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Modeling and Simulation of Mechanical Behavior in Knee Joint under Gait
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ARTICLE INFORMATION ABSTRACT

Mechanical behavior of articular cartilage is affected by many factors. Inhomogeneous distribution of
proteoglycans and collagen fibers through the thickness causes some depth-wise behavior. Mechanical
properties directly affect stress and deformation of the tissue. In previous studies complexities and
variation in mechanical properties were ignored. The aim of the present study is to create a model close
to real anatomy of articular cartilage in knee joint and to simulate its behavior under dynamic gate in the
stance phase.

A 3D finite element (FE) model was created. It was constructed considering femur and tibial
cartilages as well as medial and lateral meniscus. In the FE model, a nonlinear isotropic viscoelastic
material model was used for cartilages and linear anisotropic elastic one was chosen for meniscuses.
Morever, cartilages were assumed saturated. Numerical simulations on the model showed that peak of
maximum principal stress occurred in superficial layer. It was decreased through thickness. This
explains the existence of osteoarthritis in the exterior layers. The present study showed that hydraulic
permeability variation in cartilage as a strain-dependent variable was negligible in dynamic loading.
Also, results showed good agreement with experimental ones.
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Fig. 1 Shcematic of nonlinear viscoelastic model expressed by Wilson et
al.[15]
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Table 1 Material properties used in modeling of articular cartilage in
the present study [8]
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Table 2 Material properties for modeling of meniscus in the present
study [8]
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Fig. 2 Reaction forces at the femoral cartilage during stance phase [20].
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Fig. 3 Rotation at femoral cartilage during stance phase introduced in
the model [21]
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Table 4 Comparison of strain-dependent permeability and the constant
one on results
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Fig. 5 Comparison between coarse and refined mesh for investigating
mesh convergence in the numerical model

3 O Pl Iyl s gl 32y 5 Sd)s il ie S Aunlie 5 S

gooe Joe

0.25 .

— «««++Schinagl
E 0.2
= Present study
o
@ 0.15
S
5]
s 01
o
2
0O 005 S

0

0 0.3 0.6 0.9 12 15

Depth from articular surface (mm)

Fig. 6 Experimental and computational displacements in the femoral
cartilage through thickness

PRkl cas b dslie o cuwlis sl o e oss @l 6 JSKb

35 —— Strain-dependent permeability
30 +++++ Constant permeability

25
20
15

10

Max principal stress (MPa)

0 20 40 60 80 100
Stance phase Cycle(%)

Fig. 7 Comparison of strain-dependent permeability and the constant
one on simulation

OS5 & atly JRISS 5o (85 i (sileand @S e alie 7 S
ol g

A aglie cnl (7 S8) a2 awslie g b Jue g0 0 ol

(3 Jgaz) ols (ylas Jae 93 o |y (g0 ,013 Codlzs

WJKb e 4 Jelos (Sondly onn sl 6500 Sl 0 eizmen

S i ad (58 5 ats bS5 i > anl b o s Sl

(8 US2) T Slg el b o 5 4l 8 SorsS 03gusme
Ol s b 55 oy |y 00 y365 (slas STam Ly LS acylie oy

.(5 J5q>) KX

! Small deformation

8 oslast 16 055 1395 LT e Kb\ WAL



Vb oD 9 6w J9 e

OR80b) JSaw 53 gl hade SKailSe HLid) 393xe Ylell ilwdsub 9 Sjlwd e

s, Max. Principal
(Avg: 75%)

Fig.12 Maximum principal stress distribution in femoral cartilage: a)
superficial b) middle c) deep (MPa)

OY o gly Bypad l Gl gy o Jol i il olie aaje 12 S50
(J5bKa) (€) sbos Y 5 (D) Sl aY (@) g3

1 . .. ey © Lo ..
eblite 2alS o ppsal Ghg) b oalaB S pslai Gl glaie (nl
SMol 3 e b ooliil Wl dade Ggpac b o8 ) enieds
09y & (S slwand plodl gl pwaie Jow iy glagise Bl 5 cwiin
Lls s ool 5 5 ab Jine esSUl 5l gt 152l
Sl by chyyei Jolio Lalyd ol o S diee sl iloaned
5 ks Al o Lade Bgpad b0 g SSE 4 Gy il g Sias Sy
lp Joliie Sl g5 51 (> o5 Geimem 0h Irme O jg0n (L2AS
s ko S5 a5yt iy Sl b S 58 s
L8, g i Ll (o080 dal Jame oyl delsl ool ais S
50l Gy GIi8le 5 s gl Sl al e o ead il sbesls 3l oules
@ o] (glodd 5 0l AT celio O jgods Sl 5l plaS e Ll
CEF g U red S il S8
S Olgieay Lol 15 iSTas T Cllae § 25 Gil38 a8 >0 )

; T " c 2 .. = i
odl atuily Jie 935l as)le gdy o (S 5T (ST slojlae
(151 ) ) Ken g cygmbs g [16]0)Kan 5 J3ils 23] Kan g 50,0 ,3)
odzin ] Coro g duglie oKl s b pol> iegh mls
oo Jlo i it 33 ol i |y (o 35 o5 (6 S) 5
amlio ) (98 slasa) we)S glystnl Lol i gl ¢ b
99 55 SENS lho ol las |y spline Dlpss g polie o5 ol yes
w4 Su3 g 93 (nl S ede Jhe iyl lulyd aSepl 4 argi L

1 - Magnetic Resonance Imaging (MRI)
2 -Failure theory

8 0 lost 16 0,55 1395 (T . yw 0 K5lo oawivo

ol i Sl Ol pss alie 6 Jouar
Table 6 Comparison of maximum principal stress

90 60 30 (%0) JSams )3 53y S
631 2.68 285 (JSuble) ol gy
e Sells ey
9 3.93 302 ©° ol
(JSbiss)
-30 32 -185 (%) s
14
— vees ——Present study
s 1 i
., eeeseHalonen etal.
TS
®
p}
% 8
a
S 6
& 1
2
0
0 20 40 60 80 100

Stance phase Cycle (%)

Fig. 10 Maximum pore pressure variation in the stance phase cycle
S S 51 (s SR 3T 23l (e Lt i 10 S

S s Jlow 28 1Sam alia 7 Jgor
Table 7. Comparison of maximum pore pressure

90 60 30 (%) IS 55 (59 3bny Commss
6.89 41 10.92 (JSube) ol rags
SCONY Gl el

5 2 12 ol 5 O Sl
(JSbiss)

+14.8 +2.5 -9 (%) ks

s SO 9 shate Bgypad S8l Plradl G5 Je swyp sl

2o ol Sopad Cules by o ol i pSlas mei )
(12,11 o JS5) ai gl sl o, By paé dilise glaayy

S5 o 9 S 4

3 og gl Jabe Bgpiai cagill & Sooj (siluand aslllas ol jf Sun
bge JHbte SiaWlsSny (RS 4 a9 (oSt Joe 5,00
S 5l SRS S e 5 s 4 S s o gl (Seal o ppon
W8S B s 0550 w500 Jlosl Jake s gy oyt &5 (28 >
CSGSH e 538 panmie pwis JSI ) azgi b g 0B (ISl e
Sl dndy Oy50 el 8,5 5 Jos ) pusin slaosls gl

S, Max. Principal
(Avg: 75%)

+3.409+01
+2.393e+01
+1.156e+01

z

s

Fig. 11 Maximum principal stress distribution in the femoral cartilage
through the thickness (MPa)

i Sloj oy Bapit Colis gl o ol (5 Sk ol 11 JSb
(JSblKe) 3900 Jloel (635 JSms 55 oo o it

340



UL 9 (5w J9 e

OB 0l 5w 3 il pade SSulse YU S9azxe Ylall ilwasb 9 silwd e

by 2 56 Rl Sl giluad & 05 Jhide loy m3S L
L SetVlsSns slagsilodnts (Stadly sl ool casll Jlai 0,50 (2655
Nhe i [24] g 5en 5 glla adllle gl wjlus by ploj Jole 4
> o 15,8 S las oS wols ylis 093 3uins o o] Logr il oy
0dds dumlore 10,010 3l S S > s )0 g 2o )050 Sgax b L)
Slge LB, &5 Sype 0 a5 ab (Sl ez Soles yo o
o el 45)  Seolinl slogsjluars woid ad )5 a0 ScwllgSun g
o5 O ety S (18,85 sy alanly 4 (Sl ol 5l s
G Gyt polie e jusd (Solius slas Bl 5o Ll ws)ls o jon 4y
S, 85 ke Sope 0 K e Sl silys eles
gyl & o (SSll slapdil e el peds WSVl
e Jlosl Jl ) Caz ol adlllae o ced i (Seaelis
A o5 ladSi i (18,5 s b )R sileand ol sladss
awlio (8 JK&) ad ools plis ol it Sl olp ol mbs g 3,5
Gl cpl by ©)ls 8929 Ol ks 0o 065 U Jus g9 (a5 ol ylis
s ine o5 S JSD ois (BT HL,0 L pgo
Ol 3 aleyenlS culbrs Gbial, 5 as Sk pwyp s
S USs) ws i51% oe clem 5t owbis b, s Lol i ST
Gk s e i 1y Lol i iShae Sl s laygls ol (1110
ol (b ¥ Cow 4 4 G gy 5l el 5 Sl oS
Bl Ses 5 cyolls Loy i3 5 & g0 lalllas o 1) cpl il oo
@B L el cpl ol saalive 55 [B] o Kes 5 (5w 5 [6] 0, Ken 5 Jyl
ol @l ol Jlies 5 aBalel slagty, e lidos

Fleize labe Sgpad A (nidem 1) 59550 e Slides
[20] s o

&5

[1] V.C. Mow, R. Huiskes, Basic orthopaedic  biomechanics and
mechanobiology, pp. 4.23-4.25, Philadelphia: Lippincott Williams
and Wilkins, 3" edition, 2005.

[2] V. C. Mow, X. E. Guo, Mechano-electrochemical properties of
articular cartilage: Ttheir inhomogeneities and anisotropies, Annual
Review of Biomedical Engineering, Vol. 4, No. 12, pp. 175-209,
2002.

[3] T. F. Novacheck, The biomechanics of running, Gait and Posture,
Vol. 7, pp. 77-95,1997.

[4] B. Cohen, W. M. Lai, V. C. Mow, Transversely isotropic biphasic
model for unconfined < compression of growth plate and
chondroepiphysis, Biomechanical Engineering, Transactions of the
ASME, Vol. 4, No.13, pp. 491-496, 1998.

[5] Y. Dabiri, L.P. Li, Influences of the depth-dependent material
inhomogeneity of articular cartilage on the fluid pressurization in
the human knee, Medical Engineering and Physics, Vol. 35, No. 11,
pp. 15911598, 2013.

[6] P. S. Donzelli, R. L. Spilker, G. A. Ateshian, V. C. Mow, Contact
analysis of biphasic transversely isotropic cartilage layers and
correlations with tissue failure, Biomechanics, Vol. 32, No. 10, pp.
1037-1047, 1999.

[7] L.P. Li, K. B. Gu, A human knee joint model considering fluid
pressure and fiber orientation in cartilages and menisci, Medical
Engineering & Physics, Vol. 33, No. 19, pp. 494-503, 2011.

[8] K. S. Halonen, M. E. Mononen, J. S. Jurvelin, Importance of depth-
wise distribution of collagen and proteoglycans in articular
cartilage—A 3D finite element study of stresses and strains in
human knee joint, Biomechanics, Vol. 46, No. 6, pp. 1184-1192,
2013.

1 -Plan view
2 -Elevation view

341

5 e ol s i ol a1y 39 0 e o5 ol 5 o
Doy aS ol st el Jhe 00l Ao gl ptie Dl 0 Al g
G g oA JB aalllas 90 o (Sdp G lopngal CoS o
J on 5 ond s ablis o bolsd ez b Do ool 0
i DB 55 5 o Wled o 10 5 gl s ST O 08 Sy
S8 eolaiul 8j50 paai 370 Slowi ol> Guiod )0 diged (gisdy e
5 oigle asllas 3 oud ooliiul gt sl 5 bl &S Jl> 5 céF
Ol dwaie g egll o Sgles Koo om ) e Cawd S
2 b e 5 (pglle Bliod 50 all 5 @l Wl oo it
35 el 45 g0 p,5eLS 100 sgam s L Al 6L 55 o s
70 5992 50 (59 bl 26 95 goily 2 oyt pOl> g3 &S5 S
2 @ly o 090 0,5 5kS

GBS S e sun sl wilead @S ol B
5 Ut @O b (o GRS 4 ally Byg0h (623308 oy po
ST US) ols s S s ndpdohg (15,5 4 s (504598 O
Sl oz GRS a8 Say Jue 90 G e Jole L o5 )]
O SE ST OE PCRCER P

@ 4rd el b Jhggien mlol Bgpaé w5l 00,080 ogu 5
58 e 5l [1Alcwsl HaLSTs O asle o5 ol oas glosl O
A o hSis YSCISssig 1) ao,07 dga> 0 exile Sl e 00,520
o5 o LS a0 g Sl 046 g0 ol sy ayS oS
s shaie gy 3 s e 5T 3 alis] i ulis 1ol
il B 1) oo 001013 L5 aF el S slo b 3gmg alals
G S oS polie 4 axg b gae,010 15,5 AShe a4 b
5,55 1 50 (siluad 50 s Ty g Sl ) e Sl 4 e
B9l g0 Fa yuw Olawlie g ool SYolae oy a5 o ol (ol

Pl ol; sl e yss (58,5 )0 b luanet ol aslllas o
bk, Sl iy Slallas LB 3 a5 cond > 5 ol oot gl >
o 25 (g [15] [12] O] [7]e 2Dl o0is 4285 L jo s .
el (1350 oS polie eng oliwl 8jse Sldllas opl ) Sy e
7S ST 4 argi boad plyie f)Kee 5 J G 0 o Lz
55 o 3 [eedls e |y oS (Sl S5, 558 s o0 0.05
L oBarss o) 50 5 sl oads andls pliwsl giloanss (558 ol Lo
2 [07] WesS s |y silornd @S 5y o8 polie 4 ol
P S S BRI 4 s sl slo3 T 55 o (slog e
Sl (loacd Glgie pliml slasdil glp o5 Lz o g yine
50,5 il e Selus sla,ls, 51 s g,5 il SIS 5l ol plosl
2 8le 5 9y e pad 0y hal Jolae (BU (595 > )
Ol o8y oy S slosdbl 5o Jg e oady Jlos! bajdUT cpl 3 b
1 ogas 0 o 8L Luils )8 wols las o Kes 5 StlS” oS L
G A 8 ol bols el em 4y g (Sealins (slojlis) 5 el 3550
JS8) el o 091 5 i (339 e 1.8 dgax b b JUT ol jo Joleo
Sl sty a5 39 cpl delcewsay Sldllas ol o)y 5l 4zl (2
PN RC O SO U NCE R FIRE RN I S
L (G5 5) oo ps GRalidl b G35 31 Seta¥lsSiusy 13, glocools
Aile ( So¥lsSung olge j0 enl gy 09 Cul Be2g b yloy CuldS

R B

8 oslast 16 055 1395 LT e Kb\ WAL



UL 9 (5w J9 e

OB0b) JSaw 53 9l hade KailSe HLid) 393xe Yloll Slwdsub 9 Sjlwd e

1125-1130, 1999.

[18]M. D. Buschmann, A. Shirazi-Adl, L. P. Li, A fibril reinforced
nonhomogeneous poroelastic model for articular cartilage:
Inhomogeneous  response  in  unconfined  compression,
Biomechanics, Vol. 33, No. 12, pp. 1533-1541, 2000.

[19]W. H. Warden, G. A. Ateshian, J. J. Kim, R. P. Grelsamer, V. C.
Mow, Finite deformation material properties of bovine articular
cartilage from confined compression experiments, Biomechanics,
Vol. 30, No. 11-12, pp. 1157-1164, 1997.

[20]R. W. Komistek, R. D. Stiehl, J. B. Dennis, D. A. Paxson, R. D.
Soutas-Little, Mathematical model of the lower extremity joint
reaction forces using Kane’s method of dynamics, Biomechanics,
Vol. 31, No. 2, pp. 185-189, 1997.

[21]G. Kozanek, H. E. Li, M. Hosseini, A. Liu, F. Van de Velde, S. K.
Gill, T. J. Rubash, Tibiofemoral kinematics and condylar motion
during the stance phase of gait, Biomechanics, Vol. 42, No. 12, pp.
1877-1884, 2009.

[22]R. L. Schinagl, R. M. Gurskis, D. Chen, A. C. Sah, Depth-
dependent confined compression modulus of full-thickness articular
cartilage, Orthopaedic Research, Vol. 15, No. 4, pp. 499-506,
1997.

[23]S. Federico, A. Grillo, G.L. Rosa, G. Giaquinta, W. Herzog, A
transversely isotropic, transversely homogeneous microstructural
statistical model of articular cartilage, Biomechanics, Vol. 38, No.
10, pp. 2008-2018, 2005.

[24]K. S. Halonen, M. E. Mononen, J. S. Jurvelin, mportance of depth-
wise distribution of collagen and proteoglycans in articular
cartilage—A 3D finite element study of stresses and strains in
human knee joint, Biomechanics, Vol. 46, pp. 1184-1192, 2013.

8 o lasis 16 0,93 1395 HLT (e Suilse uwdiie

[9] H. Guo and R.L. Spilker, Biphasic finite element modeling of
hydrated soft tissue contact using an augmented Lagrangian
method, Biomechanical Engineering, Vol. 11, pp. 113-123, 2011.

[10]N. Somanathan, D. Ramaswamy, R. Sanjeevi, A viscoelastic model
for collagen fibrers, Biomechanics, Vol. 7, No. 1, pp. 181-183,
1982.

[11]W. Herzog, L. P. Li, Strain-rate dependence of cartilage stiffness in
unconfined  compression:compression:  the role of fibril
reinforcement versus tissue volume change in pressurization,
Biomechanics, Vol. 37, No. 3, pp. 375-382, 2004.

[12]3.J. Garcia, D. H. Cortes, A nonlinear biphasic viscohyperelastic
model for articular cartilage, Biomechanics, Vol. 39, No. 16, pp.
2991-2998, 2006.

[13]V. C. Mow, W. M. Lai, C. G. Armstrong, S. C. Kuei, Biphasic
creep and stress relaxation of articular cartilage in compression:
Theory and experiments, Biomechanical Engineering, Vol. 102, No.
1, pp. 73-84, 1980.

[14]wW. M. Lai, V. C. Mow, V. Roth, Effects of nonlinear strain-
dependent permeability on the stress behavior of articular cartilage,
Biomechanical Engineering, Transactions of the ASME, Vol. 103,
No. 2, pp. 61-66, 1981.

[15]W. Wilson, C. C. van Donkelaar, B. van Rietbergen , K. Ito, R.
Huiskes, Stresses in the local collagen network of articular
cartilage: a poroviscoelastic fibril-reinforced finite element study,
Biomechanics, Vol. 37, No. 3, pp. 357-366, 2004.

[16]MHGS. (2015, March) MHGS:True IT solutions. [Online].
http://www.mhgsoft.de

[17]T. W. Obitz, S. R. Eisenberg, D. Stamenovic, M. Bursac, Confined
and unconfined stress relaxation of cartilage: appropriateness of a
transversely isotropic-analysis, Biomechanics, Vol. 32, No. 10, pp.

342



