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Abstract

Design and finite element analysis of customized cervical interbody fusion cage

Objective:
Cervical interbody fusion cage (cage) is a key device in cervical surgery, it's function

is to replace the degenerative intervertebral disc and stretch the vertebral body,
effectively maintain the normal intervertebral space. However, due to the unreasonable
stress distribution, it is easy to have the complication of cage subsidence after operation.
In this paper, a customized cage was designed and the model of anterior cervical nucleus
pulposus removal and bone graft fusion operation was established by simulation using
three-dimensional finite element method, and the stress distribution of Von-Mises on
cage, endplate and adjacent intervertebral disc after implantation of commercial cage
and 3D printing customized cage was compared and analyzed, so as to evaluate the
biomechanical properties of 3D printing cervical customized cage. The purpose of this
study is to provide a theoretical basis for how to further prevent cage subsidence after

cervical surgery.

Methods:

First of all, the heterogeneity finite element model of cervical vertebra is established.
The three-dimensional CT data of the cervical vertebra of a 32-year-old normal female
volunteer were collected and imported into the finite element analysis software Mimics,
3-Matic and Magics. The reverse reconstruction, smoothing and denoising were
processed, and then the data were imported into Hypermesh in STL format for mesh
repair. According to the gray value of the CT data, each vertebral body was divided into
10 kinds of density according to the gradient. After a series of operations, each vertebral
body was divided into 10 kinds of density according to the grayscale value of the CT
data. A three-dimensional heterogeneous finite element model of cervical vertebrae (C3

~ C7) was established. After that, the ligament and intervertebral structure are
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established, the material attribute parameters are given, and the contact with the
vertebral body is set. After the establishment of the heterogeneous finite element model
of cervical vertebra, the preload of 73.6Nm and the motion torque of 1.0Nm were given
to simulate the physiological working conditions of cervical vertebra. The range of
motion (ROM) of each cervical segment in the motion state of flexion-extension and
left-right bending under simulated load were recorded and compared with the data in
the literature. T-test was performed in the two groups of data by using SPSS Statistics
26.0 to verify the effectiveness of the model.

After the model is built as a standby, the STL file of commercial cage is established
and a customized cage is designed. Then select the model C4-C5 segment to "implant"
the above two kinds of cage for finite element analysis. First of all, select the newly
developed mainstream commercial cage (3D ACT cage), by using of computer
scanning technology, it can be reversed into STL files that can be operated in the finite
element analysis software. Then imitating the shape of 3D ACT cage, the customized
cage, which can completely fit the lower endplate of C4 vertebral body and the upper
endplate of C5 vertebral body was established in 3-Matic and Magics software and
exported as STL file. Finally, the two kinds of cage are introduced into Hypermesh for
mesh repair, material attribute assignment and other operations, and then "implanted"
into the cervical heterogeneous finite element model. The modeling of customized cage
group and 3D ACT cage group was completed.

Finally, the preload of 73.6Nm and the additional torque of 1.0Nm were applied to
the two groups of cervical finite element models respectively, and then the Von-Mises
stress distribution on cage, endplate (C4, C5) and adjacent intervertebral disc (C3/4,
C5/6) was analyzed by computer under six working conditions of flexion and extension,
left and right lateral flexion, left and right rotation. The stress results were collected and

statistically analyzed, and the data differences between the two groups were compared.

Results:

The results show that the C3~C7 cervical vertebra heterogeneity finite element model
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is proved to be effective; in the term of cage stress: the stress distribution on customized
cage is relatively more uniform, and the maximum stress is significantly lower than that
of 3D ACT cage. Under the six working conditions of extension, flexion, right bending,
right rotation, left bending and left rotation, the maximum stress of customized cage is
253N and the minimum stress is 0.09N. Because the middle part of 3D ACT cage is
overhead and does not fit well with the endplate, the stress distribution is concentrated
on the edge, and the maximum stress is 772N under six working conditions. in term of
endplate stress, the stress distribution of C4 and C5 endplate in customized cage group
is relatively more uniform, and the maximum stress is significantly lower than that in
3D ACT cage group. Under six working conditions, the maximum stresses on the C4
and CS5 endplates of the customized cage group were 4.72N and 14N respectively. The
maximum stresses on the C4 and C5 endplates of the 3D ACT cage group were
respectively 17.4N and 29N; In the term of stress of adjacent intervertebral disc: there
was no significant difference in stress distribution of adjacent intervertebral disc (C3/4,
C5/6) between the two groups of models. This shows that while the customized cage
reduces the stress of surgical segments, it does not increase the stress compensation of

adjacent intervertebral disc (C3/4, C5/6).

Conclusion:

The C3~C7 cervical vertebra heterogeneity finite element model established in this
paper is effective and can be used in three-dimensional finite element analysis.
Compared with 3D ACT cage, customized cervical cage has better stress distribution in

theory and is more helpful to prevent postoperative subsidence.

Keywords: cervical spine; intervertebral fusion cage; biomechanics; finite element

analysis; cage subsidence.
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W BHASERON, HEMFEAR 7 HER RS

R EES cage HATALTHERBIBL. WHIE cage T2 NRERISME B
i H 5B BRI B R AR K T cage AN T BTN JT | cage—
LA FHN AT, AR TR mMERRS E P, (HHMEBOVED:, ZBRE R Tt —
SRS LSRR TR R EE N cage Wi, HHA R
cage “FATIE, H cage MiFKE . X cage i E B E JTEIIMESE cage A
b, BE cage FEAEANIIREF T AR AS, b 1 AR NI RE Ahons fi) B2 2308 A
Ui, B %A cage SHEMRIER M AREIZ R RIFNE G, AL, £ cage K
Ja N7 R RE A WIERIE cage. RHIIE cage #t— Dk &, ERI5IERHH
MR ZE IR E, RIS B CT Bl & 5 € i HAME, ROV ML 2 i cage.

2.3.2 BIKR

HRTHE TN cage STt HOBEAA LS 2« H K cage HHEAR Z [A]FRIATLRR 2 fir

P, JUHGR BB X35, AT cage—ZAR ST (A JE 71, FBTAR S cage
UL WS cage M, BEREHEIT W S BERIMEEI IR, AR T EETT
HEMIBRT 51 8 cage— AR S /11K, 38 cage T,

B cage KB T HIRST . AEKIETTTH, X T 2iME cage, HUMEMIRR E AT
£ 20-30mm 2 [6), {HAEN cage 52 FIEIHEIT AR I BRI, 95 BE 7R N T UL HUA
cage RO R HUA B [5G, ol /NUTEE S 70 AR EVE™ . 4T cage K
JE—MEAE 12-20mm 2 A, B8 —MAE 12-16mm 2 A%, % T [EME cage, LE ZEfF
FERBKE N 50 55 F1 60 mm ) =41 cage Z ARG FUTRERLZR, MA1A
NREL cage REFE o ZMRM o B o X3, B A b SR S MR i,
ARJE FUURMERF WG, £ CHE NS cage KEHA TR T
KA, Cho FEMIFA RN, et HIEHE cage KBRS it S 25 M o
I, TIEEETE RO cage, ANTRT3G N R B0 IX 4 i) 7 25 AR, PRAR TR AR
K, KPP OUE R RN B PN . 7E cage T, 2012 4F Pimenta
SR L2-1L3 AR 1 26mm %8 (1 cage EAT I R AR E M, RJE &5
[ A A3 B B 15 B B AIC T 18mm 25", 2017 4F Lang Z5WF 5 RN, 1E =2 AR5
FE (18mm. 22mm. 26mm) ] cage F1, 26mm T% ) cage FUIKRERILTFANE, R
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% 2% 5ZR

Bl R UURCR B SAR T A AL . 2018 4F Alimi ZRthifF FURILTE cage M UL
BRAK T4 cage, H cage T&EXI FUTHIRMHE KT cage mifE. WEME.
TARNEEEHARKI R, SR INK_ BN cage JFARBRSEBRES, SEFEM cage
SN AL, BT cage UL, HAE SRR At 2180 4 FE 20 2345145
M2, M cage M KT B NIRRT S ATLF4E3R, BIHEIHT, MRS
43 1) AU, A Sk e 7

XT3 cage FEEMERFL, HAHIKH Smith-Robinson cage, H:im i@
Bt 10-15 mm, EE T RN, HETHHE cage = LRI 2 5-8mm 2 [H],
Chong S5\ A I 2 o AT LARH 78 N Fr B 2112 31 3R AE (R AE (] BRI i o X
THEME cage mfERBERE™, HIE T ZAMERFLIEHEME A RIRE AR (TLIF) 1697 I8
HEIBAT MR AR B % 1) cage L TEM: L34 (11.2843.29) mn— (12. 76 +2. 40)
mm, L4-5 (11.62+2.89) mm— (13.18 £1.91) mm, L5-S1 (10.52+2.22) mm—
(11.90£2.80) mm, Fr 551 B MEIA)FLm BE v T 2o, 0 mT AR A A 8] & FE 1)
=] 577 B2 CHEAA[A) = =11, 123-0. 563 X PEm 2% (5. 1; L. 2) +0. 149X R B
T B b A ] S B TR b s A IR BOMEIR] D T FE cage =i, — ARG
N, FHEME cage EIE LR 11, 12 F113 mm, b 13-4 F1 L4-5 B g — R
/NF 10 mm, L5-S1 BEm B EH AN 13mm ™, phah, ARETHRYE S L g
SRR E cage IR

2.3.3 fLpR%

cage NULHI T ZFEELZMBHS A Bl B A R E A VLR, SR& < cage Y
SRR R e TR . R 3D FTENEORIE 2 ALK& & cage, AIEILHERH
FEHIILBE R IA B EEIR G & cage FMERERHK™. £/ ERET T, ALK
T4 cage WAL TSR G & cage. Zhang 51— T J1A0E AR, 2 4L
ERE 4 cage MSLAAERG 6 cage AHEL, LN IBRMFEIR, 4ERF T cage WEAK
Pt ARG cage- 2R SN A BB Z FRAR, ARJE FUURAER MR 241
cage MIFLEAE AN KAGRALE 2 00, (EHbtElm &, izt 2 fLEkG
& cage MYIRAESLER Ay 65%—80%, AT ZALIRHZ K ZFLIKE & cage A LA
FE TLIF TR 58 4 & 4 PEEK™ . (Rl SRATAIEIE 6k E & cage FLERARIITT
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% 2% 5ZR

12, RO FL RV E R R I e A BRI VR & <8 cage MUWTA 5 N HI A1 RICFRYE 77 -

2.3.4 FIMf

AJE B AL AT R SRR IR R A AR R, EIREASIE RS Zhao SR
Hy, HENR] B G AR JE TN BT M R 2 PR R S EE (ROM) MILEALHE
AL A7 (IDP) AREETEIG N, 2Emu 51 BALEESIR (ASD) o [Ak, R4f
AR AT R XS TR ASD B BB . BIEH cage HIM AAT AR5 SUEHE
BAERNIKE, MCAET cage WTHEE AT A I T

TEHEREE Zhang ZEHT TR W] cage AL 16° ZEfiifE, AN cage Wit
BEERF T ARWTBAENE . BRI ASD KA, HBEIN T cage— 2R FH N /1 K&
cage FUURIE™ . 2 Nuvasive BHET AR 7 RARHEREME cage MIRTIMAE
M10° BEINEN15° J&, KB cage AT AT G INAS 551 cage ARJE T UTAY RS -
XTI AR IE AL E , (H cage AITH S cage ARJa MUK (1955 5 1 AR WA »

eI

2.4 H9 52

g5 LIk cage #UTHIBCHHEIER, KT cage RJa NUTHISEMT K 3R £ 798y
PIANTJTTE, METT: cage MM ENHEE AR AL, B(# cage MBS H
HLANGERIFRL G SMETTIH: cage SMER TS L TFABULH R IFHINM G, &
NN BT RE SR E RS, I H @ 3D FTENRORSE Hl HAL R &
T FEARBAVEAS B . AR ZRIB N AR AT NP T TR ER & < cage BEATORAL BT, B
RHARE FUURAEZR . — TN AKIAER S & cage 2L, #—2i
HZ LA S FLBFR I, 10 3D 3T EIER LA A% 22 FLER & <2 cage KB« T3
—J5H, RS EE LT AR GERNEE B ML E S cage AXF T H B H FH R
aifl cage WIAEM 1 E S, HIRHB R, "B IMEm MU E R .
PG TR BB TG &, FATATLEMAALE ] cage SMEBCH S SRR
b BB AT AR B RS () BT S I, BT AR g S R A AR
YIRS IEXUIL IR AR 5 1D 3D T ERAMAAL 58 il 2 FLEK & <5 cage, BEIFHIIR &
cage HRAMEREFIFEME cage RJG FITRA %,
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% 3% o fEERAHAM (C3~C7) =4I R A R TR

93 E AR ASIME (C3~CT) =4E4E3 iiA BR oA

3.1 LM
3.1.1 L5

32 HERELMEIEE (F& 172cm, KE 70kg) FiME CT HEHEE, ZERE
BEAE TCHMEZR I S, 48 X 20 CT G 2 HERR: 2IUHE R AR A SIUME AR 2 _E 1 73
HERR S5 AZ IR A S A oo, RSB B HE .

3.1.2 LRWHE

(1) CT H#i#HL Philip Brilliance 64;

(2) THHENEACE

CPU: TEHF/R Xeon (F5R) Gold 6144 @ 3. 50GHz (X2) ;

WNA7: 128GB (DDR4 2666MHz);

ZF: Nvidia Quadro P5000 (16GB/#/K);

FH: #UIR 060K5C (C620 series chipest—A1C1)

BN #E: #UR DEL41A5 DELL U2419HS (23.8 J&})

FAE#E: SK hynix SC401 SATA 512GB (512GB/[fH Z&H#4%)

(3) HENEAE RS Windows 10 64 fif (Version 1909/DirectX 12)

3. 1.3 LA

(1) LA Materialise AR =4k B A KM Mimics 19. 0;
(2) AR Materialise AR =4EH @A 3-Matic 11.0;
(3) LA Materialise 24 7] =4EE @ H A Magics 21.0;
(4) EH Altair A FAHRITHHFEHRM Hypermesh 14. 0.
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% 3% o fEERAHAM (C3~C7) =4I R A R TR

3.2 KWK

3.2.1 FME=4E35 R WM ST

Xt 32 % i R Lotk R IR A AT BUAE = 4E CT 2 J2E 0,625 mm), AT
KA 4 LA Dicom [ Brbr kg 2 ARAE o S8 )54 B A B8l 5N 31 = 4 o 8 A
Mimics 19.0 H.

AT L E 3R Dicom 4% S, FF E S A SRR R T DL A A W T
AR AR VEES CT AR FEAE I a3 8 VR 8 R SR B R 454, ]
(B PR BE A8 o TR B P ASE TR PR 1 P2 s MK, DR S SR O v, 49 31 AR S ME
VLG KRB E I R, BEEK, SERKEFHABRNZ, M
THEEE . ik, NGRS BEGHE, A5 Minics EREEAZIERSR. HT
SME R 2 AR B BT R, T SN EX /AR, BATTR @ R, )
SEHRAE, KA MER SRR R, FRKIR T — AR SRS, B HEAA
BB B R LS S A R DX K T B AR iRl 2t PR Y R R A, B
PAT I A4, RV AR B RS M AR . FRATT T AR Y
AT ERRBIR . RN R L Mask SGIHE S RO AL IR, {553 H115 2 (1 S00HE 1 A8
R B o S8 RUE T BUR ST B R S5 4 LA STL M 3 RO 17, B
ZARYCESL Y C3-CT it 5 MBS = 4ERR (18] 3. 1),

file Edit View Image Measure Segment Analyze Align Simulate 3D Tools FEA/CFD X-ray Biomet DEBUG Help

IB-HE I | S vARE ) El|[¥iew|neasure|Segnent [Caxdiovascular [Pulnonary Huscular [Napping Analyze
| L nary |

ENEEo LA Va4

* AW <

ergf(+09a e

98.5000

& 3.1 MIMICS B E . ERTHEMER
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% 3% BiftRAAHM (C3~C7) =ik M A R ATMHEA

3.2.2 FME=45 RERIA B

X3 CEFRAF (1 C3-CT M =45 RGBT — 2D B 5 L A%
R4y, SR HHATHER SR AN B, B S HEAT 2D B EEAE S 3D AL,

HOEE 3-Matic B, SN LRSRIN STL A& Msch, i kT e
(Smoothing), M (Fix Wizard) ZEAbBE, fS3UHEE 145 R TE TO6E, A5
Sy STL A% X fRAF (& 3.2).

Fe N ORIEAT R L, 1 AR O R A B = A e — AT R
LRI, W) A B A S50, SRS TE LA g Flge (Wrap).
15 (Scale) « fii/RiZH#IEH (Boolean Intersection & Subtraction) Z5E4bFH,
GBS R AR R 0. 4mm), ZFAEFR DL S BERZ A5 o SR 5 43 0 kAT 2508,
e, BRI, (FIHREDGH A R (B 3.3). AT TP E
USSR AT, TUFRITE T80 I E 2R 7 bar HiG0, KRR HR
WA TE AR S5 48 RN SR A A 22, FOASARR FE I K R B AT T . FRATTAR
P BFEVHHIMRIEE, 18 Magics BAFIZ HIARC, 88 Mg, 58
A A [ ST T BUHERT DA . SR AT . B . R DL R G 9
WAt 5 A (B3, 4). AP H A IISME A= 9 ) 2 2R 85

TEEAT AT IR TC 53 BT (¥ BT AT AR d 25 S B AT R R R X s 1) 4 o BT AR 34 )
SRS ERTC . HERSE B IEEE ), RS RS8O0, 4mm,  2F4ER, P, 4
M 1) 25 4 A0 454085 kS R ST 24 0. T, SRR RAE 143, B STk 246k
R0 Tmm RRKS AT LUK 0 5 SV Bt S IR ST F A 0 2 38 (B 3.5)
VIL EAT CUG, 2 BN S N STL %2R, SRJE PRI SN E G R T o i
B Hypermesh W, HHTWIAE SR, BHEGANZM LRI S THE TR RN
0% (K&l 3.6). fJa, FF{E Hypermesh Hilid Geom, 3D %5#EAE, ¥ 2D MY i
BB, el )y 3D SUMESY TR, RISy I A o DY iR ST (K 3. 7).
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% 3% HIMERAHAE (C3~C7) =434 ARTER

3.2 i C3-C5 WK =4 HR TIER

3.3 HEEENER
(F£: #E[B)FR C5/6; : C5/6 #EE)E L TER, Bt FFUIR, HpAUUIRE
ERRALIE)
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% 3% HIMERAHAE (C3~C7) =434 ARTER

3.4 it C3-C7 MHEIEHI BB RTEE

3.5 1RAI= AR 2
LA C5 #E(RFN C5/6 HEEIZ A : £ C5 HEMR 0. 4mm AU EI A4S, T C5/6 H#EE]&
0. 1mm B PUE 1AM 4§
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% 3% HIMERAHAE (C3~C7) =434 ARTER

ChexdazhonghanfZihm*

Model Info: C

max angle quad

min angle quad

min angle tria =0@00

taper

3. 6 Hypermesh FIFIRBI R EMIZ BINEIRIERE HE

(& 3.7 #EfA 2D #REYFN 3D FR BV ERTEE
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% 3% BiftRAAHM (C3~C7) =ik M A R ATMHEA

Z: CAMEAYIEE (20); A: C4 HE(RYIEIE (3D)

3.2.3 FME=4EHRERRE

R SLUF 1Y) 3D SHUE S SR 1) A BURAE B A IR N EE Mimies w1, HEAT
EVELEA AR RE B A AT ANE, $EIRAIL (1D (2) T3 Mimics K
A e PR AT A P AR 2 TB] R SR 2R

Density = -13. 4 + 1017 X Grayvalue ............. (1)
E — modules = -388.8 + 5925 X Density .......... (2)

Mimics 2 HBIMRYE CT Bdl A BEAEMEEL, X RN IR RE—BRMER 739 10 Fhih
FEE L, UANRIB R, 10 R B 20 A geh IR T 1 10 FAS A s (I
3.8), RJ5 PGB 3 (8 2 Hypermesh . I BHAHICICHR, FHAE Hypermesh
FXFEFYEIR, AR, BERZ S EEATIRE (3R 3. 1) . dRJE, XA EAT
Befr fe TOLBCE., 58 SIUHE = 4E AR Y AR R AR (1] 3. 4) o Y rp R R 254 (1)
HITH S RS LK 3. 2.

B 162 AR, FATEE 5T 5 2 18] #5119 i 3h £ fih
(Sliding) , PEHEREWE Y 0.1, FATIHIKR 0. 02mm. MEMA SN, LRELT
Y. W SMERZ B SE A, BSOS ARE LR KR (Freeze). 1AL, A
BRI cage 552 8] B PERR S, DRI it 50 B 990 € 20K & (Freeze ).
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