A R Tl AR AN Y 3 AL o Ak, Tl
Fluent FERTH 3 DIRE , SR -3 WSS, 455 F% W,
4 i SRR ST B4R 35 WSS ABTE 0. 05 ~57. 00 mPa 75 [
Y, X 4 i S 481 WSS 434 Y BE B 20 B e st
H AR R (E4)

F4 BKETHEEEN AR

Tab.4 Comparison of average wall shear stress for crystalline

scaffolds
SR K WSS/mPa 15 WSS/mPa
cell 1 52.3 7.87
cell 2 58.5 13.78
cell 3 86.6 14.05
cell 4 82.9 13.38

T W AR FLIBR FE XS B 1 A s, 43 )
X 2 AARFEFLBR R cell 2 Fl cell 3 7 AR R 4T
TR B FHEAR N cell 2 H/NE TR B35 R R
0.961x107°~3.372x107° m?, cell 3 B/NETHK B
B 1.933x107° ~4. 155x 107 m?, 7 ZH A5 750 1)
BIERNENEEAL0E E R E 2N, I H &
LB A K, AR B B s K, I H Rk
XTALBR R 5B ER RTINS
Y=6.687 74X >*%*10.346 85 (cell 2)
Y=15.523X"%%% 41,104 58  (cell 3)
iR R LB R 5B E BTG 2 R AR
L H R*=0.998 9, cell 3 BIZEH 495 % e B 08

T cell 2 HIZEH B L HRIAB B 1 32 B 25 F R AR
FLBRA R ZE G52, 530k 25 ] BBFFE 25 S AR [R]
3 g
3.1 (FELERSH

FE4r 7 FLF B, 8 il S 28 0 A5 4505 1 A i v 1]
5. 1~10.4 GPa, H cell 2 Fl FKS 32421945
SRR A, 43 M 10,35 .8.96 GPajcell 3 I P
SERA ARG ZR R B B B K, 20 BN AR 1%
X cell 2 1 cell 3 U1 2 A [] L Bt 258 8 455 Y 1
Al BT 4 B, B FL IR 3R 0 38 K, H A s bk
A E A 50 IR 9 B AE AN W/ e cell 2 32
PRI LA v A B 35 FH T 2 R A A 48
BHNARIT scell 3 B/NESZAATBAR M s N
1A dhy sy, HE R BUR K, T BB IS FH Tk
TR IR B G it WS S B R
1,4 Fh SR SCAR I 3 -1 WSS H7E Nk
HEGERZ N, A LR R0 m , R B s
AWK, HAF A 2 K REORHE, o, cell 1 F1
cell 4 LIRS B E LT A R Tz 5 5 579 i
FRIIEY . cell 4 A 45 N KB #% 45 44 A1
o1, MUz BE 758, AL BR % w5, B aE R AT, 2
— PP AE B SR O
3.2 REERRE

IR ANACE AR A 1 R R K 4
B IR LA A A 1 FL BRI B R A
Xof S 48 7 R R RIS 3 1 B 14 43 BT B B IF 5 S
R SCHE, e R D, H AT E A 3 BT
3D FTEN 4R R HERR S R 40 B9 VI ) 12 PERE A
R B A A A I DR N2 FH A2 e 32 4 i
IAVERE AT B 53 AT s TEDAR D7 T, E BB %
PEXT B S A A A RE ] (ELBR L WSS X B2 21
PISENR , AR SCERG I T AR 45 4 S R i g 24 1
RERIBIETERE , 25 R W . AR 5T S 2R A0 L TPMS
15 Voronoi BEERIEBIT Y SZAE, HAG AR fay e LB
TEAR 222 FALBR R 5y T, LA ST DUAR 4 1 e
TR AT Z PSR A S0, R, SR ML T 4h
PR S 2895 1z N T i s & A AR = i
FEM (A AT 5

AT A BRI 5 B 7 BB 58 SR ) 2 vk
RERIBBYERE , (HAE X B /N GE S JAS A R 47 S 56



EREMANE $39% $F28 2024548
228 Journal of Medical Biomechanics, Vol.39 No.2, Apr. 2024

BE D7 E A LA R A MR AR UL AR S
BN R BCE (B REE P ML %, T
— BB R H] &R BN SR, O
PEAT FRARSC I AR S0, 5 2 05 R 25 R R AT
i LS E

Flst R A A,

{EERBRA R : 3 53 A 203 A IR
AT AR $1 T SRR SR Ao T 5 0 2B b 1
CESINEL NT LT L S S SEL S s

SR

[ 1] WEIBMANN V, BADER R, HANSMANN H, etal
Influence of the structural orientation on the mechanical
properties of selective laser melted Ti6Al4V open-porous
scaffolds [ J]. Mater Des, 2016(95) : 188-197.

[ 2] KADKHODAPOUR J, MONTAZERIAN H, DARABI AC,
et al. Failure mechanisms of additively manufactured
porous biomaterials . Effects of porosity and type of unit cell
[J]. J Mech Behav Biomed Mater, 2015(50) ; 180-191.

[ 3] CUADRADO A, YANEZ A, MARTEL O, et al. Influence
of load orientation and of types of loads on the mechanical
properties of porous Ti6Al4V biomaterials [ J]. Mater Des,
2017(135) ; 309-318.

[4] LIJ, CHEN D, LUAN H, et al. Numerical evaluation and
prediction of porous implant design and flow performance
[J/OL]. Biomed Res Int, 2018, doi: 10. 1155/2018/
1215021.

[5] WANG X, XU S, ZHOU S, et al. Topological design and
additive manufacturing of porous metals for bone scaffolds
and orthopaedic implants; A review [ J]. Biomaterials,
2016(83) : 127-141.

[6] LIJ, CHEN D, FAN Y. Evaluation and prediction of mass
transport properties for porous implant with different unit
cells; A numerical study [ J/OL]. Biomed Res Int, 2019,
doi: 10.1155/2019/3610785.

[ 7] BT BETHOC=HATEN RSB/ NG 2 FLBR R I 1 e
T HARP B 98 [ D], RS, BKEERIKA, 2017,

[ 8] ZEmfh, BRJALEE, Wiy T, 48, FRIRFN Ak = J8 390 /0 th i

FTLBRARE S 1 PERe XS L [ J]. B T4, 2021,
36(4): 576-581.
QIN JW, XIONG YZ, GAO RY, et al. Comparative study
on pore characteristics and mechanical properties of solid
and sheet TPMS models [ J]. J Med Biomech, 2021, 36
(4) . 576-581.

[ 9] 9535, &, A, 5. 3D FTENR I ZFLERARIE Pkl i 19 2E
YWEGR(J]. EREY I, 2021, 36(1) : 85-91.
GUO F,HUANG S,HU M, et al. Biomechanical study of
three-dimensional printed titanium root-form implant with
porous surface [J]. J Med Biomech, 2021, 36(1) ; 85-91.

[10] THOMPSON MK, MORONI G, VANEKER T, et al. Design

for additve manufacturing: Trends, opportunities,

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

considerations, and constraints [ J]. CIRP Ann Manuf
Technol, 2016, 65(2) : 737-760.

CAMPOLI G, BORLEFFS MS, AMIN YAVARI S, et al.
Mechanical properties of open-cell metallic biomaterials
manufactured using additive manufacturing [ J]. Mater
Des, 2013(49) : 957-965.

WANG C, XU D, LIN L, etal Large-pore-size Ti6Al4V
scaffolds with different pore structures for vascularized
bone regeneration [ J]. Mater Sci Eng C-Mater Biol Appl,
2021(131); 112499.

SPEIRS M, VAN HOOREWEDER B, VAN HUMBEECK J,
et al. Fatigue behaviour of NiTi shape memory alloy
scaffolds produced by SLM, a unit cell design comparison
[J]. J Mech Behav Biomed Mater, 2017(70) ; 53-59.
ARJUNAN A, DEMETRIOU M, BAROUTAJI A, etal.
Mechanical performance of highly permeable laser melted
Ti6Al4V bone scaffolds [ J]. J Mech Behav Biomed Mater,
2020(102) ; 103517.

OLIVARES AL, MARSAL E, PLANELL JA, etal. Finite
element study of scaffold architecture design and culture
conditions for tissue engineering [ J]. Biomaterials, 2009,
30(30) : 6142-6149.

BLANQUER S, WERNER M, HANNULA M, etal
Surface curvature in ftriply-periodic minimal surface
architectures as a distinct design parameter in preparing
advanced tissue engineering scaffolds [ J]. Biofabrication,
2017, 9(2) : 25001.

FREL. TC4 BhG & 1 #ERENNIA X S B M R ALFSE [ D]
FAAT: FERUIL A LR R, 2012,

ALI D, SEN S. Computational fluid dynamics study of the
effects of surface roughness on permeability and fluid flow-
induced wall shear stress in scaffolds [ J]. Ann Biomed
Eng, 2018, 46(12) : 2023-2035.

ZHANG X, GONG HE. Simulation on tissue differentiations
for different architecture desings in bone tissue engineering
scaffold based on cellular structure model [ J]. J Mech
Med Biol, 2015, 15(3) : 1-19.

CILLA M, CHECA S, DUDA GN. Strain shielding inspired
re-design of proximal femoral stems for total hip
arthroplasty [J]. J Orthop Res, 2017,35(11) ; 2534-2544.
GUO Y, XIE K, JIANG W, et al. In vitro and in vivo study of
3D-printed porous tantalum scaffolds for repairing bone
defects [J]. ACS Biomater Sci Eng, 2019, 5(2): 1123-1133.
K=, EH, X%, 43D fTENER G B/ NE AL A Y
fPERE[J]. PEIALGUTRMGE, 2020, 24(22) ; 3498-3503.
TAEM. ThREREEE TPMS IR SE M it B e REMFFE [ D]
KB MR, 2022.

KA. 3D /NRR B B R AP I B AL S 9%
JFEER[ D], KEE: REMT R, 2022.

BOBBERT FSL, LIETAERT K, EFTEKHARI AA, et al.
Additively manufactured metallic porous biomaterials based
on minimal surfaces: A unique combination of topological,
mechanical, and mass transport properties [ J]. Acta
Biomater, 2017(53) . 572-584.



