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Abstract

BACKGROUND: At present, the meniscus injury is very common, and can lead to serious injury of the knee joint.
Meniscus biomechanics has been reported, but no studies have concerned the biomechanical characteristics of the
meniscus in knee buckling during gait under different loading conditions.

OBJECTIVE: To simulate and analyze the biomechanical characteristics of the knee joint meniscus under different
loading conditions using finite element method.

METHODS: Based on the knee magnetic resonance imaging data of normal adult volunteers, three-dimensional finite
element model of knee joint was reconstructed. The stress, distribution and changes in the meniscus under different
flexion angles were analyzed at 300 N, 400 N and 500 N.

RESULTS AND CONCLUSION: (1) Under the respectively loading conditions of 500 N, 400 N and 300 N, the maximum
stress point all from the place of posterior horn of medial meniscus anterior surface of tibia moved to the posterior margin
of the anterior tibial attachment of the lateral meniscus, and the maximum displacement all from the place of midpoint of
the inner edge of the medial meniscus moved to front outer edge of the lateral meniscus during normal dynamic buckling
process of 0°, 30°, 60° and 90°, and the range of stress and displacement of lateral meniscus was greater than that of
medial meniscus; simultaneously, the distribution range of stress and displacement was proportional to the size of the
loading and the angle of the buckling. (2) The three-dimensional finite element model of the knee joint meniscus can be
used to effectively dynamically simulate the distribution of force and displacement under different loading conditions, and

can provide evidence for speculation of the mechanism of the injury of the meniscus in clinic.
Subject headings: Menisci, Tibial; Finite Element Analysis; Biomechanics; Tissue Engineering
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Table 1  Structural parameters of each material
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Table 2 Comparison of different experimental studies and stress
peak results of this study

i H A 300 N IR A 400 N B} A 500 N I
[T e [T e DAL Lz

Ji il 0°

Kazemi™ 11.63 - -

Depalma'® 10.71 - -

PN 12.79 12.97 13.35
Jat ity 30°

Kazemi ™ 14.21 - -

AR 13.36 13.00 15.35
Jai it 60°

Kazemi ™ 16.30 - -

PN 17.95 21.49 26.73
Jit it 90°

Kazemi ™ 27.50 - -

AR 30.71 32.39 33.04

22 BEXTFARERRBA ST RG T2 FEL )
SA SRR ET 300, 40042500 N&IER, IEH#E)
A i FE0°, 30°, 60°, 90° M AN 7 s A1 M A A2
RS A Pt B T 8% 3 B0 S Y- H BRI BB B A
T JE %k SNV B35 WAMIN A HARCHT i BB TS E 28880
FIAMU ARG G %, R A N5 R K
T /NN AR 2k WLEA3. i HL,  BEAE AR R n Ak H
AR P IRV AT i A PRI R s, PR A ) 358
SIS IR AT, FLAMURE FAR S 736 ST P
FABR, [N g 43 A S 8 iR /ANVRE LG, 4.

23 BAXPFAMETE BT LM TR IELF 24
oA AR WA 300, 40042500 N&IER, IE#3)
AJE 00, 30°, 60°, 90°M i KALHE A MIEIT N
M AR P32 St B sh B A AR T4 2% ferhs
REFE 5 39 A R T A7 B B T e oo i M B
FNENIME R MG T A, AR BT S R & A
S K Rt M R A 2k WS, T H., BRI AR,
PN FAR A RS T RS G, AN H AR P 2
JEL UK N VA Z TN & | EEE RGO NTh: NN - : (8

3 1Fi¢ Discussion

A PR TCTE L — N ] JLART B e A AR 5 52 s 44
WERNY 7 AR T8 v, ] AR R s =X & 2
WA, B AT LT EUF T SRR ZS R (A4 2
AR TG LA s DR SR 2 T4 )%
WA, eSS B )2, A IR CEALE R, %
M K5H, A DUBURISTT AN IS 8 B 32 PR, 13304
LA AE R 00 AT (RN ) A 2T, |, £
BT B TCAH RIS FUEE o B — 2 R 5 M R AT 40 A 18280, g
JECATAEIB B2 SIS, St 2 AN SR B R P ke 4
PR CTT IRRETE, ITLMRAT D BT IR AT 4
BRI A T2 o ABFSU A TSRO

P.O. Box 10002, Shenyang 110180 www.CRTER.org



B, S5 BT FE T T A RSSO AR 757

C 2& www.CRTER org

1 BREATTZHBRTER
B

Figure 1 Three-
dimensional finite element
model of knee joint
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Figure 3 Maximum stress peak value of meniscus under different
loading conditions in various angles in the buckling process

PEvE: BB A RE RS I SO ~F RS0 T 3 i A 1) Y0 T 7 ke e
Ky I A e 8] 8 23 I8 9 R P AR AR R, HLAMIN A AR
O FER T I AR

300 N 400N 500 N

' -- -

E 4 TH*JZH%#T#H’F&TEEHL‘I&FPK%[“HTE’JH-*I‘?J%
=B

Figure 4 Maximum stress distribution cloud image of meniscus
under different loading conditions in various angles in the buckling
process
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Figure 2 Three-
dimensional finite element
model of meniscus
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Figure 5 Maximum displacement peak value of meniscus under
different loading conditions in various angles in the buckling
process
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Figure 6 Maximum displacement distribution cloud image of
meniscus under different loading conditions in various angles in the
buckling process

Plyd:: Bl d1, d2, d3, d4 435002 ngk 300 N 2 i RO e il 0°,
30°, 60°H1 90° W HIRMiB =Kl Kl el, e2, e3, ed 43k
Jn#k 400 N 2 fuf i R 19 J it 0°, 30°, 60°A 90° I 2= AR A B 43 Ai
=W K1, 12, 3, f4 73500 0 gk 500 N 2 I e 19 )i il 0°,
30°, 60°1 90° I HARAI #4310 = [l

i, Je— M HGITA R T IS
AKX O I B 2 15 ) 1 g% 300, 400,
500 N 4AT T, A FLASHDUR OGS Jit ek i 2= AR
HEMREREN, IEEZEFEH0°, 30°, 60°, 90°HT L
Ry DMET 2RI R R AE R 2631 3940, kg
3, fEBET300 N&&AT T, i thO° I (1A ) 412.79 MPa,
Jii it 30° IS (19 N Sy 4 13.36 MPa, Jii it 60° I (1) N 17
17.95 MPa, Jit [ff190°KS i) 3 J5 4 30.71 MPa; 1F & fif
400 NZ&AFR, Jah0° I iR J)2412.97 MPa, J# th30°
I8 0 4313.00 MPa, it Hi60° I 113 )1 521.49 MPa,

1745



B, S5 BT FE T T A RSSO AR 757

@]%2 www.CRTER.org

S 90T IR )7 432.39 MPa, 7EZ 500 N&-1F T, Jiif
O°I RN 11 4113.35 MPa,  Jitt #130°H (15 71 415.35 MPa,
Jii 1 60° B (15 B )7 4 26.73 MPa, il 11 90° I 1) )3 11 K
33.04 MPa. 5KazemiZPfiDepalma CItifiF5t 45 S tr dams
300 NN, Ji Hlo° w4 5 g 43 5l 4 11.63 MPafi
10.71 MPaXKazemi 2P ka5 45 S th30° I (13 1)
14.21 MPa, Ji [th60° 195 )7 416.30 MPa, il [1190° I )
I 13 927.50 MPak 230, %45 Heia) i) 2= 7 vl fig ig Hl oy
MTRRA AN BB 8 AT 22 e ke WAk, HRTMIARA
BAT400 N 500 N A T IR ICHT 1 HAR 1 2R 00 2% oy Wt
gEARIE, XA AL S AT 300 NI & 55k AEAT 20 W 1E
21960 kgt ) RN AE G BRSO AR
Sk AT G AR AL SR I H 159 kg T R
MRIECHE A5 37— 417 BR TR ARLEAT e i gk A, DRI
SRS DA UL, 2 T #E4400 N5500 NI 4&1F,
A RS T59 kgtR R EEE 1E10 kgh20 kgRAs
NIRRT R A 2 H AR AL
HEFSRMEE XS % . [FIR A 1T 9 P Abaques 6.10-11
AT BR T B AE IR RS 0T T 2 H AR KA RS 1 00
FI AT B 0 AT 2 TG Ji il A o 2 A AR B ) 24
fokiE, (HEMFTSERES, R A e R4
SERALEAT B Shis S AU A BN ) RS 1 45 R, et
ST R, R EATT A R R B, BH S5
EEp R S RPR GRS TRAE S 1K (=29 BB Ve DN E )
A RS A R AT 451 N I EL A 31 i i 90° ok 72
(LR 125 N AN A A5 3, R Bz R b BRI Y g
KATRE G WA, B SR, ik, BEHIAREST
(I HTEE SR AT s B S . AR TS i Bk

P R 1 Js A ) 45 A0 PO AR A A 24 H AR ) R
T2k, AW AR A SRR 2R Tk, TR
I HTHS T S AR AR RIEAT 44 F R B8l AIZ3)
SRR AR RN B A RS RN A A AR IR, Bk it . DM
BRI H BT i iz s F2 vp i 2R ) 244
PRGN S5 RoR, A A0 B R0 Ay ik F v,
FE BB 3 7 1 _En#300 NAATINE, S kR AN H
BRATFAEIE,  FLAMM: FAN S B I AR ek
R NBEIE I AR A b s 4N AARGT AT 4%,
HLAMUE H B Bl AR AR K. TR R, 76 990°
RIS ) AR Bk, 4351 4 33.04 MPa. 6.967 mm,
FEAR A0 I N g S AL B g/, 433 12,79 MPa.
2.677 mm; BEEBAMTHIINR, BIN#400, 500 Ni, W)
FATAS I 53 A KB ) S AN K, L2 o0 A (R TR
TR, FRAEAAL 327 () 25 DU 5 5 R, WA A 124k g« &5
FISERGIX ", Sy kAR AR, 221 AR 1R LXK,
RPN AR 2 T R AR, 3 a5 5 s R B
TGS R 8 AT, XL AR 2
NN A Y AR 22 T NS SYE R TE S TP RS iy N

1746

A, TR AR AL RS 8 R A ISR EaaE,
EN T SR E R ISR 95 AT AR UNFIPN I RS TR A EPN
P BRI T 55 T AN R 3 250 1, N7 RRids
Bt e ot RE DI ORTIN R, HLAMU R IR N g S R KT
PO IR, B AR P45 0 DRI I e 1T 49 J3E R A P 14
TR, A F AR 0 KUK P I BG FLBL
AN AR Ffy 20 R DS e S IR, %07
IR E5 R AT il R R 2 AR AT (412 W s R
MRS BT SRS

LR P, SERASGIESE T HARAE i e shid b i
SRy R, BARGRIAE R, R B T TR
—RE AR E, BT ER T, B TR
AR AP PERA M2 (A ITE, AR AESR AT A A )
fift, AR S HARB ORI AR £ R AR S 7,
RETLSE S W AR 32 T3P 00, AHABIE S 458 T
IS Sh BRI AL T B ARGE, AR
A 25 A, Wl IR s Bt %

. @A LIEMEG RPN ERKFH—HEER MR 54,

EZ Tl SRt R LR se. AWM A FIN. KBTS
AR R TR

FZSIHEE: FIAAEH ERIAT X ERAXA B A R,

EEEE. Sl i RERPEFKREH —MEERCEER M
A, #EFTH 2015162, R FECLZERZFRE.

XEEE: 3 FHRATCLZE CNKI R 2|5 kb & 43t 4T 3
REE,

XENE: XFZENNETHFERRESFT, FERFLSE
FE.

TEZFEH: 5 — Vi TR AR T AR AR S 6918 L b I ah T
ATHARIRFAE, T R RIEE S BB (BRI EAUIE R )i
KBAER IR XM RG . SFAFHE%, THEZIHE,

BRI L FRRAT R E O A REH R BALE T e £
WX,

TR X R — B FRRBRXE, L ERTLELE54
PR HRBALE T A XD, ARIE (GeiRd Z T “F
Z-AE R kMt A AR 7 XEF3.07 &K, ESHEINANHERAT,
AHFRAN T B R T RN E 5. AEfy &, FiASF
TR PR, TR FN. A, 4T, k. BEREEIZ UK,
FAZEZ RG], AR ASIE RS IR AR,

4 BEYEL References

[11  Pujol N, Tardy N, Boisrenoult P, et al. Magnetic resonance
imaging is not suitable for interpretation of meniscal status ten
years after arthroscopic repair. Int Orthop. 2013; 37(12):2371-

2376.
(21 PR A R O A 2R DY g AR R B M) AT A RS
A A, 2002:27.

[3] McNulty AL, Guilak F. Mechanobiology of the meniscus. J
Biomech. 2015; 48(8):1469-1478.

[4] DeVries Watson NA, Duchman KR, Bollier MJ, et al. A Finite
Element Analysis of Medial Patellofemoral Ligament
Reconstruction. lowa Orthop J. 2015; 35:13-19.

[6] Kazemi M, Dabiri Y, Li LP. Recent advances in computational
mechanics of the human knee joint. Comput Math Methods
Med. 2013; 2013:718423.

P.O. Box 10002, Shenyang 110180 www.CRTER.org



B, S5 BT FE T T A RSSO AR 757

@ﬁ? www.CRTER.org

[6]

[71

(8]

(9]

(10]

(1]

(12]

(13]

[14]

(18]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

Depalma AF. Diseases of the knee. J Bone joint surg Am.
1955;37:661-662.

Lee BI, Kim BM. Concomitant Osteochondral Autograft
Transplantation and Fixation of Osteochondral Fragment for
Treatment of a Massive Osteochondritis Dissecans: A Report
of 8-Year Follow-up Results. Knee Surg Relat Res. 2015;
27(4):263-268.

Haase K, Rouhi G. A Discussion on Plating Factors that Affect
Stress Shielding Using Finite Element Analysis. J Biomed Sci.
2010;5(2):129-141.

Geramy A, Shahroudi AS. Fixed versus Removable Appliance
for Palatal Expansion; A 3D Analysis Using the Finite Element
Method. J Dent (Tehran). 2014; 11(1):75-84.

Tan J, Mu M, Liao G,et al. Biomechanical analysis of the
annular ligament in Monteggia fractures using finite element
models. J Orthop Surg Res. 2015;10:30.

Li Q, Ren S, Ge C, et al. Effect of jaw opening on the stress
pattern in a normal human articular disc: finite element
analysis based on MRI images. Head Face Med. 2014; 10:24.
Hazrati Marangalou J, Ito K, van Rietbergen B.A new
approach to determine the accuracy of morphology-elasticity
relationships in continuum FE analyses of human proximal
femur. J Biomech. 2012;45(16):2884-2892.

Liong K, Lee SJ, Lee HP. Preliminary Deformational Studies
on a Finite Element Model of the Nasal Septum Reveals Key
Areas for Septal Realignment and Reconstruction.J Med Eng.
2013; 2013:250274.

Argatov |, Mishuris G. Articular Contact Mechanics from an
Asymptotic Modeling Perspective: A Review.Front Bioeng
Biotechnol. 2016; 4:83.

Besier TF, Pal S, Draper CE, et al. The Role of Cartilage
Stress in Patellofemoral Pain.Med Sci Sports Exerc. 2015;
47(11):2416-2422.

Chan DD, Cai L, Butz KD, et al. In vivo articular cartilage
deformation: noninvasive quantification of intratissue strain
during joint contact in the human knee.Sci Rep. 2016; 6:
19220.

Wheatley BB, Fischenich KM, Button KD, et al. An optimized
transversely isotropic, hyper-poro-viscoelastic finite element
model of the meniscus to evaluate mechanical degradation
following traumatic loading. J Biomech. 2015; 48(8):
1454-1460.

Chen X, Zhou Y, Wang L, et al. Determining Tension-
Compression Nonlinear Mechanical Properties of Articular
Cartilage from Indentation Testing.Ann Biomed Eng. 2016;
44(4):1148-1158.

Peloquin JM, Santare MH, Elliott DM. Advances in
Quantification of Meniscus Tensile Mechanics Including
Nonlinearity, Yield, and Failure. J Biomech Eng. 2016; 138(2):
021002.

Homyk A, Orsi A, Wibby S, et al. Failure locus of the anterior
cruciate ligament: 3D finite element analysis. Comput
Methods Biomech Biomed Engin, 2012;15(8):865-874.
ABAQUS, Version 6.10 Documentation, ABAQUS Analysis
Manual Simulia, Dassault Systemes,33 RI,USA,2010.

D3R AT R R A OB AR I 2 S DG A G
15 B85 R ] s AR )%, 2012,27(4):375-380.

Dai C, Yang L, Guo L, et al. Construction of finite element
model and stress analysis of anterior cruciate ligament tibial
insertion.Pak J Med Sci. 2015; 31(3):632-636.

ISSN 2095-4344 CN 21-1581/R  CODEN: ZLKHAH

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

Filardi V. FE analysis of stress and displacements occurring in
the bony chain of leg.J Orthop. 2014; 11(4):157-165.

Wang L, Lin L, Feng Y, et al. Anterior cruciate ligament
reconstruction and cartilage contact forces--A 3D
computational simulation.Clin Biomech (Bristol, Avon). 2015;
30(10):1175-1180.

Smith CR, Lenhart RL, Kaiser J, et al.J Influence of Ligament
Properties on Tibiofemoral Mechanics in Walking. Knee Surg.
2016; 29(2):99-106.

Shearer T, Rawson S, Castro SJ, et al. X-ray computed
tomography of the anterior cruciate ligament and patellar
tendon.Muscles Ligaments Tendons J. 2014; 4(2):238-244.
Kato Y, Ingham SJ, Maeyama A, et al. Biomechanics of the
human triple-bundle anterior cruciate ligament. Arthroscopy.
2012;28(2):247-254.

Kazemi M, Dabiri Y, Li LP. Recent advances in computational
mechanics of the human knee joint. Comput Math Mathods
Med. 2013;2013:718423.

Baldwin MA, Clary CW, Fitzpatrick CK, et al. Dynamic finite
element knee simulation for evaluation of knee replacement
mechanics.J Biomech. 2012;45(3): 474-483.

Fitzpatrick CK, Komistek RD, Rullkoetter PJ. Developing
simulations to reproduce in vivo fluoroscopy kinematics in
total knee replacement patients.J Biomech.2014; 47(10):
2398-2405.

Fitzpatrick CK, Rullkoetter PJ. Estimating total knee
replacement joint load ratios from kinematics.J Biomech.
2014; 47(12):3003-3011.

Pianigiani S, Vander Sloten J, Pascale W, et al. A new
graphical method to display data sets representing
biomechanical knee behaviour. J Exp Orthop. 2015; 2(1):18.
Nenezic D, Kocijancic | .The value of the sagittal-oblique MRI
technique for injuries of the anterior cruciate ligament in the
knee.Radiol Oncol. 2013; 47(1):19-25.

Muhle C, Ahn JM, Dieke C. Diagnosis of ACL and meniscal
injuries: MR imaging of knee flexion versus extension
compared to arthroscopy. Springerplus. 2013; 2(1):213.
Kosaka M, Nakase J, Toratani T, et al. Oblique coronal and
oblique sagittal MRI for diagnosis of anterior cruciate ligament
tears and evaluation of anterior cruciate ligament remnant
tissue. Knee. 2014; 21(1): 54-57.

Taketomi S, Inui H, Sanada T, et al. Remnant-preserving
anterior cruciate ligament reconstruction using a
three-dimensional fluoroscopic navigation system.Knee Surg
Relat Res. 2014;26(3): 168-176.

Araki D, Kuroda R, Matsumoto T, et al. Three-dimensional
analysis of bone tunnel changes after anatomic
double-bundle anterior cruciate ligament reconstruction using
multidetector-row computed tomography.Am J Sports Med.
2014; 42(9): 2234-2241.

Bohn MB, Petersen AK, Nielsen DB, et al. Three-dimensional
kinematic and kinetic analysis of knee rotational stability in
ACL-deficient patients during walking, running and pivoting.J
Exp Orthop. 2016; 3(1):27.

Zanella LA, Junior AB, Badotti AA, et al. Anatomical
reconstruction of anterior cruciate ligament of the knee: double
band or single band? Rev Bras Ortop. 2015; 47(2):197-203.
SR, SRAR A0, A5 MR 2 R A i BB 05 D T B AR vE
53 DRk S LR R N ] B3 41k ,2007,9(3):203-205.

1747



