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Abstract; Objective To investigate the role of cervical spine finite element model in predicting the risk of cervical
ligament injury during Sanda combat ( Chinese boxing) , and compare the differences in mechanical responses of
cervical ligaments after hit by Baiquan (hook boxing) or by Straight punches (cross boxing). Methods After 3D
reconstruction of head-neck osseous structure by using Mimics software based on CT images, an accurate head-
neck finite element model was developed with HyperMesh software. The moment-ROM ( range of motion) of the
model and the head acceleration after punching were validated. Then differences in ligament stress and distribu-
tion were compared between Baiquan and Straight punches under different punching forces (2. 60, 3.30, 4.35
kN). Results The established head-neck model was validated to have good biofidelity, and the predicted values
of head linear acceleration and rotational acceleration after punching were in agreement with those reported in the
literatures. As the punching force increased from 2.6 kN to 4.35 kN, the maximum stress in cervical ligament was
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207, 265, 263 N for Baiquan, and 96.8, 91.4 and 101.4 N for Straight punch, which was located at atlantoaxial
ligaments. Under the same force level, Baiquan generated greater force than that by Straight punch for cervical

ligament. Conclusions

Compared with Straight punch, cervical ligament injuries are more likely to occur by

Baiquan during Sanda combat, and the established finite element neck-head model can be used to study biome-
chanical mechanism of Sanda-induced injuries, and provide more accurate references for Sanda training and inju-

ry prevention.
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Fig.1 Schematic of the finite element model

(a) Normal CO-7

cervical spine model, (b) Annulus fibrosus ring in the disc
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Tab.1 Material properties of the head-neck finite element model
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Fig.5 Validation results of the head-neck finite element model

TE5 %52 2. 60 3.30 4. 26 kN E 2 K20
TG TS T A5 2 Sk S L 1k K e i 2, 5 Sk
[31-32 BT AT SC U i A b, P 3 — Sy
(DLIEL6) o Sk B JE &% Jon o JBE (7 SRR [ 31-32 ] rh iy
BN S5 PP S5 3 S, AR A T3 45 SR IR A
X—EHIZ N HZRTTIE S AR AL P e B A e
THRZE MR AT i Sk T B e 5 i J3 W) 8 v
B, dr T RO, PR R T 07 R0 o i 22 5
RIH AR
2.2 SUHERD R R T

P 7 7 S AR A i 8 (S X A D o 4T )
A2 TR OLR T . AE R R FA R
WAL T IR AL, 24l 4T 14090 2. 60.3.30

TERSAUT A5 20 Sk 0 A e P R e 2 s 2
1 Gk o FE AP R ik NS R 3 i X RO e o TR ) P
HERDAT 152 13025 B 2R 3 T SMERD 52 1 Bk
(EL A, LI HEB P b o 4T ) S50 147 1) PN 78 2 )

1722k
2 #R

2.1 HEEIEZNEIE

1N - m S ot/ 8 00 e 25 gty % Al o)
N5 4 Bz 35l (range of motion, ROM)
5350 55 SCHR [ 28-29 ] i iy 7 A S B K SCRR( 30 ] YA
FROTIH ARG R AT L (WL 5 ) o A BiMERT A5
R3NH C2 ~7 £ 19 Bt ROM ¥ 5 3CHk [ 28-29 ] th iy
RS A5 R X SCHR [ 30 ] 1A BROT IR 45 R AR L,
{HCO ~2/#) ROM 5 SCHk [ 28-29 ] 1) 52 4 45 R AH 1L,
et 3z Bh s 12% il ) i i 1) 98 20 25% , N 1)
23 N 35% .

EE S il 30 e A SO
& 3CHR[28] . S 3CHR[28]
za 3CHR[30] 20 za 3CHR[30]
= | N7
S 10fil
NA
| N7 NG E
2 o LNA BN ENp BN B
C5~6 C0~2 C3~4 C5~6
C4~5 C6~7 C2~3 C4~5 C6~7
() a5

(b) Hialek%

(a) Flexion/extension, (b) Axial rotation, (c) Lateral bending

 XIRB1] « HE#

80 7, 10000 r « rpR[32] v 8%
%0 ' 8000
5 60 b=
= £
= < 6000 M
‘= 40 B .
E #4000 H
£ 20 2000
#
0 L 1 ) %g 1 I )

2.60 3.30 435
T J1/kN

(a) ZRMEmEE

2.60 3.30 4.35
T 1/kN

(b) BEA

El6 EERZBREHFIIELABLMEMIE B K 70 HEF N ik £ 5 it
[31-32] 3L R

Fig.6 Comparison of head linear acceleration and rotational accel-

eration under straight punch and Baiquan with those repor-

ted in the literature [ 31-32] (a) Linear accelerations,

(b) Rotational acceleration



W E,%. B S EE R AR R BTIE 3 AR R4 B XU
LIU Yin, et al. Risk assessment of cervical ligament injury in Sanda

combat ( Chinese boxing) by using the finite element head-neck model 43
Fringe Levels Fringe Levels Fringe Levels
2.074E+002 AE52EH002, | 2.638E-+002_
|v7055+ooz] 93051000 72 342E+002 ]
T% 1.335E+002 1 569E+001 2.046E+002
9.661E+001 1208E+001 1.750E+002 _
% 5.967E+001 8.475E+001 _ 7 1455E+002
2.273E+001 | 4 8(35E+()()| ] A 7 1.159E+002
e —1.421E+001 1 2§6E+()()I 4 ?_{.63[JE+()()I ]
yi e ool ~2353E+001 5.672E+001 |
~8.809E+001 ~5.962E+001 2.714E+001
g < =9.571E+001 —2.445E+000
i) 5 '2’()'5*0()2] ~3203E+001 ]
- 1.620E+002 o
Fringe Levels , Fringe Levels Fringe Levels
/ 9.689E+001 7 9.141E+001 - 7 1LOT4E+002..
e 7 8.195E+001 ] 7.712E+001 ] for? 8.599E-+001
H 6.701E+001 6.284E+001 7.058E+001
5.208E+001 _ 4.856E+001 - 551764001
% 3.714E+001 3.428E+001 - 3.976E4001
2221E+001 _ 2.000E+001 2.435E+001
e 7.272E+000 5.721E+000 - 8.943E-000 |
7"5‘% ~7.664E+000 _ ~8.560E+000 - —6.465E+000 |
-2.260E+001 Vi ~2.284E+001 —2.187E+001 |
L ~3.754E+001 4 ~3.712E+001 ] y ~3728E+001
/ ~5.247E+001 -5.140E+001 y —5.269E4001
(a) 2.60 kN (b) 3.30 kN (c) 4.35 kN

E7 BEEARMNNIBDEEARETATHZASHZE

Fig.7 Contour of predicted ligament force by the model after punch hits at different punching force levels

(a) 2.60 kN, (b) 3.30 kN, (¢) 4.35 kN

4.35 kN B, #2547 )5 9 52 01 e KAE 5000 8
207,265 263 N; MifE BT AT 5 B 2 1 e K AL
BT IR 7, HeAZ 01 B KA 43 5 R 96. 8 91, 4
101.4 N ARYEARIE & 1B R Ul %55
RIEFE S/ N AT 1 KT d AT RN €6 ~7 /)
SRR Y BT AR S, i BVl A SR R AT K
W, BE TR AR W W AE 42

3 i

A BRICTFA A3 Mr 7 2 0 SME A5 40 200 187 T2 e
PRIGAS A DGR e e 2] T B ZAEH . AR5 R
A BT S AR PR A TN O T 22 3 5 S A 4
F12E T R L R TR SOME Y R S S gl
CO~1 2 C1 ~2 5 BARAEAFAE B G 12 3l , BUFE B ik
HfH ROM F A — ik, fEER A IR,
TR EUE T B ROM 5 30k [ 28-30 ] 1) )7 AR 52 56 K
BEAITRINW) & 384, (R 2 CO ~2 15 Bt ROM 52
ARG5S FATIAFAE— 2 (0 25 5 40 5 SUME S5 P 52 2%
D 5 ok B 26 S A A OG0 BIEAE I P R 38 A S
KT HiME ROM B 22U MR P 1) 25 SRAE HEAE AR 38
A AR S ], T 3K T8 23 5 AR 5 A R
JRAE FHREHE ROM 5 3CHR[28-29 [ fA7E—E 25 5%,
B2 LRI T3S ROM 925 S8R 15 5] T 3¢

UFB Sk BEAh i — 20 B U AR R Tl T Sk AR i
JE 5 SCHR[31-32 B SE IR B R 45 2R, P — Sk
R PRI, A TR 7 30 e e 285 LR 0 28 3 o 2
FAFT SUME R g 2w B R B R4 R AR
DiEE

SR HEFE R A S Tl PR A Sk T, X ST
L TNIE Y/ PAEE N St A kol DAL W S LRI
TERAF T 10 S E R 5 R, B AT M
FRT S RS A4 0 22 A B 95 35 U] K ST I A P A, AR
BRI/ , i 3T i S9UME 4 B K 52 7 7 L SR 14
PRI L3 — B A5 B4t 4057 i A 49
135 RS iof A 5 14 S B — B AR AR S B
i, Shea 25 g X AR A 1 45 HE 05 BF 5 &
B, FE AR -5k J1 J R, T S L R UM B 5
o KA RS B2 AT A 22 5 (9 D P 1 AN o
2, PTRE-S S50 A BN AR T D < Al B i
()7 RORUN RV WERE L ISR P S e o T A A
HAE— MK , S0 52 T 2= AR 5 U R
J1HE o BIAE SCRRGH SN 25 3 45473 1 e PRAJE 52 AH
XD XA R 3 BRI 2 sz fR
SR T7 1417 BT T S Ao 2 AR A2 A, SR L £ /N
SR AT B S R ZRE IR I B IR 0, AR g &
WSR2 AT 5 B SO e o W A8 2 9T TR 00



EREMAE $32% F1H 2017£2A
44 Journal of Medical Biomechanics, Vol. 32 No.1, Feb. 2017

AN A R LR R

A SRS R, B2 T TR 2 W
BARTEZE, B3t dT J B AR B WL
TEX PR AT o7 s R, 32 3 07 1) R o T3 A3 2
BB S, BRI T 22 5 R A 24 S 1Y
g A RSk s AR T R g A
G812 IS 200 . I 7 N 7 2 111D a1 1 9
07 F88 o 9 W) 7 8 7% S 58 4 R [ AR AE . — BT
=R (IS ) 32 3 S, 250 H 0 2 ANl 1
A, R, 5 R AEAR AL AN 7 ) i 5
CERAEAELE S, N IR AT I S5UME (10 % 2 1 SR S
() 25 KT S NI 46, F e o R e, T M A
SR A7 A ) 25 ), AR A G 0 2 4 R 7 A g /8 8
A R KNS AT RE S 2 7 6 BN (R L e B
T INVES A

ACHEIRL /NS A O S B AR B SC ik [ 22,27
291 52 B 45 S SE , A 7E HG A SR S A op R
AU AR SRS B0 R A 2 A I ) TR
& BWETT 1) B 145 2 R 26 R0, 78 S Bl T
BEAR R A I — 4 R0 T W 1 ke BT A
B HURAR R AR B 5 (B ERR AR SZ 1 B 7%
(5 0T 0 L T Rl 2 2 4 1 B 4 e s
2R TN T S0 /N5 B 18 foe N 4T 14
BRI EL ek, Fe W% 3B 1 7E AR 25 T 4T B 2 45 X
B e, (ELX — S5 A TR I PRI SEIESE . Ak 18
SZBRBICHT S A S 555 L, I 28 7 4
PidF AN UL T R R AR AR o 4T
S 5 AR A I 8, G T X G [ R A (H S
B3 o TR SE I B i, Wk AT H 2
137 VEAIR TABE S AL B s [, RAB R AR AE R
K I 1 e W 4 I ], 52 L B8 o 3 Fh gt 1
R KRR REAR

ABFF R RPN - (D BRI T ik 45
t, FLANARIS C7 [852 , 15 SEPRIB U AETE 22 5, (HX
Fh 22 F RSN B2 S 2 I S 2 575 @) 4
RUFF AR A L5 . TSR IDLIA B9k 30 3 8 6 A 4
EFSIBAK AB AT 32 3 53 A DLIA He—
NEEECH: JULIA S B B s, L 2k AR s
W, X AT RE SR T B BRI 7 2R T
A SEBR e P AETE 25 R R R 2 —

25 FRTR A SCHENT T AN Sk B BR TR, 3

He HN I TR0 < iz 3l rh 2k e T I SRR 32 T3t
FLo MM EZE BERLATHA BROTERUA L, 5 H
FEAALE, FEAH R AT I8 2R A8 5 kL T ey 1) 39
AW 1AM . EFEAE SRR, P A RO T fiE
8 S WFTE A TS 21 I ZR sl Rl S5 0 Ty $2 k2%
HA BT i — 22 W B BT AR A2 405 B0 & LR ML
AR ZR R B A Tz 3 b1 B R

Sk

[1] KORDI R, MAFFULLI N, WROBLE RR, et al. Combat
sports medicine [ M]. USA. Springer Science & Business
Media, 2009.

(2] SRVCJR. BUCPTIRER B BER BV E S AR MIZ B A= ) 01 2R AE 43 BT
[D]. J7M: J MR E B 2= A0 53, 2014.

[3] E¥. RARHETZZH G INZGFBH 467 D]. Jea: b
FURTE KW+ 008 30, 2004.

[4] BIRRER R, HALBROOK S. Martial arts injuries the results
of a five-year national survey [ J]. Am J Sports Med,
1988, 16(4) ; 408-410.

[5] PIETER W. Martial arts injuries [ J]. Med Sport Sci, 2005,
48 . 59-73.

[6] BANERJEE R, PALUMBO MA, FADALE PD. Catastrophic
cervical spine injuries in the collision sports athlete, Part 1
Epidemiology, functional anatomy, and diagnosis [J]. Am
J Sports Med, 2004, 32(4) ; 1077-1087.

[7] PANZER MB, FICE JB, CRONIN DS. Cervical spine
response in frontal crash [ J]. Med Eng Phys, 2011, 33
(9): 1147-1159.

[8] WHWENE, WM, fTUkJL, %F. 3T Simpleware £t =4k f
FRoCHES A S [ J]. IR AY 1%, 2014, 29(6) -
530-535.

HU XH, HONG X, HE BF, et al. 3D finite element model-
ing and analysis of the whole cervical spine based on Sim-
pleware [ J]. J Med Biomech, 2014, 29(6) ; 530-535.

(9] ZarhiE, #ORY, Bk, Hybrid TARXTSHE 1% 507 0
s Jd]. EREY 2%, 2015, 30(2) ; 111-117.

MO ZJ, DU CF, FAN YB. Effects of Hybrid surgery on load
transfer pattern of cervical spine [ J]. J Med Biomech,
2015, 30(2) : 111-117.

[10] CURREY JD. Tensile yield in compact bone is determined
by strain, post-yield behaviour by mineral content [J]. J
Biomech, 2004, 37(4) . 549-556.

[11] KOPPERDAHL DL, KEAVENY TM. Yield strain behavior
of trabecular bone [ J]. J Biomech, 1998, 31(7) : 601-608.

[12] DENOZIERE G, KU DN. Biomechanical comparison
between fusion of two vertebrae and implantation of an



W E,%. B S EE R AR R BTIE 3 AR R4 B XU
LIU Yin, et al. Risk assessment of cervical ligament injury in Sanda
combat ( Chinese boxing) by using the finite element head-neck model 45

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

artificial intervertebral disc [ J]. J Biomech, 2006, 39(4) .
766-775.

WAGNER DR, LOTZ JC. Theoretical model and experi-
mental results for the nonlinear elastic behavior of human
annulus fibrosus [ J]. J Orthop Res, 2004, 22 (4):
901-909.

HOLZAPFEL GA, SCHULZE-BAUER CAJ, FEIGL G,
et al. Single lamellar mechanics of the human lumbar anu-
lus fibrosus [ J]. Biomech Model Mechanobiol, 2005, 3
(3): 125-140.

YANG KH, KISH VL. Compressibility measurement of
human intervertebral nucleus pulposus [ J].
1988, 21(10) ; 865.

IATRIDIS JC, SETTON LA, WEIDENBAUM M, et al. The
viscoelastic behavior of the non-degenerate human lumbar

J Biomech,

nucleus pulposus in shear [ J]. J Biomech, 1997, 30(10) .
1005-1013.

DISILVESTRO MR, SUH JKF. A cross-validation of the
biphasic poroviscoelastic model of articular cartilage in
unconfined compression, indentation, and confined com-
pression [J]. J Biomech, 2001, 34(4); 519-525.
YAMADA H, EVANS FG. Strength of biological materials
[ M]. Baltimore: Williams&Wilkins, 1970.

CHAZAL J, TANGUY A, BOURGES M, et al. Biomechan-
ical properties of spinal ligaments and a histological study of
the supraspinal ligament in traction [ J]. J Biomech, 1985,
18(3) : 167-176.

YOGANANDAN N, KUMARESAN S, PINTAR FA. Biome-
chanics of the cervical spine. Part 2. Cervical spine soft
tissue responses and biomechanical modelling [ J]. Clin
Biomech, 2001, 16(1) . 1-27.

FUJITA Y, DUNCAN NA, LOTZ JC. Radial tensile proper-
ties of the lumbar annulus fibrosus are site and degenera-
tion dependent [ J]. J Orthop Res, 1997, 15(6) : 814-819.
CASSIDY J, HILTNER A, BAER E. Hierarchical structure
of the intervertebral disc [ J]. Connect Tissue Res, 1989,
23(1): 75-88.

PANJABI MM, OXLAND TR, PARKS EH. Quantitative
anatomy of cervical spine ligaments. Part |. Upper cervical
spine [J]. J Spinal Disord, 1991, 4(3) : 270-276.

FICE JB, CRONIN DS, PANZER MB. Cervical spine mod-
el to predict capsular ligament response in rear impact [ J].
Ann Biomed Eng, 2011, 39(8) : 2152-62.

SAITO T, YAMAMURO T, SHIKATA J, et al. Ananlysis
and prevention of spinal column deformity following cervical
laminectomy |. Pathogenetic analysis of postlaminectomy
deformities [J]. Spine, 1991, 16(5) ; 494-502.

CLAUSEN JD, GOEL VK, TRAYNELIS VC, et al. Unci-
nate processes and Luschka joints influence the biome-

[27]

(28]

[30]

[31]

[33]

[34]

[35]

[36]

[37]

[38]

chanics of the cervical spine: Quantification using a finite
element model of the C5-C6 segment [ J]. J Orthop Res,
1997, 15 (3): 342-347.

GOEL VK, CLAUSEN JD. Prediction of load sharing
among spinal components of a C5-C6 motion segment
using the finite element approach [ J]. Spine, 1998, 23
(6): 684-691.

PANJABI MM, NIBU K, CHOLEWICKI J. Whiplash injuries
and the potential for mechanical instability [ J]. Euro Spine
J, 1998, 7(6) : 484-492.

PANJABI MM, CRISCO JJ, VASAVADA A,
Mechanical properties of the human cervical spine as

et al

shown by three-dimensional load-displacement curves [ J].
Spine, 2001, 26(24) : 2692-2700.

ZHANG QH, TEO EC, NG HW, et al. Finite element anal-
ysis of moment-rotation relationships for human cervical
spine [J]. J Biomech, 2006, 39(1) . 189-193.

WALILKO T, VIANO DC, BIR CA. Biomechanics of the
head for Olympic boxer punches to the face [J]. Br J
Sports Med, 2005, 39(10) : 710-719.

BARTSCH A, BENZEL E, MIELE V, et al. Impact ‘finger-

<

prints* and preliminary implications for an ¢ intelligent
mouthguard’ head impact dosimeter [ J ].
2012, 15(2) : 93-109.

CARTER DR, FRANKEL VH. Biomechanics of hyperex-
tension injuries to the cervical spine in football [J]. Am J
Sports Med, 1980, 8(5) : 302-309.

KAALE BR, KRAKENES J, ALBREKTSEN G,

Whiplash-associated disorders impairment rating. Neck dis-

Sports Eng,

et al

ability index score according to severity of MRI findings of
ligaments and membranes in the upper cervical spine [J].
J Neurotr, 2005, 22(4) : 466-475.

SHEA M, WITTENBERG RH, EDWARDS WT, et al.
In vitro hyperextension injuries in the human cadaveric cer-
vical spine [J]. J Orthop Res, 1992, 10(6) : 911-916.
CHRISMAN OD, SNOOK GA, STANITIS JM,
Lateral-flexion neck injuries in athletic competition [ J].
JAMA | 1965, 192(7) . 613-615.

ZHANG L, YANG KH, KING AL. Comparison of brain
responses between frontal and lateral impacts by finite
element modeling [J]. J Neurotr, 2001, 18(1): 21-30.
GENNARELLI TA, THIBAULT LE, TOMEI G, et al. Direc-

tional dependence of axonal brain injury due to centroidal

et al

and non-centroidal acceleration [ C ]//Proceedings of the
31th Stapp Car Crash Conference. USA: IEEE, 1987.
PANJABI MM, PEARSON AM, ITO S, et al. Cervical
spine curvature during simulated whiplash [ J]. Clin Bio-
mech, 2004, 19(1) . 1-9.



