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Finite element analysis and zoning of stress in lumbar 1 vertebra/XIAO Yongchuan, XU Zechuan,
LIANG Chuandong, et al/Chinese Journal of Spine and Spinal Cord, 2020, 30(11): 1016-1026

[Abstract] Objectives: To explore the stress distribution of the cortical bone and cancellous bone in the L1
vertebral body under different levels of load and different motion states by finite element analysis, and to es-
tablish the stress zone. Methods: One volunteer underwent plain CT scan of thoracolumbar vertebrae. The o-
riginal data of CT were obtained by DICOM and imported into finite element software such as Mimics, Geo-
magic, SoliderWorks, HyperMesh, Abaqus and so on. The normal thoracolumbar vertebra model(T11-L2) was
constructed, and the mechanical load was applied evenly on the upper edge of the vertebral body. All motion
states produced under load SO0N and bending moment 7.5N-m were in the group, those produced under
600N and 7.5N-m were in the B group, and those produced under 700N and 7.5N-m were in the <y group.
The L1 vertebral body was divided equally into upper and lower parts in the sagittal view, with the upper
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part marked as area A, and the lower part as area B. Six segments were divided equally in concentric circle
from the center to the edge of the vertebral body, and the upper and lower parts formed a three—dimensional
circular cylinder. From the outer edge to the center, they were marked as Al, A2, A3, A4, A5, A6, Bl, B2,
B3, B4, BS, B6, totally 12 parts. The load data of cortical bone and cancellous bone in the above 12 regions
B and vy groups, and the stress values in the adjacent areas of cortical bone

and cancellous bone were tested by pairwise t test.

were uniformly collected in «,
The two adjacent regions with statistically significant dif-
ference were separated into different regions, and the two adjacent regions with no statistically significant dif-
ference were merged into one region, and the final stress zones were obtained. Results: In group «, the
average stress of cortical bone and cancellous bone in Al region was significantly different from that in A2
region, there was no significant difference between that in A2 region and A3 region, and there was significant
difference between that in A3 region and A4 region. There was no significant difference among those in A4,
A5 and A6. The law of region B was the same as that of region A. In 3 group, the A region and B region
of cortical bone met the statistically significant rule of a group. There were significant differences between A4
and A5, B4 and B5 in cancellous bone, and the others were the same as those in o group. In vy group, the
in B4 region and B5

and the others were the same as those of o group.

differences between cortical bone and cancellous bone in A4 region and A5 region,
region were statistically significant, According to the
statistical law, the L1 vertebra was divided into six regions: A1(A 1), A23(A1Il), A456(AIl), B1(B 1), B23(B
II) and B456(BIl). Among them, the stress distribution in A Il region was the most concentrated and called

the core stress zone; the stress distribution in A1, B1 and BIl was the second, and called the main stress

zone;
Conclusions:
regularity. The core stress area,

the stress distribution of A Il and B Il was the least,

and called the secondary stress zone.

The stress distribution of the LI vertebral body is relatively fixed and presents a certain

the main stress area and the secondary stress area are gradually weakened,

which is helpful for the prediction and evaluation of clinical fracture types.

[Key words] Lumbar spine; Stress zoning; Loading; Finite element
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Figure 1 a Three—dimensional finite element model of thoracolumbar b Finite element model meshing diagram Figure

2 Comparison between the torque—rotation angle curve(yellow) of the finite element model and the torque-rotation angle

curve of Panjabi in vitro(blue) a Flexion and extension angle curve b Left and right lateral bending angle curve ¢ Left

and right axial rotation angle curve
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Figure 3 Schematic diagram of mechanical loading in different motion states (the black arrow indicated the total stress
and its magnitude, and the red arrow indicated the moment) a Axial compression(side view, only 500, 600, 700N stress,
no torque) b Forward flexion state (side view, load S00N, 600N, 700N vertical stress, 7.5N-m torque forward) ¢
Extension state (side view, load 500, 600, 700N vertical stress, and apply 7.5N-m torque backward) d Left curved
vertebral body (front view, opposite direction of moment in right bending) e Left rotation state (top view, opposite torque

direction during right rotation)

® ) I i)

B4 LIS XHE MR a MBI b KRR ¢ 5k

Figure 4 Preliminary zoning map of LI vertebra a Cross section b Sagittal plane ¢ Coronal plane



1020 r B AR A 2 AR 2020 AR5 30 5 11 1)

Chinese Journal of Spine and Spinal Cord, 2020, Vol. 30, No.11

Srp o W JeE i 2 e 7 o B b AR AR AN 2%
I 2 T 7 g A v T AR S 2k b o (8] 5~10)
2.2 L1 MERSS DX )43 A i Bl

A DX A RN A E A DL
# 2.3, o4l L1 HEIRANZED A1 A2 A3 .B1.B2,
B3 X N 7 i BN HEIRSZ 0 4 K5y, i T1%,
Horp A2 (A3 X2 ) fi i R  HEAR N2 BRI A4
A5 A6 B4 .B5 .B6 XN 1 i A MER 3Z 110
Wy, M 29%, B4 L1 HERINZRD A1+A2+A3+
B1+B2+B3 X 3 fir (4 4% A~ #E 1K 32 1 1) 4 KB 4)
hi 76.2% , Herb A2 A3 X Ik 52 1 B g 4 HEGR
P2 R A4 A5 A6 B4 B5 B6 X3 1 /i 5 4%/
sz JHy /04 5 23.8%, v 41T L1 MEAAM4
BRI A1+A2+A3+B1+B2+B3 [X 8 i J1 & % 4> Hi {4
Z I R o 59% , Horh A2 A3 X832 )
oM EET, HEIKNZED A4 A5 A6 B4 BS B6 X
SN Ay o AN HEAR SZ T R, N 41%

3, Misas
[Bwg TE%)

wd.O00e«001
# 3 0hTesl]
+3. 334e+01
30008« 01

#2 A6 Tes0]
+2. 3348401
#2.001me01
+ ] A6Res0]
+1.3348:01
+1.001m=0]
+6.6F 1800
+3.3508-00
& 1. 779802

@ A ——

. Mgy
gy T

& #ll |
&1 17 ]
b GGl

i R-el] |
o5 21 Pelll
wib Stwel] |
a3 #5ss0]
& 1. IN4m+il
ol B15+0]
a] Wonell]
& 1 NI L=id
ot Al

+8 §56a-02

d

]

iawg 7%
#+1. 134+l
#3.07 %m0}
2 TiTmaDE
s2 SEEms 0L
ad darEs
=], 88m+ 11
&1 AF 3=z 00

5, Mspan
Cavg 7%

=9 20Be+01
l o4 T 4a 401

2.3 L1 HEMRR 353 X

W ELAG GE T2 7 S A A Xk B B X K
TGt W XSG IR X, 7E o 414 LI
HEAR R AT(A T ) A23(AT ) A456(ATM) .B1(B
[).B23(B1Il).B456 (B ) 754~ X 38 ; 76 B 4+,
S XBULTP WL o o Gert = HUEE U0 T
A4 XI5 AS X B4 X5 BS X 48 4 9 LL
5 o 4L AR R X S8 T R SO — B, A5 4 R
o AT B L1 HEAR S AT(A T ) A23 (A
1) .A456(AI) B1(BT).B23(BIl ) .B456(BII)
AN DI TE y g, 4 R A OB o 4P
GEiTof R % B R T A4 XIS AS X
B B4 XIk5 BS XM L85 o 41 AR X R
KR GEF2F 3 U], W4 I o A I A,
B L1 HEMR > A1 (AT ) . A23 (AT) . A456 (A
) B1(B1).B23(B1l).B456 (Bl )7~ 4~ X3 ,
2N L1 Mtk AT ADLAILBI BIT B

o Jdm o0
i «19088+0]
& 34T2e4+0]
=3 [ 358+0]
+2 Al4a+]]
+2. 1 e+

B 5 o HEBAENIaK alim /54 biic S d
M e HEf

Figure 5 Stress cloud map of cortical bone in group o a
Axial compression b Flexion ¢ Extension d Lateral bending

e Axial rotation



o A R A 44 A 2020 4F55 30 58 11 Chinese Journal of Spine and Spinal Cord, 2020, Vol.30, No.11 1021

L
nbnhnbnhﬂbbbg

T T

@

5, M =
| A | -l'n-l I-'l'l--
+ L. 3068 % e W
w7 et
+ 4 L 5Tee0 -: il ‘h.n-_
+ 1 D={le+00 1 | Theag
B S
Ti1Eea
1

i

[SESRL =W ¥°
E L=
4 ¥
B b

.
i

+4 B4l
+14 A@il
LY Bl
& IhhBdll
L Bepd ] Ej ]

L, Wiiws 5, Muss
(e THW) (&g ':'55";12
o GG #3 mall
..,E lI'.'H-E 1-5-.1]Eill\-l-l:|}
&8 CE e iy w4 BT Eall
&4 0o Oy #d |Baa+0]
&8 440 0 &1 TEDm+01
&1 59080 #1 280e+01
PR R &3 ITTE40
TR L &+ 3 1%8+0
i:I E3le-0 =1 BSde+l
I!?TI-EI &1 3%e+0
il--l:l &1 2T e+
41 =4 5518+
'H'I—-I:IJ- & AiSha-0Z

'I-I-+--+'I-='I-l-+'l-li-
3

@

5; Mrma

(hef) P

s REUSE0]
&f.TOS@-s01
= . 01hE=L1
a¥ 'ﬂ.rz:':‘:l
EL LTI}
=5 54 Teeil]
=4, TH ' e=il]
=3 Si8w+d]
#3.178ms0]
=g dAn=0]
& S08Es0]
=00 LE=00
=] Bads-i]

&, Minmr

By Tl
8 Besaadl |
«5. 3 el 1

o B e ]

+4 il
+ 1.9 0]
+ 3. 8§ 1
+y A 1
aa Ralaga )
&L WSl
il STl ]
& TEAE s T
w8 B0
R R

1, ey

Gl TE%
wo Diw ey
EY &1 I#h[
+ ] 402e+0
&1 DESmedll

+3. 73 lﬂ1
-y 4l
2l

+1.21 ¥e-02
Bo6 oaMBHENAORE a ML b Ai/E ¢ 5 d ME e HEH BE7 BHETHN K a MmES b
HiE ¢ JEfh d Mz e HEi%

Figure 6 Stress cloud map of cancellous bone in group a a Axial compression b Flexion ¢ Extension d Lateral
bending e Axial rotation Figure 7 Stress cloud map of cortical bone in group B a Axial compression b Flexion ¢

Extension d Lateral bending e Axial rotation



1022 o A A A 2 R 2020 AR5 30 55 11 ] Chinese Journal of Spine and Spinal Cord, 2020, Vol. 30, No.11

Ll ] E Hpps
LA TEWI g 7w
-l a:ﬂl—u: 4. [%ca a0
«0 Fldp-l :: E}.
=@ aTe-fid v 1
= File=01 wbh D L
+5 Tlibe-1 taosen
- ¥
4 Fi2e-01 4 e
=d (Efe-ll w336 e-0
«3ane0l +3: i
&2 453m-01 #d.017e-0
=} BiTe-] «] JuSe-0
=B FNe-02 wii T 30e-02
@ ad Jdle D LR SR R

5, Euges

A TP
w1 T4l
& 10 e 00

w1 40l
+ 1.7 0ee=00
# . il S0l
w | D00
L T4
T 2908 ﬂl

5 B35
ik ]
v S-ll1
w1 AB0mE-01
@ I a1

8

£, Hinax T
[Awg THY) [y TS%)
:é 1. ie+0

#7, E:"'-'Eftll

BEET W

ri-iil*iii;
T

-
1

e

+ 1 Fibe+01
a1 E] D& 00
1-!1 F38e-117

Eiies

I .
e |
¥ii—5his¥§ﬁ3
pitiibhariitl

e Rt Pl e B T
.
a
E-Eﬂbbhbl‘:u:-ﬂ oo
e — l—ll—l—l-—E

:3 7ei1

D

B Masmi S, Mezaiz

Lheg PS5 [Aegr TS
B 3Nhe= 1] +! 8 Ts
PR FE TR #5359 e
& Ta=il] #d A07@a
1-3.-?] TR
+35513e I-H]. +:IEE'I|4
wd SRAmedil # 3 430An
w4 1GhEa01 0 Fehipal
+ 1 Asaeal +4 A
#2 FTesl] + 1 2830+
e 081wl # LATmal]
& 30801 &5 Fkhis 00
+6 THa-= 0 +4 'H-'l-l-i-ll_l!'
R TR w4 [ D4s-12

B8 BAUMEHN AR a fililfEgs b fiEc 5 d ME e i B9 U EFHEN =K a il B4 b Ar
Ji e Jafh d ML e JiEgkE

Figure 8 Stress cloud map of cancellous bone in group B a Axial compression b Flexion ¢ Extension d Lateral

bending e Axial rotation Figure 9 Stress cloud map of cortical bone in group vy a Axial compression b Flexion ¢

Extension d Lateral bending e Axial rotation



o A R A 44 A 2020 4F55 30 58 11 Chinese Journal of Spine and Spinal Cord, 2020, Vol.30, No.11 1023

¥, Miaas
g Pl
+1 lI‘llli-l:il

0J

IS~ X (B 1),

FEASA XA A T XU S (E 5 L1 HEARE
I T 8 9.5%~10.1% , A T IX 30 S48 5 L1 #E
R JE B 27.9%~30.1% , A T IX 3857 3 8
L1 HEA SN FIE K 7.8%~15.2% B 1 X 48)% J1 {8
di L1 HER B S (B 7.19%~8.9% ,B 11 [X 48 1 11
(B 5 L1 MER B0 Y 25.5%~29.2% , BTN X 42
N JIE A7 L MEAR R I ) 10.7%~13.8% , M
L1 HEGR R 7 #a3A5mT DA AT Xk 4 A7 L1
MEMR B J{H 27%~30.1% , 1 J1 45 4 % IX
ST R BR A% O N T DX HER AR AT BT BT
SANRKEUSN R T, S L e S
FIH) 22%~45.9% , %X AWEFR R E B FT X, A
I BT A DX s A 5 L1 MEAR L T /) 18.5%
~29% ,BEFR AU S1 1K, PR, L1 AE R B o B
FAMERBUR— RN S X, 1200 KR AR =4
Xk,

© mpro

i
it
#

:

fiskeatsit]

2uR
§

SLELLLILERLES
AL

(L L]

5, Mo
g TR

prpsressss’

e
Hgilwlz
i ey
sssiat

'E.
= Finko 2om ey
Eit:r.*g
pobosd

g 10y dIMJR
d g e ek
Figure 10

BN =B a fim 48 b Aj)E

IR ERL

Stress cloud map of cancellous bone in
group y a Axial compression b Flexion ¢ Extension d

Lateral bending e Axial rotation

3 it

B Tl AR A E Ji e S8l B K, AL
HIrH R Z, Jorh Rl L1 HE R O AR 3 04 M 9 B
ﬂﬁﬁﬁgﬂmfﬁJﬁW%$*ﬁfﬁﬁ$1ﬁ
AW (R G B KT A5 ) L S AE AMEIA BB A IX
A %mﬁﬂﬂﬁiﬁ%%i%ﬁ%ﬁ P B AE
AR WA 52 RV R 4% 1l J2 M A 1) B A 25 9 )
S R A i PR IS B DRAIE TRt AS BF 5 4oz
A BRITAFr i, BT L1 MEAAR Y A2 B T 53 A
DI, WL ) 4R R B IR A 3R T LL
AR T3 731X, LAFR Sl R I A o A 280 o
HAEY AR

WETEXS T L1 A HEAR A9 A BROC A= 9 1 27 BF
R Z , (RN L1 MEVR R ) 5 rpols St A7 i
Or X EARRS R/ XWHE A SEEAT T 00 R (3
mﬁﬂﬁT%xm,ﬂﬂﬂ%ﬁ¢$#ﬁ%ﬁﬁ
PR, AREMEGH A L1 MEAA 1 Az SRS



1024 o AR 2 AR 2020 4F5S 30 558 11 W1 Chinese Jowrnal of Spine and Spinal Cord, 2020, Vol. 30, No.11

BL I3 op A e rpla s, s QUSSR BB T Z20ms SROANE A, ATIEES TAHERTE A R B T Y

MEAR B F 22 N —— R BB 2 500, 45 2000 38 0 1 L1 HEMAR N 7143 X,
2 LI#FERERVLREBEARSET THFEHENE (x+s ,MPa)
Table 2 Average stress values of cortical and cancellous bones of L1 vertebrae in a, B and vy groups
af R v
Group « Group B Group vy
AX BIX AIX BIX AIX BIX
Region A Region B Region A Region B Region A Region B
% B Cortical bone
11X Region 1 7.742+3.7647 5.642+2.889" 10.090+4.1827  7.322+3.2937 13.94446.3037  13.164+5.3427
21X Region 2 9.349+4.052 8.930+4.301 13.874+4.418 13.118+5.708 22.109+12.437 15.977+6.163
31X Region 3 11.82426.336"  10.549+5.363" 17.1658.044%  16.993+9.220" 21.725£11.149%  21.055+11.2027
41X Region 4 3.835+1.915 3.605+2.944 3.886+1.865 3.743+1.741 11.10746.0487  11.808+8.471Y
51X Region 5 3.669+2.330 3.666+3.030 3.867+1.838 3.835+1.855 5.511£3.171 1.526+0.299
61X Region 6 3.452+2.029 2.577+1.486 3.857+1.869 3.715+1.766 5.241%3.350 1.547£0.318
X 6.646+4.671 5.828+4.358 8.790+6.696 8.121+6.844 13.273%10.006 10.847+9.481
FAJFF Cancellous bone
11X Region 1 0.250+0.117% 0.198+0.086% 0.313+0.153% 0.250+0.100" 0.362+0.154" 0.333=0.123%
21X Region 2 0.388+0.142 0.343+0.138 0.401+0.177 0.425+0.170 0.589+0.216 0.5910.258
31X Region 3 0.388+0.1407 0.351£0.146% 0.443+.1697 0.436+0.177% 0.611+0.2417 0.598+0.262
41X Region 4 0.343£0.141 0.3220.149 0.397+0.1627 0.403+0.158% 0.547+0.2037 0.478+0.1827
51X Region 5 0.346+0.138 0.3190.149 0.370+0.155 0.327+0.106 0.516+0.207 0.435+0.173
61X Region 6 0.336+0.104 0.2910.107 0.365+0.136 0.3210.107 0.501+0.203 0.425+0.164
XS 0.342+0.128 0.303£0.130 0.3810.151 0.3610.145 0.521+0.204 0.4770.206

T (D5 M4~ — X5 e P<0.05
Note: @Compared with the next adjacent region, P<0.05

®3 TEHTTLIHEERERMABERBE NS 2R ANE DL (%)
Table 3 The percentage of stress in cortical and cancellous bone to the total stress of L1 vertebra

in a, B and y groups

o B4l e
Group « Group B Group vy
AlX BIX AlX BIX AlX BIX
Region A Region B Region A Region B Region A Region B
Wi Cortical bone
1 X Region 1 9.8 7.2 9.5 6.9 9.3 8.7
2 X Region 2 11.9 11.3 13.1 12.5 14.7 10.6
3 X Region 3 15.0 13.4 16.2 16.1 14.4 14.0
4 X Region 4 49 4.6 3.7 3.5 7.4 7.8
5IX Region 5 4.7 4.7 3.7 3.6 3.7 1.0
6 X Region 6 4.4 33 3.6 35 3.5 1.0
it Total 50.7 44.5 49.8 46.1 53.0 43.1
A E  Cancellous bone
1 X Region 1 0.3 0.3 0.3 0.2 0.2 0.2
2 X Region 2 0.5 0.4 0.4 0.4 0.4 0.4
3 X Region 3 0.5 0.4 0.4 0.4 0.4 0.4
4 X Region 4 0.4 0.4 0.4 0.4 0.4 0.3
5 X Region 5 0.4 0.4 0.3 0.3 0.3 0.3
6 X Region 6 0.4 0.4 0.3 0.3 0.3 0.3

B3t Total 2.5 2.3 2.1 2.0 2.0 1.9
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Figure 11 Stress zoning map of L1 vertebra[core stress zone(A Il ); main stress zone(A I +B I +B 1)

secondary stress

zone(All+BIIl)] a cross section b sagittal plane ¢ coronal plane
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