EREYANE $£34% FE3H 209F6 A
Journal of Medical Biomechanics, Vol. 34 No.3, Jun. 2019 243

STEHHE 11004-7220( 2019) 03-0243-08

ZAKEERSSREARNEHEERS AP
£ A= 1ERe

RIRE, FX4V, F OB, BRE, HZRE, XA, WFEE, x4’
(LIEHRZ: MU LA R, Lt 100084 2 RIIEERFIIFEBE A= W) B M B BAE A SR E (U003, |4 31 518057,
3. AL EGE B A P BRI ) bt i B AR TREARDIZ G, dE5 1000945 400 T4 OO BEBE, 7 1R 1142005
SAtE A EAFRHABRA R, Jbat 100085)

WE B HRERNZAMEHEARASEMER G AR AEY S22 kG, i B on B = 4R R
WA ST RS AL B 12580, X LAk G 18 FE I R AR AE (] Bl 5 K (anterior lumbar interbody fusion,
ALIF) J& M M HE 8] B A 7R (posterior lumbar interbody fusion, PLIF) | 28 HE [a] FL I HEHE 8] Bl & R ( transforaminal
lumbar interbody fusion, TLIF) I EAE S M AHE AR [T EL A AR (direct lateral interbody fusion, DLIF) Pk £E ¥ g 22 1k RE ik
FIXFHFSE, &R ERATHERIRL G ARG, DLIF  ALIF A AV UM 475 3/ (range of motion, ROM ) FIR & 4% i 71 B
BALT PLIF TLIF BE8, DLIF  ALIF F1 TLIF ORI A 2CH R ) B AR T PILF BERL, #5i¢ RIDZ ARG AR
DLIF #8471 800 14 A 0 0 24 vk B 17 ELAE I PRI rh 48 VR faf 0 3s TR =0, DLIF FARBA R MLE G

KB LA A S AUSAEHERERIBL A A ; Jo BOEMEHE R AR ok ) FLIEMERE R Rl AR s B S MIHE (B @l A
ARy =W
FE 4 ES: R 318.01 XEFRER. A

DOI: 10. 16156/j.1004-7220. 2019. 03. 004

Biomechanical Properties of Porous Titanium Cages for Different
Lumbar Interbody Fusion Surgeries

ZHANG Zhenjun'?, LI Wenzhao®, LI Hui’, LIAO Zhenhua®, MENG Qingzhu*,
SUN Dawei*, SUN Xuejun’, LIU Weigiang"*

(1. Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China; 2. Laboratory of
Biomedical Material and Implanted Devices, Shenzhen Institute of Tsinghua University, Shenzhen 518057,
Guangdong, China; 3. Beijing Medical Implant Engineering Research Center, Naton Science and Technology
Group, Beijing 100094, China; 4. Haicheng City Central Hospital, Haicheng 114200, Liaoning, China; 5. Beijing
Yingnuanlihe Technologies Co., Ltd., Beijing 100085, China)

Abstract; Objective To study the biomechanical properties of porous titanium cages used for different lumbar
interbody fusion surgeries. Methods The three-dimensional (3D) finite element model of the lumbar spine was
constructed, and mechanical parameters of porous materials were obtained by mechanical test. The biomechani-
cal properties of porous titanium cages in anterior lumbar interbody fusion ( ALIF), posterior lumbar interbody
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fusion ( PLIF), transforaminal lumbar interbody fusion ( TLIF), direct lateral interbody fusion ( DLIF) were

compared. Results After lumbar interbody surgery, the predicted range of motion (ROM) and the maximum

stress in cage of DLIF model and ALIF model were substantially lower than those of PLIF model and TLIF model.

The maximum stress in endplate of DLIF model, ALIF model and TLIF model were obviously lower than that of

PLIF model. Conclusions DLIF with the porous cage showed advantages in biomechanical properties, which was

simple to operate and suitable for minimally invasive surgery in clinical practice. DLIF performed the superior com-

prehensive properties.

Key words: porous cages; anterior lumbar interbody fusion ( ALIF) ; posterior lumbar interbody fusion ( PLIF) ;

transforaminal lumbar interbody fusion ( TLIF) ; direct lateral interbody fusion ( DLIF) ; biomechanics

HIEKA 4 3 PEEK A4 RHE B A% GEHER] Fil & &
EL 32 I T W MEME e 5 R SR AL 5
P TR] b v ELA A s AL 2, 33K T 68 2 B i i
HER FLEALEN . B 3D FTENHAR A%, 4L
B i) A 100 TR 2B TF G 2R A PRI T s b
il 1% (additive manufactured, AM) A% 22 £L &K A [B] @l
Bt 1] DAREARAILAR I B | S A3k 288 0L 7 1% e At ] 5
eitErE JFHA TR KA, BATEAAE&A
ANEFAE I 2 FLERHER R A &5, BN X T 2408
HET] Rl 25 AR 52 R A0 AR X (B H 2 22 1k
BT AE A SR AT OB g i

HER] Rl AR 4 AN [ A9 A% J7 =80T LA 53 24 i
5 WEAEAE [B] fl 5 7R (anterior lumbar interbody fusion,
ALIF) | BEJEAEME ] fl 5 7K ( posterior lumbar inter-
body fusion, PLIF) | £ M [a] £L % ME #E 0] @l & AR
(transforaminal lumbar interbody fusion, TLIF) | E{$%
AMUHE {4 8] Bl A5 7K ( divect lateral interbody fusion,
DLIF) %5, ZfLBRAHME ] Rl & S AR 4 T AR 2% A A
T AR 2 B AR R 25 IE 0, Rtk Z24L
BRHE ]Gl 2% 4 FEOAS [R] 9 A6 7 XA 7T 4324 ALLF
ZALERMER] il %%  PLIF 2 FLEKHE ] il & 45 | TLIF
ZFLERAME ] il 25 A0 DLIF 22 FLBKHME ] fl i 2% 4
X AN [m] i) 22 FLARME ] ol , AELA 7 =X ) Rl 2 21
A PRARANA]

FI R %) 4% S A ] il 4% 19 2B ) ) 2 Ve RE
FEIE T 7712 0 UK A1 52 56 R0 A S 56 BF 55O
TLIF 7] USRI B MR e v PR
FERAS ) T M SCHFSE A UESE Y . DLIF A LA
O/ N 3 BE (range of motion, ROM) [18-19] RN =
AT ARBPE BOAE IR IR T3] T8 Rz 1)
BRI SR, B L 2 F LR e il B 7 1 A

1A RERF AN B/ it o6 T AN [F) A 7 Uy 22
FLAAAHE [F] il 1545 A9 A= 0 3 2 PERE X LUBIFSE , S A A
KICHRIR o ASCHEZALA R 27 S g R L B
Xt 22 FLBRAE 18] Rl e 2E 4T A2 ) 7 Pk RE PPl 0 %
LI AT, S 22 FLBRME ] & 2 A9 A B 07 200 e P A1t
PR

1 #REFE

1.1 ZAHKEEWHRHNNEIE

B g ok ARG 4 647 3D AT ERRIAE,
JIT 45 Ry A 3 903 B 2R R A o e AR A 1) 4
3D T B AL EOSINT M280 ( EOS GmbH 7\ &), &
E) o ZALEE R R H 4 WA A% 2544, ~F- 35 1L
#4350 ~400 pm'”  REEE AN A AR,
20 $10 mm, B 15 mm, K T H15 525K 45 G
HA G2 5 A 5 3 LB R o8 3 4
(B2 5 AFEAE) o He BEFLIRER 43 i o A A4 FH L £51)
FHE LB R DI 65% [ 75% 1 80% 71, )12
TR A A b Bt g B 2 R F T B SR A i
e 123 56 HL Instron 8874 (Instron 2\ &), &),
FRAE 1SO 13314:2011 AR ZFLR MR 4 )8
AR I ) XF 2 FLRE R AT B A R 4
TG, R S A B IR 2 FL IR IR R i B AR R
Ferpral, Zomr A& I E S LR A S
PR B b TR AR 3 R S RS 4R T AT
Tz, MRS 1SO 13314 2011 B9 %) 44 I 728 3 R il
A EARMEFEE R 0.9 ~9 mm/min, 48 KK
MR RN 1 mm/min, iC 318 5 1 FE
AT A HE (LR 1) o M2 R 5 SR [ 24
W R R BB . 2L &b R b A5
Bifi 2 FL B A B n K B AR, LB 65%



KIRE, %, SAKEEMSRESRNBHEERESRAHEN MR
ZHANG Zhenjun, et al. Biomechanical Properties of Porous Titanium Cages for Different Lumbar Interbody Fusion Surgeries 245

BEINE] 75% B PR G AR LY 50%., 2 FLER R
AkSL 38N 2] 80% I, 4 A A 4k 22 FE AR L 50%,
BER, PR (675 MPa) S AINE T T4 B 19
PP R (100 MPa) |, B\ 208 I T86 & 4 AR 33
PR (110 GPa) , 1M .1 PEEK 4} #4450 7Y
(3.5 GPa) tWfFKIRZ

®1 SIHASHBHHEIBE R

Tab.1 Mechanical test results of the porous materials

ZALF/ % PPERI R/ MPa -5 0 1/ MPa
65 2 653535 57.2+4.8
75 1551262 30.3+1.6
80 675+130 19.10.8

1.2 EMENSFWREE T

AR Y 4 Fh 22 FLBRAE 8] Rl 5 2% 2001 2
ALIFZ FLEKME ] Gl & &%\ PLIF 22 FLEKHE 18] @il & 25
TLIF 2 FLAkAH: (] Bl & 25 F1 DLIF 2 LBk Ak ] fill 5
o MR SE i R DT T 45 2R, 4 Fh 2 FLBRHME]
fil B £ 75% Z fLAh ), R 2 £l 45 F e
BHoORA 5% LR, R 3D ITEH RS &
(Ti6AI4V) B4 ALIF 22 FLERHE B Al 4 25 1 /2
ENTE 2R LT BB, SME RSF 30 mm x 20 mm x
7 mm, PLIF ZfLERHMER] & 25 09 2 ED 2Dl 346
 ,AMERSE R 20 mmx9 mmXx7 mm , 38 F [/ 5% H
PIMCER G A o TLIF 22 FLBRHE 8] Rl 5 45 1Y A2 B T 26
LT AT HAMERSE R 25 mmx13.5 mmX7 mm,
DLIF Z5-fLBAAHME ] il 45 19 2 BV 28 (LT 1R E | A
FERGEH 30 mmx 10 mmx7 mm, SURAE S HRERET
FHF EXPEDIUM 5.5 Z % ( DePuy Synthes Spine 2%
A ) TR, HESDARIRET AR5, 5 mm, MR
FER A4 (Ti6AI4V) |
1.3 FREINBEHEBMERERET

JIT NI A7 B T ABE 7 ) A A DR R 4 A 1A 04 F
FEHPFFIRUE (L 1) CT BHRIRA 1 44 36
B (T 52 ke, B 158 em) | SRJGHiA
Mimics 10. 0 #E 7 JU AR ffi ] HyperMesh 13.0
X JUTASS RS R4 RS 4] 73, ] ABAQUS 6. 13 it
A BRIT A5 MEB G35 B B b BT Al
JE AR, ME ] £ 60 R BEAZ AT 4EER 0 A4
AT\ (anterior longitudinal ligament, ALL) J5%\
)47 ( posterior longitudinal ligament, PLL) | 8% 47

(ligamenta flava, LF) | B TR ( interspinal liga-
ment, ISL) i [ 477 ( supraspinal ligament, SSL) .
18 5 [0] )17 (intertransverse ligament , ITL) F15C 7 4%
) 7 ( capsular ligament, CL), B B8 J& A~
1.0 mm, ZAREEEN 0.5 mm> $)7H K H 2 Al fi
) =4EFFERTT (T3D2) -, BR 1 R4 Z Ah i
ANER LT ] = 4k DU TH R 55T (C3D4 ) HEAT 4% &l
5% o RRAFBUCSLIE > BT 2 SR A7 BT AR AL 1) 5 1K 1
R ROTEEHE 1.0 mm, A7 FRITO5 R AT RN
WA T ARG Oy 24 B2 AL PR 64 GB NAF, 58
BERBAITERT R T LR B AT I E S 4 812 s, %
TEAEAT BR TR 4 & 195 533 N7 sUF 841 038 >
FATT, A LU R 3k 0 A R 53 8 B X T 3SR B 1Y

=4 1,4,25
E'Q”r’ﬂ[ ] o

i3

(a) EHLH (b) fuL & (c) B BLH

(d) LR
Bl1 £E#HGRTER

Fig.1 Finite element model of the intact lumbar spine

(e) HETI £ () B o4

(a) Rear view, (b) Side view, (c¢) Front view, (d) Top view,

(e) Intervertebral disc, (f) Ligaments

VEEL 1.2 ~5 15 BeAE WA 5 v F- AR 1) J5 4y
XTREZL, EEXT 4 FhZALERME Al G 2%, 85T 4 FPoR
LA 77 20 F AR 35 F ALIF 22 FLBKHE (8] il
B A I F AR (ALIF BERY) 38 F PLIF 2 FLEKHE
J) il 2 % B T ARS8 ( PLIF #5053 T TLIF £24L
BRMERIRL A 25 1) F AR (TLIF #8) & T DLIF
ZALERAME Rl & 5 1 F R B8 ( DLIF A7), & 2
s R ASTR A B B 0 T AR ) e 2 BRI R AR 2



EREMAE $£34% F3H 20956 A
246 Journal of Medical Biomechanics, Vol. 34 No.3, Jun. 2019

WIS FARZM, O ALIF FAR B ALIF 241K
HET] A 1 DA 647 A 13 ~ 4 METR] #5181 B, IF- 4 LA
XUMHE = AR SR ET [ 5, F AR VI BR ALL B8 4% A1 i
TEFAER, @ PLIF FAR P PLIF ZfLAEKHEH]
FilA 8 M A A 13 ~ 4 M) 451 L, 5 LA L)
S HRIRET [, F- AR5 T %, [543 43
PLL BEZAG ML 434, B TLIFFA . F TLIF £
FUBAME 5] filt 5 7 oA 0] FLAR A 13 ~ 4 ME[H] £ 10] it
FEAE LUSUME = AR AR ET [ 2, AR B YT BRI 5 5 HE
H, RIB VI BREEAZ AN 5 5 £F 4835 . @ DLIF FA .
4 DLIF A [R]FL A 200 1 46 A L3 ~ 4 MR SR B, I
A LASUI A =5 AR MR T [ 5, A7 BR TR A v IR HE A
1 B LA 25 0 1) A L T 1 241 E L 255 SCHRT 10,
27-337,

$:

A £ O

(a) ALIF#SHY (b) PLIF# Y (c) TLIF#%Y (d) DLIF#ERY

B2 EBTARANBEAXAVHEERSARER

Fig.2  Lumbar interbody fusion models for different surgical
approaches (a) ALIF model, (b) PLIF model, (c¢) TLIF
model, (d) DLIF model

JIFAT T AR B TR 2 32 T 00 I A S 4 A5 R
ST AEPAFIAE IR] 95 22 18] B4 2 fisk LA B /N 56745 22 18] B
T o 5 G TR A 0 o i o A — B, MER ORI
Vi) 25 P 2 o T 0 35 B A 20 3 20 O s /N O =2 ]
(102 o T B AL A TE R R S 1 0 MER RN A
P 2 ke T AR AR 5 AR BT (14422 i 3 249 188
MY ELR P LS HER T R AE A T T
e, SO SCHRETE B 280 N He 4 2 far
7.5 Nem SIHEREINE] LMK RS S 5%
U/ LI 1A% NI = 00 1 O 1 N B = R
P42 3538) ORI g S AR [R) A A 1]
GARLE 4 B B0 CHTJE 5 A 22 A5 S g i ) i
(AEY) 12 E e RE AR AL, Zead A BRI/ M 4 H ROM
e S AL S T AAR 1A N e A B C NI S =5/ S

BEAY ROM  ZAR N 1 RN 07 55 B A S 7R g T )
SEIRIEAT A, SR E 9 A ] TF- AR AU 1) £ )
VERE, Hod ROM 45 4T X F IR LA I ROM 45
RAEATIH— AL FR 2 FEA A o R ER 5
Ih 12~5 B 5O 5 FBLRLRD 4 iz 3 Tl 3kt
PEAT 20 YRAHITA 43 Hr s 4 BT WAL 2R 0
F1280E FH Von Mises W 188 HZ TR .

2 #R

2.1 EHE

FH 45 Rl AR B ROM 1513 285 5 LU %5 T 40 . A
AMEE] R4 #$ )5 , B PLIF F1 TLIF B8 78 J5 i 700
Gh T FARBRITE 4 Fp T00 T WA ROM &5
SFEIHRE R s> T 90% UL F, 4 F T F,
ALIF DLIF #£% ROM Ft PLIF | TLIF £ % ROM /)N,
TEFTA TR | ALIF #5580 ROM fie /), Hik &
DLIF 71 | 5 ALIF £%UAH L, DLIF £{% ROM 7E
B A 20 S| A Tié i U000 B ) A2 Akt 43 il
J51.16% .1.20% .1.16% .0.81% ., DLIF 1 ALIF
FERIGT ROM 9 52 W JC B 5 262 S5, BV V96 e A 761 S
MERSE T 1Y 52 M OR AT (LR 3) o

=DLIF
s ALIF
=PLIF
=TLIF

B Jaf
3 ZIKEERMESFRETRNEFAH ROM LLE

Fig.3 Comparison of ROMs of porous titanium cages in different

EWE KRR

surgical approaches

2.2 RhESRRA

FH Al AR 4 Fh T80 R A RN g Fe B mT %0 .
TEAT A T 00, ALTF  DLIF A5 80 () Fl & 88 1% 77 [
PLIF | TLIF R A48 0 18R/, ZEITA F AR
R ALIF B8 ) Rl 28 0 e/ HAR S DLIF A
R 5 ALIF BRUA LG, DLIF 4535 (i @l 2 2% 7 11 78
R e eS| 22 T e 1400 B A8 A5 Ak 1 53 31 4
1. 60% . 15.72% .52.20% . 13.45% . & T 2525 T



KIRE, %, SAKEEMSRESRNBHEERESRAHEN MR
ZHANG Zhenjun, et al. Biomechanical Properties of Porous Titanium Cages for Different Lumbar Interbody Fusion Surgeries 247

BLAI , DLIF  ALLF 5578568 Fif 5 45 1V 7 99 52 0 25CRAH
(LA 4)

25

o 20
=™
S

15
g - = DLIF
%10 = ALIF
] =PLIF

5

1]
1 1 —

L R = Y e —

4 ZAHKKBMARESRNBEF RIS RN ALLE
Fig.4 Comparison of the maximum stress on porous titanium

cages in different surgical approaches

2.3 &WREAH

WA AR THT L3 28 kb 1t nT
A SEHER A AR S BRAC e T8, il TR
RERVTE 4 B T 50 I $50 00 0 2 A 0 7 45 SR 5 R if A
RUAHLEER I 3K, 5 AR B AYAR L, DLIF #A82%
Mo JJETT e 5 i Ze S A0 e i T 00 i () A5 4k
00 9 A 29. 86% | 78. 84% | 106. 40% | — 12.51% ,,
SRR BIRUA L, ALIF RA 2 10 ) 7T S A
ZEM S A2 T e T 0 B 1 AR Ak B 43 il R 29, 51%
96.41% 50.71% .6.98% , 5 J5t iR B AYAH [, TLIF
BRI AR SITER S5 A e 2 e i T 0 it
iy A8 Ak = 4 Bk 57.76% . 103.27% | 77.87% .
-0.94% . B PLIF #5#44)  DLIF ALIF  TLIF £ %%}
TR 7 520 JC B I 25 57, PLIF BEBUAHXT T
JR BRI () 2 N Sy B4 T 1 A% DL L, i DLIF Al
ALIF BERUARXS F I i A Y i 2 A 1 g el 2 e ¥ A
L LA (LK S) .

£

2 =yl

E = DLIF

% = ALIF

i = PLIF
= TLIF

Hi Jatf EME KR
5 ZASKHEBMARESBNEF RS L3 TLIRE N
Fig.5 Comparison of the maximum stress in L3 bottom endplate

for porous titanium cages in different surgical approaches

2.4 INKEFTRA
P A T AR AR AR B IR /N DG 9 B g 1) T 45

ALK FERATHE Rl & AR5, By 12 8 TO0RT R
WEBUNAT N T R R, AET A AR
BRT PLIF A7UAN 4 Fp T 00 AR F AR ) /N
I I ER A W s, o PLIF AN G
FAERTE TOCRHET T 0, 78 Hofth TR 255 0,
&R PLIF BEAYAE J5 8 10 98 H I /N 65 7
PIVIBR ., 5 REAERIA L, DLIF  ALIF  TLIF A58 i)
INFETTR FIREAR T 2 50%, AFABF AT T/
F5 R T AR /N [ PLIF 455 50 &) Al T AR 45 750
NI TE R 2= R (ILIE 6) .

80

£ 60
E L]
2] 40 m DLIF
,{ﬁ = ALIF
< 20 = PLIF
= TLIF

B Jaf EWE AR

E6 ZrHKEERMSFBEARNBFRAI/NXETR LR
Fig.6 Comparison of facet joint stress for porous titanium cages

in different surgical approaches

3 g

ARG, A FARBIAL ROM 150 45 5 AH X
JRIARLT ROM 25 5047 T 10 — b Ab 3, il g i T
A AR 1 TFARAT BN Sy F/N AT R ), 2
R

(1) BB A 13 ~4 HER] 50 B s | 78
Hizsh THURFFARTT B ROM 590 B/, 7E 45
TN B () T ARBEAL 7 fir A48 2 T4 B ALIF 45
AU ROM 4 8 f5e/)n , HOR J& DLIF AR i H 9 &
Z I JEH] B2 5 . ALIF DLIF #5057 ROM, 7]
Ry N B AR AR ) B R A 1

(2) Fl A 25 R 6k AS 6] A B 7 =X e e Rk
FEAFNFARBI 8 T 4328 2 T80 PLIF 178
(Y R i I T 38 Ry e K FLU R TLIF RS, 7Efinfy
LI, ALLF SR Rl 0 ) e/, T B 5 DLIF
FEFRUAH Ll & 2 0 ) T B 22 5



EREMAE $£34% F3H 20956 A
248 Journal of Medical Biomechanics, Vol. 34 No.3, Jun. 2019

(3) BRT ZEWele T.OLAN ¥l G 4R tE A 13 ~4
HEIR]ELIRIBR S , T AR Y BE Y LA S 3894 38 m, 7
BRFAREAL | 7 T 2 3 T80 PLIF AR (1
BN S AR, BR T PILF A5 Hofly 3 Fffsi g
(LN - T B B 22 5, PLIF #5578 () 2 A o
R, AT REIE IR A UL RA KU

(4) TEFTA B8 TR, F AR5 B iy /NE 1 I
T R, BR T PLIF AL (/NG5 i Sy 453
BUE ST 0, Hofth AR Y /N 5E 15 1y F7 4 B A 3
JRARRERIR) 50% A4,

APz T, MAEAREFRTE 1L3~4 1
ROM | il 5 #5¢ J07 3 VLA 3 40 A2 31 B 8 5 i), -
ISR PN e O N NI G T B 2 N EI PN
BEHERT R A AR B AR 9 01 24 BE VT 1, ALIF | DLIF £
RIEFAR BRI — & WA 2= % B,
e 123 TOLRE, ALIF DLIF #2758 ROM il 4 #8%
IV JJERAHXS /N A T3 5 TLIF AR 3 17 LA
BN, AW 2 YERE M EE 0 M, ALIF DLIF R 2
J5 S8 T Re PR AL T g () AR AR M T ELRR AR T il
FRAG G FTT R O RV 7 DA R AR 4% 2 T 4
Bt , ALIF SR AT A B 50, F AR 8 & 2 HF
AR RE RN A543 T DLIF SR PN 143 A 8%, 6
T AT MR T HAE TR F AR, 264D
J12E M REANIG PR AT 2K, >R FH 2 FLAERHE (B Al 5 2%
() 4 R T ARBERI R DLIF AR B A

ARV 6 D 26T 1 M T8 il & AR 5 0 A= 4
HEREA BN BRI, A PFSE R TLIF [
PLIF A T LAY S22 AR5 [ A
JBL, TLIF RS LY PLIF #5580 B /N 1 fil 5 25
FIRNZHT I 77, i 4E ROM J7 T W5 3% Jo W g 25 5+
DLIF 38 SR U B A AME T RlG 25, T LUA R0/
ROM''"" | AW FE L [A] B & BX, DLIF | ALIF #5754 7ii
ME) ROM B S AK T PLIF  TLIF #E4Y  A= ) J1 2
PERE AR BE /M7, B X 22 FLAKHE ] fl 5 245 1 F 90 245 21
558 A SCHR T 06 T S AME ] fil - 25 O BIF 5 45 2R 52
AR A HE— 250 HrE TR RS TR
R R T 25 S | AT R [ il 4 11 285 4 DB X R
[T RROGT AR 11 2 0 ) 2 R e A — 2 g ) (H
SETEANR)IZ Bl T 0 R 20 S5 7R H A (] 0 Fam 245 5
PRI, X 22 FLBRHE 18] Rl 25 09 25 9 01 2 M Re T
i, T LR B BN R S5 S HOS AN TR I2 3l T 00 1Y)

FB A SO TRCAR: Sl 26 e o 4 T R
i, JESh ATRSE o A TR AT T — i
BT A 3, 4025 B AL 11 11 0 56 6000 78
ALBRBR RN T ) 52 A SR

4 it

HR A5 2oL B HE [B] il G 2% 72 AN () JEE A il 5 R v
4 A= 9 3 2 B I 245 SR o] R A D) il R ) A I
J7 X2 B 52w il R e 0 AR A= ) ) 4t RE
MAEW 12 R AR A 7 =X 0 T AR B
H, ALIF Al DLIF ZFLBRHE R Rl & 25 70 EAE RS e 1 |
Al 2 N ) FNZEAR I, T 4 7 T S B — A
I R T AR 5 24307, DLIF [ ALIF 55 K fif 2 7 B
FELE TREITFAR, 28 LT, BF Xt 22 FLARAE ] @l
&, DLIF AR BABAF LRG3, ok, Ml
A AR AEY 122 RS FAR AR =0 A
I EE RSO, 1T ELFEAS 6] 142 o) T8 2 B3
WZREYE, BHIL, A T 780 PEAR SR 22 FLABRAE 1] il
B HERI RS R A e, 2 S50 £ T
USRI AT 9 4 b2 3 R I SR A G 5T
P TR R AW, R, A T IR A BT
U IFTTEE R, 10T AN 6] A A 5 R 2 L4k
HE 1] il 4 %) 25 AR B AR 52 55 AN PRI 9%t 02 I 22
TSR T AR,

3D FTENZALERHE I il & i B Rl TR KA
FETLEAE T FLIA T DAAR 9 £ 35 75 SR #4741k e
il X B, AT LAY B AR OB R T R
BUVERG A 25 DR AN 22 FL 2 B0t 3ok | bR sk 52 il
FAE . T 2L BHLBU R 5, 7 E A
K BE BTG O, MRS AN [ (4 T A T AL B 1
PRE B 28 S0 Al A R, T RR AR R A 45 DR
(RS, RO, Z2FLAkAfE ] il A 4t 76 48 v il 15 25 SR
(4 TR, A0 4 i /N R A 1T R 2 T B A R
I, R, 56 F 2 FLEKHE [B] @l A 25 19 45 44 2
R, 75 B OC T 2L B (] fil 5 25 119 2R 1T oW 285 44
PEAk , DT (S ASHAE (4 R 22 FL R AME ] a5 7 =2 T 1) ¢
A1 A TR N A SR AR RS

SE Lk

[ 1] ZHANG ZJ, LIH, FOGEL GR, et al. Biomechanical analy-

sis of porous additive manufactured cages for lateral lum-



KIRE,%. SFLNEEMEREARNBEIERRERPHEYIFiEEE
ZHANG Zhenjun, et al. Biomechanical Properties of Porous Titanium Cages for Different Lumbar Interbody Fusion Surgeries 249

[4]

[10]

(11]

[12]

[13]

bar interbody fusion; A finite element analysis [ J]. World
Neurosurg, 2018, 111 E581-591.

COLE CD, MCCALL TD, SCHMIDT MH, et al. Compari-
son of low back fusion techniques: Transforaminal lumbar
interbody fusion ( TLIF) or posterior lumbar interbody fu-
sion ( PLIF) approaches [ J]. Curr Rev Musculoskelet
Med, 2009, 2(2): 118-126.

YANG SD, CHEN Q, DING WY, et al. Unilateral pedicle
screw fixation with bone graft vs. bilateral pedicle screw fix-
ation with bone graft or cage: A comparative study [J].
Med Sci Monit, 2016, 22. 890-897.

ZHANG ZJ, LI H, FOGEL GR, et al. Finite element model
predicts the biomechanical performance of transforaminal
lumbar interbody fusion with various porous additive manu-
factured cages [ J]. Comput Biol Med, 2018, 95. 167-174.
KIM DH, JEONG ST, LEE SS. Posterior lumbar interbody
fusion using a unilateral single cage and a local morselized
bone graft in the degenerative lumbar spine [ J]. Clin Or-
thop Surg, 2009, 1(4): 214-221.

MELNYK AD, WEN TL, KINGWELL SF, et al. Load trans-
fer characteristics between posterior spinal implants and
the lumbar spine under anterior shear loading: An in vitro
investigation [ J]. Spine, 2012, 37(18) . E1126-E1133.
TSAI PI, HSU CC, CHEN SY. Biomechanical investigation
into the structural design of porous additive manufactured
cages using numerical and experimental approaches [ J].
Comput Biol Med, 2016, 76 14-23.

JONES AC, ARNS CH, SHEPPARD AP, et al. Assess-
ment of bone ingrowth into porous biomaterials using
MICRO-CT [ J]. Biomaterials, 2007, 28(15) ; 2491-2504.
OFweek3D FTEIM. [ Py i3k CFDA ¥Fal ) 4:J& 3D 4TEN
MEE) Fil & #% [ EB/OL]. http.//3dprint. ofweek. com/2017-
01/ART-132107-8120-30098071.html, 2017-01-25.

FAIZAN A, KIAPOUR A, KIAPOUR AM, et al. Biome-
chanical analysis of various footprints of transforaminal
lumbar interbody fusion devices [ J]. J Spinal Disord
Tech, 2014, 27(4) . E118-E127.

GU G, ZHANG H, FAN G, et al. Comparison of minimally
invasive versus open transforaminal lumbar interbody fu-
sion in two-level degenerative lumbar disease [ J]. Int Or-
thop, 2013, 38(4) ; 817-824.

BRODANO GB, MARTIKOS K, LOLLI F, et al. Transfo-
raminal lumbar interbody fusion in degenerative disc dis-
ease and spondylolisthesis grade i: Minimally invasive ver-
sus open surgery [ J]. J Spinal Disord Tech, 2015, 28
(10) ; E559-564.

ZHANG Q, YUAN Z, ZHOU M, et al. A comparison of
posterior lumbar interbody fusion and transforaminal lum-
bar interbody fusion. A literature review and meta-analysis

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[J]. BMC Musculoskel Dis, 2014, 15(1) : 2-8.

KUNZE B, DRASSECK T, KLUBA T. Posterior and trans-
foraminal lumbar interbody fusion ( PLIF/TLIF) for the
treatment of localized segment degeneration of lumbar
spine [ J]. Z Orthop Unfallchir, 2011, 149(3) . 312-316.
KR, PLIF 5 TLIF X BB MERS & M52 i i A7 BROT 43 B [ D).
KFf. FHMKR, 2016: 1-41.

DIVYA V, AMBATI, MS, EDWARD K, et al. Pedicle
screw fixation provides superior biomechanical stability in
transforaminal lumbar interbody fusion. A finite element
study [J]. Spine J, 2015, 15(8); 1812-1822.

KIRE, INEA, B, 5. ARTE MRS RS &
BARAY I E BT P R R [ J]. BERIAEY 2%, 2018,
33(1): 126-132.

ZHANG ZJ, SUN YT, LIAO ZH, et al. Progress of finite el-
ement method applied in biomechanical researches on
lumbar fusion and replacement [ J]. J Med Biomech,
2018, 33(1): 126-132.

CAPPUCCINO A, CORNWALL GB, TURNER AW, et al.
Biomechanical analysis and review of lateral lumbar fusion
constructs [ J]. Spine, 2010, 35(26 Suppl) : S361-S367.
LAWS CJ, COUGHLIN DG, LOTZ JC, et al. Direct lateral
approach to lumbar fusion is a biomechanically equivalent
alternative to the anterior approach: An in vitro study [J].
Spine, 2012, 37(10) . 819-825.

FOGEL GR, PARIKH RD, RYU SI, et al. Biomechanics of
lateral lumbar interbody fusion construts with lateral and
posterior plate fixation. Laboratory investigation [J]. J
Neurosurg Spine, 2014, 20(3) . 1-7.

WAUTHLE R, VAN DSJ, AMIN YS, et al. Additively man-
ufactured porous tantalum implants [ J]. Acta Biomater,
2015, 14. 217-225.

CAMPOLI G, BORLEFFS MS, YAVARI SA, et al. Me-
chanical properties of open-cell metallic biomaterials manu-
factured using additive manufacturing [ J]. Mater Design,
2013, 49, 957-965.

ISO 13314.:2011. Mechanical testing of metals. Ductility tes-
ting. Compression test for porous and cellular metals [ EB/
OL]. https.//www.iso.org/standard/53669.html.

LEWIS G. Properties of open-cell porous metals and alloys
for orthopaedic applications [ J]. J Mater Sci; Mater Med,
2013, 24(10) ; 2293-2325.

ZHANG ZJ, FOGEL GR, LIAO ZH, et al. Biomechanical
analysis of lumbar interbody fusion cages with various lor-
dotic angles: A finite element study [ J]. Comput Method
Biomec, 2018, 21. 247-254.

AMBATI DV, WRIGHT EK, LEHMAN RA, et al. Bilateral
pedicle screw fixation provides superior biomechanical sta-
bility in transforaminal lumbar interbody fusion: A finite ele-



EREMAE $£34%5 $£3H 2019%F6A

250 Journal of Medical Biomechanics, Vol. 34 No.3, Jun. 2019
ment study [ J]. Spine J, 2015, 15(8);: 1812-1822. interbody fusion by finite element analysis [ J]. Biomed
[27] SHIRAZI-ADL A, AHMED AM, SHRIVASTAVA SC. Me- Eng Online, 2012, 11(1) . 1-11.
chanical response of a lumbar motion segment in axial [33] CHOSA E, GOTO K, TOTORIBE K, et al. Analysis of the
torque alone and combined with compression [ J]. Spine, effect of lumbar spine fusion on the superior adjacent inter-
1986, 11(9) : 914-927. vertebral disk in the presence of disk degeneration, using
[28] ZHONG ZC, WEI SH, WANG JP, et al. Finite element the three-dimensional finite element method [ J]. J Spinal
analysis of the lumbar spine with a new cage using a topol- Disord Tech, 2004, 17(2) . 134-139.
ogy optimization method [ J]. Med Eng Phys, 2006, 28 [34] LIU XL, MA J, PARK P, et al. Biomechanical comparison
(1):90-98. of multilevel lateral interbody fusion with and without sup-
[29] SCHMIDT H, HEUER F, DRUMM J, et al. Application of a plementary instrumentation. A three-dimensional finite ele-
calibration method provides more realistic results for a finite ment study [ J]. BMC Musculoskel Dis, 2017, 18 (1):
element model of a lumbar spinal segment [ J]. Clin Bio- 1-11.
mech, 2007, 22(4) . 377-384. [35] SCHMIDT H, GALBUSERA F, ROHLMANN A, et al.
[30] DREISCHARF M, ZANDER T, SHIRAZI-ADL A, et al. Effect of multilevel lumbar disc arthroplasty on spine kine-
Comparison of eight published static finite element models matics and facet joint loads in flexion and extension: A
of the intact lumbar spine; Predictive power of models im- finite element analysis [J]. Eur Spine J, 2012, 21 ( Suppl
proves when combined together [ J]. J Biomech, 2014, 47 5): S663-S674.
(8): 1757-1766. [36] CHOI J, SHIN D, KIM S. Biomechanical effects of the ge-
[31] AYTURK UM, PUTTLITZ CM. Parametric convergence ometry of ball-and-socket artificial disc on lumbar spine. A
sensitivity and validation of a finite element model of the finite element study [ J]. Spine, 2017, 42(6) . E332-E339.
human lumbar spine [ J]. Comput Method Biomec, 2011, [37] VADAPALLI S, SAIRYO K, GOEL VK, et al. Biomechani-
14(8) : 695-705. cal rationale for using polyetheretherketone ( PEEK) spac-
[32] XIAO ZT, WANG LY, GONG H, et al. Biomechanical ers for lumbar interbody fusion: A finite element study [J].
evaluation of three surgical scenarios of posterior lumbar Spine, 2006, 31(26) : 992-998.
(L% 242 )
NIE Y, MA J, KANG PD, et al. Periacetabular stress distri- [24] M5, THELET HARE S5 N TR 22 R R
butions during normal gait cycle and its guiding function in [D]. Lifg. Lifgscii R, 2003.
acetabular reconstruction of THA [J]. J Med Biomech, [25] HAO Z, WAN C, GAO X, et al. The effect of boundary con-
2014, 29(1) . 31-37. dition on the biomechanics of a human pelvic joint under an
[20] SKEMR, Bigess, P24, 5. B 50 oo/ i s ks axial compressive load: A three-dimensional finite element
PEITEERTT R IR ], P E 2H A TREOFSE S I R model [ J]. J Biomech Eng, 2011, 133 (10): 101006-
&, 2009, 13(52) : 10263-10268. 101009.
[21] SHI D, WANG F, WANG D, et al. 3-D finite element analy-  [26] Hii#, $4%. #T AnyBody %335 BEE VIR LA 1 14
sis of the influence of synovial condition in sacroiliac joint on AT J]. KBRS K #2014, 35(1) ; 50-52.
the load transmission in human pelvic system [ J]. Med Eng [27] B Ef. T AnyBody BY75 242 W 5 Ak 2 g 2 A % ARk
Phys, 2014, 36(6) : 745-753. BB D] ¥R IR, 2016.
[22] LIJ, STEWART TD, JIN Z, et al. The influence of size, [28] KRUCZYNSKI J, NOWICKI JJ, TOPOLINSKI T, et al. Ra-
clearance, cartilage properties, thickness and hemiarthro- diological and biomechanical analysis of humeral fractures
plasty on the contact mechanics of the hip joint with biphasic occurring during arm wrestling [ J]. Med Sci Monit, 2012,
layers [ J]. J Biomech, 2013, 46(10) : 1641-1647. 18(5) : CR303-307.
[23] TAYLOR ME, TANNER ICE, FREEMANT MAR, et al. Stress [29] WEBER AE, KONTAXIS A, O’BRIEN SJ, et al. The bio-

and strain distribution within the intact femur. Compression or
bending? [J]. Med Eng Phys, 1996, 19(1) ; 97-99.

mechanics of throwing: Simplified and cogent [ J]. Sports
Med Arthrosc Rev, 2014, 22(2) . 72-79





