[ Downloaded from journals.tums.ac.ir on 2024-11-25]

U 8L Y ooledds B 0093 Ol SSib iy psde olfisls - el ss 0Kl - (g 95 il gs ik 9 3y sele Ao

39,0 Wlio

dgasmo lall gy 3,8 L 915 (g3l Jdo y (5)9p0

) U o (e f ) ¥ .. PR B )
J_\:— d)l),,n J.a.oj‘,gl )5.) c),gul;a).: Jove )75.) ¢ )%)QW| M‘olﬁ).s.) ¢ ‘53.0.'440 ug_..\J‘ Jl.S Saw ¢ U.oa-l) ‘gblb
IS 22 «Jodogmr 9 Galn S lodsbs 238 (igems oSl (8> (ggomiily -
1368 cgy )lsgl ¢y (Sl g dlgo awdins otz gy gl oy piuwg olSul> (558 (ggmmiils Y
Sl lenl ¢ iselys sy laal el Kby pole olStily okl ¥
Sl IR SlSe podige 018l sy b it oISl (yume Sliol ~¥F
1LY (S ol sg0 «Sillo pite i e JsS] S5k ol -0

oS>

s ye 5> sdie JooS ol (o859 5 Sl wpeiey sl el Elgl (b oS ok sl g S W 4 55 Jake 1dan g digej
25 yol ol & 93,50 38 sl Cllad s GEaKS 5 305 jo e el LIS (sla ol 5 o lgtil usl gl 353 5 Slodo (VL
g 090 olgen gl Jade Sillagy adlas (oilate lo Jlo sl gy (il S S (oSS el 1) i (golaily Sl sbaan e
I i slo Uog) sdes &Syshy ol oadiasl g ol g5l Jaie 3Skos gy cSlS Slidos ol (Lol Ban Cusl 039y 935 e
ol o Uy Oladss paed bl 1 ey g cagwl

Foslimal duz g 0k5 55l g9y 2 8 Clllae pboxl S auie pomen (SW g des Sl Codgie (MSie L iy By
el gilj Jate Slagn oy p sly GloSe 5 (558 LI 1l dga0me Glodl b9y 4 (2L (gile Je

bulpd 5 o 253 oil) S sam dw awiin (3500 Bl sl o o5t polie oo SlSag oy 53 dgime plall Uiy e dmatily
ol (Kol g (ad d (sla Sy b (dlge (izmen )L

o 4 gl @l edas (el oy g Wl gl SlSoge (o 2900 Slall 9y b & ae Slillas ygy0 b lio ol )3 3658 s

el 05 & p3ls gilj Jumio SilSogar iy 53 (ST S0l

(- IVIV : alia b gyt A ¥V eallia Loy g,b)
y)L.s5] Oywg oKiisly c_iu&n 9 .)lyo (WA Ul“"’)l"‘> ‘UA‘J ¢ y)Lusl AN J’Lu.a oJu.mg"o

Email: parnianpour@yahoo.com

gjlon g (e la coml §l calis b 5l wlg
5 (> 5 35ly )l pel) Slod slaghsy @l (2b))
o pstalS sl ol ©AS g gy paslS (iomen
S On SBplidS 5 gy (e ogMe 4y ASL diad)
Sy b ) il o]yl (Inter-segmental torques)
AdSy (o )b b slag b

Jols (o2 o by 5l ppdie IS job &
S ole @ bl claby) g 08) g due (g5l adllae
ol gilj hate Sl Jlow slp (0L silose
() JS) S e

SN L s (ALl sl imgh )
dlox l) 358 (S 0dd (gh) wby Bls il oleogd
(A) Jrate llizmo slinl 3 S aps (P-Y) (o (LIS

doddo

s SYMBT oloyd )3 (g8 slod 09, 25k
Ly oleyd wlb Gaa oS i) aad 9 Sl = SMac
b pnialS dg Al o Juabe (3, Slas LS el
ol e SIS ool 555 Ggass 42535 ) i
Cawl 03505 late Sluls (o loy wll sj> lais &
o lan 5 b ol a5 Wlooly i g )bes Slallas

170) g Jeolie Sisloins gl o Slake
Soloiuw &S 395 0 &) (oolie] 5 dus )b Lous
S)lislo (IS p3lSe 5 gy mie et b (b e
33,5 adgl ol LA o Sl o i & ¢ uate calisee
Sty ol s a8l (GlodiS dstne jeSh aSLy
ol 5w Gl (Jade slajlisle plo g Bgpad
Jrate 8 Silaimw 5 St sloyolly )y )


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25]

w0 93l ow Jae sy 505 e Y

S hate slagys (85> paal ol 4 Al
Sly &5 6% dde Glady) Sl wims Wl (b <S>
wh)S IS5 e (ggu I iliie byl (595 39
sokie 4 wles lagld I eolaiwl 4 ol o Cunlond
Sy o plun (ypiomed (olod gy g olaw (s
3903 o)Ll (Wi o pal B 1) plmls 5 )b S Sl &S

(¥-15)

Orped o (V1) Cangy 5 b el (g9, p ()15 S e
b @ ols b (W) 0,85 5 4559 825k 5 9508 Jlos!
P Jate slipl cSlie e oy 4 OMas (5950
Siloigw Sbayiel)ly p Clla Sl iomen 8 > JyuS
Oldlas a3 (V) Sjby o Sy (S o
ol el i oS OleMbl Sl
kel cimse )5 LSl S St 5 Slein

SHlKe J:bﬁ LSLQ(‘S%

<5 sy,
|_|

2l il Jae

MBS oy sldde

|
27 Sledy)
|

L s9il5 59y p adllao
(in-vitro)

TSI PRV

CBllass! sldae

o slodso

035j 915 59y p adllao
(in-vivo)

SPRy S el
oS o 3l

L Sy pgal

(suerblizog ySJl

= ey plo

sl 9 o)) Silage sl )5 il SlSe Julod (gl (3 51 Jlarl gy il - 3

slabyy -l (soune Jolie (69)p b Sus aus 3,k
At dxlge oloidgie bofg (sblje pfpde 5 HeSie
51 oolil BMS] cla Codgaze 4 g e o Ales I aS

ajp (Sigw sayle 38 Jro ealyy oy,

& &S (IN-Vivo) ox55 s sl gy oy pals

3 oslizel Lol wigy o SIS 4 Jolie Sl Julos jslaie
g iz claig) S Ul agay Gt
I loygliiS 5 9y pudiies Jioxiw 5 (W) (S )b

e 58L ¥ ooleud 8 0093 Ul g Kb j ol olfiuls - il 53 0aSidils - (p295 Siilss S g 3y sele dxe


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25]

Y obles 5 sealy

Lo by adlas (ol ool e sla e
ol b Jae ol Mgdie sbul aie cilisee la
Ol 5 o 5o dlge (Sl olgs g dwsin (355 oy
4 ol el e slobe ditun fade la
2,5 el (Suiw g (Sileiw dtwd 93
Jate &8 > o yial)ly o bilg) (Sloiow laJse
P S o s g Cnogd (5)I5)L bl 4 da g5 g |,
5 &ISL kil e bLS (St gla i &8 s
bl Jho cpl s )3 e g8 |y €8 2 slayialil
BB 290 Jo (Ssiliwl g (Seelid @y 93 @ Gl (o0
2398 o 38 (Slinl 4l Sppo 4y b Juo ply (e
OYoleo ccwolio 398 gy SO 2500 Ll b g, ol
ol Jhe 25 (o Jo date | dame shgly sln Jols
Higd (oo G &S > sloyially g gy 5k
slaals B ol JLS5 50 sblss sl Jlsy ol
by o Saolisd (sl Jho 29 03l idgy Juate ¢S >
S ey Sl o b ceslie 308 6y 4
Seeld )50 balpd o |y <8 > slajiall 5 gy
Sgde bl gli Il lp & b re WS (o (e
55 il cado 5 oy llasil bl oluly st
gl (g Al
JB g pleal ©jgo @ Il Clo slaJae
9 ko e b baplosnl) B9 (o 4B)S i > Slas]
Sola g bgy cul 51 (93,5 00 Joo 8 Ly sl 8Ly
5 JSS 5 S0 b BB s (plgze) cle sl
S ST i 1 g 0yl 2gg (55,5 500 yund 4 Ny -
il o (g S0l BB 13l
o) G ay o a0 655l 9,)S (05 o0
e pae cle @ b Juo opl Cés Ll 1] Sl
ol 3ga50 ¢ Seogill 585 awdin g ln S5 pois 43S
350 Sl (Seolind L8y gy 5D Crimed by Jao 350
sl 4 (Selod @Yolee o Sz 5959 b &S 1> )l
oo (Caabo) D2l jlsle 53 (Sole (Sl Jlus
] Gty 1S Slsloe b (s3lde sl 45 295 oo
Sile Jo (2Ulg pdy Slasl lo Jue ¢ Jlie 5
OB i 5> Jeli <85 cpl g )b Iy Jade 385 sl
GBS 0 g cuslie Joro 4y bagys Jlasl (385 dwaia
s cpl 3 a8l (oo piume Guwly (e 3 b S8 s

b cows p JKUl g b)Sue aus ciSn goladl
e 5 Sl 5 gy 25 o8 S5
g S8l 38 b S o ST By olb i
Jolie Sutipw 5 Silatnw (555 0jl1 ©)9p8 23905 0L
h oniee (Slops sl gy 9 colpr Il calis
7 sl gy eSS g drg 4y & casl anil
Joslinal & glgie by cnpnde dex jlaS Gy
oo Sen o J by ol ] el o gl i)
905 0,L31 gil5 Jade Siloisws

O Sl gdiedyl S W (S 4 (yriozen
Caslodd plsil g5lid glajl Jl cod gy Bgpad )8
i3 e spSoinl b i Sen 5 Guterl b3yl ol
ISl Jions (pgSugSae polai 3 Bgpad JS
Nag Blas Glioe b wles j3 & el 9 Bgpac
(W) 35358 s o] Colies IS 0 1y Bgpad ()8

O s Jolie (o9l (Shomy Jd> 43929 (L
e bulys )3 Jade gla)lidle OS5 )8, (S5eSs
bolie (5953 gy peiiun s S 0]l pimemy (651351
4 ggye edlbaidl Jlai 5l g ol Jlodd ¢ gy Clillae )
Silodeed b agilodre )3 Guie gy (nl I s 480
Slislojl b laJte 3,8 opllS 5 olia ot b3,
Sk il 3,Skas 3 ol 0355 45 385 o 36 ey
Wiles pwyp i Y gly )

2l bilyy jl glasgeme p Jotidie gly 55 bn e
ooled g wled dbul 258 (S OYolee) ayuxie
9 shate (ladpus 5 Lol dap bl dlas cuwslis
sokr iz il > ) 5 e S gl yielly oy
8y SYilae cgjpe Ll cadgl lulyd Llg) cnl 53 IS
Higed oo blod (okiz 29:8 5 Su5e)g 528 2.3
g9 9 4 9l (Bby e (V) s g el
(Phenomenological by K ey sl s
aib ogll 5 xwe o Jae o Mathematical Models)
Mok (S5 sla Jao oy sla e ilodges (s
ol eyl il Lo 55 e 1) gl LIS usly oS
Gl gl &5 (S Jhe (el A e oy
Cunl gblite labio Jlez Jio 39500 ) 9} Juade <8 >
Goog 4 Jia ol ) oolimel b sl clllas a8
LYY ) el ol fmie Solaias

U 8L Y ooleids B 0093 Ol g SSib jg o she olfidils - el o5 0 Kbl - 58 il s (i 9 3y Sele alzo


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25]

w03 93l ow Jae s S5 e ¢

(B oS sbel L s (LSDYNA, ANSYS, COSMOS
2 DS o b bl dcgeme 4 ond (gilwjl Je
5 g5 Jlacly laglall oSl algy 1 oaliza | ol
Sgy e dbgye SleMbl (Jio & bgiye (5jpe Lailyd
il oo Caws &y Gilises bl 5 a5 b g (g)lad b oS
dwid yololy le o 1y dgame ol (gla Jas

2orre b ol ol oo Syt b JUs olso olss Jso
6T 31 05 el ol ol 55 5 e (535 5 53
G g5 A5 b Jaa ol ogdle 28 sy 4kl
553 338w b s slipl sl g (s 98 5 e 2)
b ozoy & bl lding (o508 slial oyl gys adl sla oo
Sy S59555 iy cizpan 5 S slo gy 9
il by gily Juate diwilys cpiioee S5 5 sy jo
Ol ol pde ¢ Jdo elint slaws (asl58l b aiS” Jae (st
b Sle 4 Jio )18 9 535 bt (lawle po
25 o 5505 o)

@) ol gldse ple 8 awin il
G Ao o e D90 pawdl (gdmdw g (gda 90 sl Je
Jae oI5l am )3 555 ()3851 g 0 ¢ xS cubls oS ol )
55 oyl bl s (gydliwl BB mls gl was . )
Comd 8y Hlows OMSe b s g bl (6l b S
Sl o) s 90 slae &

5 il ) dw gimgd sla e > Jlie
2 SFeS €3 [l bt 9 39)00 o 3l (355 dwdin (pimen
o LS sy )5l candy ke lais a0yl je5
So B Ooge @ bl ()5 Je b gl (S
Blo3,S" oty Jobo sliwly 3 9p8 el 4 Las an
Cawd &y (gly opaiioes (K00 (glaog, 5 aSIls jo . (YY-YA)

plaz! Sygo a1y lap oS alily dea ) i 5l
Jo &8y by Jttee (3)Skos T2l hls (gan aw IS
(YY) wiles 37 g5l

SxS JSB Oygo &t 58 Slogl ldle yos
€5 005 2 5 2B Jelse Bl cou b5 il (ooliple
soor & ol o bwly ol )3 xS e JE Jae A
A eos gl Sl g sl (St (Saol 550
(F0) 5,5 ol ke sl b

Db sede anS Sl )liS)L Ysene
dslme 23,5 jamy (Sealny glo Jao b sla Sazen
Slogy p odle 38> Lws Oypo & GBS 5 S
crl sblie 505 5l (oolos golaw g oy lo Bl (Satizw)
Jiolis wkin Sime 4 4395 b Ll a5l o b Jas 455
Jao gn dial 1 S dlge olss 38 (Sanl g ol
s Pluwo 456551 38> > a4y o8 Llow

DS 5 G el (sla by, o el 851 S
i iy s gy 5l (S dgaome plall g il e
)){)K o)'?).o' &S ol L;‘Ol") LSLQ JAA » SYolko J:> L51)"
Bl iy ool s (Sl s o 3 (6l
Lol @Y¥olee cpimen Sin Jawdlyad OV0lee oo,
b9y ol odes Caje gy o0 )1 &)l JliSl ¥oles e
el el & Lo oyl &) il ] Sloslxe ol
Gl 83 3 phSya U 2529 b Sl Slislre 5 (639)
S5 25 b 2l slad om0 g Baded ze> ob L
Jolie Jedos (gl slozel LB ()5l (hgy nl S o 085
b LS (g9, 350 50 (giows )l SleMbl g cunl
Cowd & Bgpal G5 (i pb g (owled gobaw g by
A 0

plo b dwlie ) Oldlles g9 cpl sdas Cuje
35 S olSel o laie ol sl cldlls
ClutS iz o2 9 i alpd 9 358 (> ()L
pole 0 dozee lodl Wle wlgs Sod il il gyl
)’] oslawl Ol (S duw L_Sle,\.o djl)‘ u)b‘y u&u&n&u
9 odmy (SHlSle Laulyy (3 )5 4 ouste sbajlé g dlge

dgace Gloll b9y 41 (3lo Jao
A3 dbye aw (5 ek 4 dgaome ol (gile Jae
D9 (o0 485
S pabas ilesl -
oo g5 =Y
Dy ylall s —Y

S 5 9 sim 93 gl jloslisul b Jol al>ye >
dgbise Silefl Jate wdin Jio dgdl oy 5 e
ABAQUS, ) b ol py 5l oslil b e

U 586 Y oolaid B 093 Ul ps Kb iy pole olfiuls - Sicruilss 0SSl - (58 il (i 9 3y Sele alzo


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25]

0 LLkea 5 senly

(FY) (388 a5 (Y9-F+ ) SeaVlg g0 lalllas 503 (ggu
SISl pogas d 1) (Bepad la Jolo 5 Sles @l
O 5 Jas (gilpd S oo gt O30 Y5k sl
b syt g olie sbapldl bug 1) (Juate gaw
o g len S il Jae b <l alino LIS (o)L,
s b olye Opgar late polaw 5 Swie e
(FY=Y0) cuwl ons a3 3\l > calises sy > oles
g bedl Jdog 5 ok el W) Cldlas )l
drlrs |y Jbw 5 o il (g (A5 Cuoglite 5 5l
Srmd aSuh Hllo b Jae )b gl (sl miomen g 0 0
b sl oS Jate )3 Sugio g lade golaw ly oy
ey a4 Hdle pl el Sl &S WS L eolatl
SUle > (Deep vertical fibrils) sws (g350 (sl i

(Y JS8) conl drgi BB Jiade

Metallic platen

IERRENE
INNENE
|HREE
LARAR!

Cartilage 1

MERARY
ullllll
NEHNEN]

LT

Metallic platen

Jhgedgmss Jabo 93 (lice (iomed gl oy 5

B oip 05e lelgs b g &lie g0 4 Jlygedsbl
Oglte Hluw Jdo odimd LSS 1ia] @y cpl o a8 Db
hcws JB Sloj gl cnye Jbpp 4 g sl
MR Jedod 2y90 ploj w y5b 4 Jade 9 a5 Cul
P &S Jaie il aviin (85 a0 eimen 45,8
Caolodgy d g7 Dyg0 (3)l0 10 35 Cawl glate calises 3l 8l
dg2g0 dgame Glall (sl Jue wlge olss s ]

odlus Caold b (odlge 1y b 1 51 (oyloms 35> (6ylums g9
1o b oyl (AYAYAY) ooy LS5 SilialgroY!
ok 4,5 15 5 (Sad s ) (5ol el (Sae
) 5l 6538 it Cobl & Sodomy b e Ll
Age yelai (e3lge j1 51 1) LSy (13S0 Lulys 55 o
S slis oy oReal g S¥liple (Sl Sy

g

Continuum  Spring
element elements

Continuum
element
with springs
MSL

(6] ohlSen 5 oY) Szl i 31 gm0 loll Jo g0 digas =Y JS

J9) 23,5 o el 13 (o)ltb g by G5 ST g pules
Gaps Rl & dede Gl glames eyn ol )
9 by 0B S Il el goaw cpl 3 guly:

(N Jgi2) 93,5 (oo (slod LS alS g (sl

Jate glinl (5 dlge oled Clyuss (ol 0gde

(F5-FY) cwlad) S )13 asg dy90 0 lme Sy @

oil38l &S sas o ol (Vo) (Yo oF) ol Ken 5 Ly adlllas
Jlid gy BB al 3l cow ulod sl 13 SSb 5o

[¥] 281 (B0 9 )L (35 g guolod )L 1 yguiliy Capmsd 9 Sl Jgio Slysis 1Y S

O?“’TX Cpanid Kb Jgse
v-(E=9MPa) E-(v=0.46)
- X5 ¥ ¥ 0 4 )
YA YOV \ARY \Ars ¥SA A cswlos HLzs
YAY ¥a0 AR AR YAY Y5 wylsé s
Y.y .08 yaq y.or \ARY Y. S T

U 8L Y ooleids B 0093 Ol g SSib jg o she olfidils - el o5 0 Kbl - 58 il s (i 9 3y Sele alzo


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25]

LIGAMENT FORCE (N)

BERPCIICS FNEVSUTITIVN 4

200

180

r
160 -

e
e

-
M
e

=
3

®
e

2
-3

&
e
L

20 1

il Sl g bl g (elad sty 3 egSie S
2 Sk Jol owles gl Gl ST 5 oules Lt
(VJg2) 28l oo Jate (Job sl
oy b &S Llen g Jue glws Sldlhe )3T
0s5UsS Jelos S )3 (wled gglaw g 5lad > l s 35
O > Sl el (13 &) Gl by S Al )
Nom & (ol dblize (LS (lge ol oS
sor Bliee B! Fi (pgSumie 5 QLIS ol silujl
3905 (BT 390 (b 4Sud > Sl

o LS il plxl lagsilo Jao 3k 1
23S G956 nlp 5> pslie ojle (nere (ACL) (oS
G ke QLI 5 (00-0F) Ly plognl 4 (S
L yged (ol8 (S (598 o 55 o5l (2 yiore (PCL)
A3 e LS Bgyp (OF-FY) Al oo b A S
Ji YL pgmilinsT (sblg; > (S (oule LIS
42> A D9 gl )3 1) 398 Gop il 9 d9dee

(7 J55) (W) 35 o oo

INTACT —— ACL - PCL —& LCL —®NMCL

o = =ACL CUT

E=100 N

R - - =
- A

[1] 10 20 30 40 50 60 70 80
FLEXION ANGLE (deg)

O Sk S Gl 1 958 @lyss —F S
([0‘] Jae 551y g olS9e ) alisee (5Ll pd ol8 ablize

asl 0391 Jyged 9Bl 5 J1)908 sond Jeolte Juabe zslaws
(o8 gblite (LIS (S & e i el s
Tohw 9 B Ste e glo 15 Ll o
ORIB! riren g (geesls Sl (sblj > Jade (5D
(YA) dgbe il (sblgs » (b (laglblld (g9y0

(05 JS)

20

CRUCIATE LIGAMENT F

Sl ol awdle onzmy b Jbe (B ioren
won 4 d9de plall by 4y py Bl ) (gilwand
a3l b Jae (YA-YQ) wlasly y oil5 oy lacdl L3,
Bane gl sla e Sleogi 3,00 3 (o9 Jlbyd 9 Jlb
Jate y odiS Joe cMas clagys (58)5 Sl o
5 ) 3520 b b ela Jie 43655] 039y 005 4zl
0355 Sl 3 il Gy gupls 3 lomen jouds B g ore
Jasb o LB e eMae gy 5l 4 Ly wing oyl
G2 bl g b glan Sl gwyn plate
Cou 90 Tome 9l 503 (B 2 g Wl ol e
Do Jold 35 3985 zoyme (ool WlaB)S HIE )y g
Sengio o LlSd (S5 (Sl 5 SOk 02 55655
Sblioly > See (SHh w30 ol (V) (V440)
B gl Jate SSlegn pn ©rd 4 Alye e

2 bl gl i Gl (S oy cnl @l )13

—+=ACL =S=pCL E=100N
— - - ~m
— = PCL+5% - '~
PCL CUT -
/‘_ —— . -
V] 10 20 60 70 80 20

3c|'=LEXI01‘JOANGL£c;deg)
eiglize gbly; 0 PCL (g9 puis - S5
([0+] Jas (6558 9 9530)

ko QLB (SHL Gl Shy ol @ a2p b

gy onl 2 cuwlodgy Gliie a5 3)50 o (gol8

Sy o Sk ol o (LIRS (SHh  egde

W e (LI 5 (MCL) B3 b cla bl

03)91 Cawd & Ban da awoypw cpl ST 0 Glosds Joe

Aless g e gblg) 0 bl ) sege slagys
2 olod Gl g golaw (riored § aliste (sbyg

U 586 Y oolaid B 093 Wl ps Kb iy pole ol - Siceuilss 0SSl - (58 bl s (i 9 3y Sele alzo


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

Y oo 5 sea

180
B uUNCOVERED (Cartilage) -
160 1 DCOVERED (Meniscus)

140

100
80 1

60

Sl A

Imiin

M L eM cL ML eM el M L eM eL M L eM cL M L oeM cL M L M L ML

Odez/ON Odeg/SON Odeg/100N

10deg/ 100N

20deg/100N 30/100 GO/100 20/100

([0°] Jae silymd 5 o590 ) (ol abolite ol (53l 5 g2 15 o 1 (olo (G958 Sy — O S5

sskr Ll i 55 (3900 blod Wajly 5385 (sl g
b e il Alpl (wyp ol poeeMe il allas
02l crppld & cul ol Sily (olid dblize LIS
gl Jole g esllly Lidje 4 Ceglie Lol Lol
wbele 5 2B it i ceglis
(V=AY V) 2l o olid _ als

P Ghas glagys Jl(Jb ol siledae
Foo sl (oolod gobaw 5 LOLI (5950 (il 5 il
A by oMae 5l S pln kel @ BT ool el
@l sl w85 3 gwyp 390 (2Ll or Sl 8,5
dw 390w Slodl Jae 5l edlatal b (VA=A ) asllas oy
ol L gblite sl (LIS g5y a5 o (LS gl gam
(7 JS8) Mo Gl poslez 5908

S S il 4d b (PF ) () 5 (y9eld adlllan
by i o Mas - Sl s (g3lo Jdo g 53 ol
r S plp el euybil (B Sl LB
ol olib ablize LIS S5 sl b goil) 5> olid
Lo 5o Cusl oad plodl due 0 (sglj p &S sute adllas
bogsly o Bb Sl LR S g LB Sl
(50) sl _polu5 gholize Lol 1,50
sloyed Job Gl iy pgad gy b (wipen
x> = aiel o QLB cpl des g (el i 9
oaly ol el ablite LK) caml b oli 5 amusls
.(99) Cawlodds
2o e b peyp mlE Al elyle
Ol b ggily o (B (Sl LIS oy Sl
M| 9,5 ey Juado digly wib 3y90 j3 old ablize
oiu 9 (SWle s, cglas Vs o 5 2g3g s
9539401;;1;&5?6&4@\3)3&[4@@9@@

---@--- ACL 3N —Oo— ACL 137N —a— ACL 411N
S ACL4ATIN-20cm & ACL 411N-30cm
200 40

—=— MPFL 411N —&— PCL 411N >'<
—=—PCL 137N

-w— PCL 3N
A PCL 411N-20cm
® PCL 411M-30cm

———MPFL 137N
—=— MPFL 3N

FORCE IN LIGAMENTS (N)

50 60 70 80 90

FLEXION ANGLE (deg)
A ol e sblgj )3 (Gl - (SKS Jumie (26 oIy - (SKES Juaie (3> (il bolite ¢ oS golite (la S g9y Sy -F JKS
95 yoag domble (T5s FIY 5 WV ¥ (sl

(s yions) Jako S 6yt ¥ U5 Vo Jualgh a1 s cillicn
([A] Jae

Sy Jlosl Jlo j3 4230 g+ (sbly; )3 abolize (sl yLol& (slag

WA 5 ¥ oolaib 0 093 0l pas oS j e ske olSiils - ikl g5 03Kl — (y99 AEls5 9 5y oke Alzo


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

BERPCIITS MITRCSUTSTIV

[] ohSan 5 Lty oole (slaylitd g b 25 o (pogiSinmsio SIS Jgi

SLT SMT SLC SMC SMM

SLM CPMM CPLM

VY Y.00 VY y.YY Y.Vo
y.ya Y.y5 ¥a)y Y.¥a oY
YA Y.¥o Y.v AAAN \4
YA ¥.ay Y.Y Y.vo ANY
YAY bYY b.YY AR -

VY va VX0 ol Juato

Y Y.+ Y.y ol (09iSuuio

£AA A ¥ Jile oSt
oY ASs5 AT b (ogSuie
Ve — ASA ol 515 ogiSansin

S Saasin 3 o ltd (25 SLM (8D St 13 5518 25 SMM ()5 gt )3 gusked ;128 CPLIM (515 Sgio 3 guiles L8 CPMM
o5 SLT ey Job Lwled golaw 1 g)lsd (15 SMT (j9ed (2 )5 wled zokaw y3 (5)ltd 25 SLC (jped S5 wled zolaw o (55li8 25 SMC
& Sy () leS ol 3 ()l

Ll g oyl - Lils Bb ks U5 g LB - Ll
25 {AY) 35,5 S ogs) 5y A (o 3 piSen
=03l gl Jloygig b (Slyy pgmeinw (2 )10 b ladllae
(robotic/universal force moment 5liiS 5 gy (505
2 ok i ) - ald Wb oS cl oyl p s sensor)
ol opl poolazel (AY) o)l id > lag s plyp o 9l ols
SoS Al oo b wd 93 cpld 98 @iy 0gru cALS &S
(S8 Gy bl G (giloil ST g 4 o3k
A o las L8 ol 3 Wl o> Wl (5Ll ]

&S Culodds asuio (oli8 ablite LI (giloil o =Y
SolSa p Slyice (g Wged S diglj g adgl IS
(A8) s 55 3 s alas 3350 51 59 oo 5 Jni
ablite la (Ll ()8 Gl (lie s o5 A0 (LS
0L SR03 o 9 euled lagys Jlade )3 (oo b
SIS S S opgps i o SIS o ol
ablie L (ilejl o ST ol eolaiwl @y jo
3905 355 e (slagyt Gl 5 6ok sl ol
GRS e cyeess sl st Slalllas plxl 4 5l sy cal L
3l osliel d)lge > diged Culi ol argly g gllae 4yl
Dgude lus] (Sl )0 S e § SIS 540

aw ghlew (Bp & wade plis Jlgls clllas ¥
b aiS o W (S slo 3l juis b Juate Slodo
syl Gt bbd 4l bis 1) hate (0)Sles ol
5 Jabo (©3Slas OlS el (S g bl S
e O caenl )lisle plo p ol Gxe aily JBT 6,500
Carge Blgice 93 0 adgl ol 5 (o lagSll i
@llid gy cpl 1098 (Jate gy @iy 0p0

Sibejle Jl an o ol ond Sloidey ol ol
Oloyed Jol8 pilins] & S5 by L
7 25 Sl @i 093 plxl Ll e e (eglie
O ol & Mo o (B &8 sl e ol 050
(Quadriceps yuw )z dlac Blail jl Glasl b old ablde
bas 5 olid obuls e S p 2w avoidance gait)
(VAY) 85 Jenio

ad > hate Sloso loys Slaedy) d9mt o pele
Olimen (Jlop ladShg) s & 2y b il b
9 Sl oS5 g g Jbb p iuly g (2l claedy,
dilse & loiee bliyl cpl )0 .l odid pdg)y (oL SIS
g5 0,31 >
gy 2 S (AY) b g diw 0p20) Sliyed p36 )
O ered lade sbajlitle (61551 0520 g (lade
RS pghate 4 OMas gl > jbre I ke g Ly
OS5 3)90 Clegdge I Jade 4 o3)ly (o yial (e
51 adlas S, Ay (53 ol ol 5 i
S 3k oy Cuaglie jlade lE &S s e LS
S936 9 bl gy (Siyjiued (5958 SRl G
ol bl Db il > (Sl g b dblite slag Lol
oy alie adlbs b o bt duglio 5 ldlas s
o oblew Sloy SS9 sl 4 ook KeS S >
Aoles
5 2B - B b o I Siie (ol bline (LIS Y
b, o il (gla iy 5 45 Canl LD olid
Sl g Chw () - 2B b amilinST > )b Jalate
sl oM b asdls il L5 lws LS h — (a3
Bl 4 G s &S 005 il elS yged L

U 8L Y oolaid B 0993 Ol SSib iy psde olfiils - el ss 03Kl - ¢y 95 silss (i 9 3y Sele dlxe


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

q oo 5 5ea

NSl ln JolS (ogiSuise plxl pas 4 425 L —A
LB (iloil &8 Ghlew 65Ky loml (YL jlas
adlas lpy )3 1) (S (oo olpon 4 (ol ablite
(F8) 15l oo ool b g il gl (Ko iy

Bypat Jore bl Soiglen puey SN adllas -4
) hate pangs slbauje & (oael,lS Slil &gy oS
Jol o 9 Bl Sl ol dnwgi pilie an (0 g
Bl sladobs 38es g 15 Xg) dasme (SSle Ly
(FV-¥0) il oo

Sl e gl i gl W )y 0gMe Y-
s Lo ool e (S g s Sdo Vb
sl )98 hate Bgpat p S sl gla (Suss
sl cilb ol 4 Slg o Oldlas Jod ol canl o
Saie g Bgpat gy ool (03Kl plyie 4 culi
OETRe (pgiSunie g o) cuwl Bgpad culy Bl
OwS > ol 3)50 (Sl o gy B o )b 35
AL e dguy Mgy (bl g Bopas silphy Cless
(A-¥oa-)

REFERENCES

st o gl b o 1) b s oy eS &S Sl oSl
ORIl g Sl dbml )3 e slagy b el e D
pbul Gldlas sdas (A-AY) olid sblie LIS i )S
Sl ol8 (g5 il Cov uate S oo 4 ol
Jabe 3 g5 @ig 9 (B 2 pe slag L 4
dg jieS olid ablite LB cawl 13 ok 4 sldcuwl
RGNV

o5z SEp 0 Jlb b g Sl ol 213 ob 010)] )3 -5
3 b game il g gy e sla e b T,lel ptasw
& Wyl cpl g Glavse (M) b salp adlas (g i
S Ll 3 eaie sl (555 2 (g0l (sl
2 an Omen 35 plxl 48 (g b ol dde s il
L olSob llyd > Jia (SHb S 3 zohw ol )
21 28l55 s 2,50 (1,35) 555 b 5 (Jo15) Vg o399
0550 g hate paw (Rod & Conb p LU (gildie -V
b Oill 5 Gl Gas i b o o diymd 4565 55,8

1. Andriacchi T. Dynamic of pathological motion: Applied to the anterior cruciate deficient knee; J. Biomechanics 1990;
23:99-105

2. Andriacchi T, Dyrby CO. Interaction between kinematics and loading during walking for the normal and ACL deficient
knee; J. Biomechanics 2005; 38: 293-295

3. Dennis DA, Mahfouz MR, Komistec RD, Hoff W. In-vivo determination of normal and anterior cruciate ligament-
deficient knee kinematics; J. Biomechanics 2005; 38: 241-253

4. Torzill PA, Deng X, Warren RF. The effect of joint compressive load and Quadriceps muscle force on knee motion in the
intact and anterior cruciate ligament- sectioned knee; Am. J. Sports Med. 1994; 22 :105-112

5. Shelburne KB, Pandy MG, Torry MR. Comparison of shear forces and ligament loading in the healthy and ACL-deficient
knee during gait; J. Biomechanics 2004; 37:313-319

6. Lintner DM, Kamaric E, Moseley B, Noble PC. Partial tears of the anterior cruciate ligament: Are they clinically
detectable; Am. J. Sports Med. 1995; 23: 111-118

7. Hole RL, Lintner DM, Kamaric E, Moseley B. Increased tibial translation after partial sectioning of the anterior cruciate
ligament; Am. J. Sports Med. 1996; 24: 556-560

8. D'Lima DD, Patil S, Steklov N, Slamin JE, Colwell CW. The Chitranjan Ranawat Award: in vivo knee forces after total
knee arthroplasty; Clin. Orthop. Relat. Res. 2005; Nov 45-49

9. Andriacchi TP, Alexander EJ. Studies of human locomotion: past, present and future; J. Biomechanics 2000; 33: 1217-
1224

10. Ferber R, Osternig LR, Woollacott MH, Wasielewski NJ, Lee JH. Gait mechanics in chronic ACL deficiency and
subsequent repair; Clin. Biomech. 2002; 17: 274-285

11. Shapiro MS, Markolf KL, Finerman GA, Mitchell PW. The effect of section of the medial collateral ligament on force
generated in the anterior cruciate ligament; J. Bone Joint Surg. Am. 1991; 73: 248-256

12. Haimes JL, Wroble RR, Grood ES, Noyes FR. Role of the medial structures in the intact and anterior cruciate ligament-
deficient knee, Limits of motion in the human knee; Am. J. Sports Med. 1994; 22: 402-409

13. Liu-Barba D, Hull ML, Howell SM. Coupled motions under compressive load in intact and ACL-deficient knees: a
cadaveric study; J. Biomech. Eng. 2007; 129: 818-824

14. Woo SL and Fisher MB. Evaluation of knee stability with use of a robotic system. J Bone Joint Surg Am, 2009; 91, Suppl
1:78-84.

VWA 580 ¥ oolais B 0,93 0l pas Sl 3¢ pole olSinls - ikl 55 0 3Suls - (y195 Aikslss i 5y ole alzo


http://www.ncbi.nlm.nih.gov/pubmed/12034120?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/1993720?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8037282?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18067385?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

SSTYCIICS MNEVTSTSVEE &

15. Li G, Most E, Sultan PG, Schule S, Zayontz S, Park SE, Rubash HE. Knee kinematics with high-flexion posterior
stabilized total knee prosthesis: an in vitro robotic experimental investigation. J Bone Joint Surg Am, 2004, 86-A(8): 1721-
9.

16. Ahmed AM and Burke DL. In-vitro measurement of static pressure distribution in synovial joints--Part I: Tibial surface
of the knee. J Biomech Eng, 1983, 105(3): 216-25.

17. Scarvell JM, Smith PN, Refshauge KM, Golloway H, Woods K. Comparison of kinematics in the healthy and ACL
injured knee using MRI J. Biomechanics 2005; 38: 255-262

18. Guterl CC, Gardner TR, Rajan V, Ahmad CS, Hung CT, Ateshian GA. Two-dimensional strain fields on the cross-section
of the human patellofemoral joint under physiological loading. J Biomech. 2009 Jun 19;42(9):1275-81.

19. Cornelius L. Musculoskeletal Models and Techniques, Biomechanical Systems Techniques and Applications; USA CRC
Press, 2000; 9-15

20. Bertomeu JM, Lois JM, Guillem RB, Pozo AP, Lacuesta J, Molla CG, Luna PV, Pastor JP. Development of a hinge
compatible with the kinematics of the knee joint; Prosthet. Ortho. Int. 2007; 31: 371-383

21. Heller MO, Konig C, Graichen H, Hinterwimmer S, Ehrig RM, Duda GN, Taylor WR. A new model to predict in vivo
human knee kinematics under physiological-like muscle activation; J. Biomechanics 2007; 40: S45-S53

22. Muller M. The angles of femoral and tibial axes with respect to the cruciate ligament four-bar system in the knee joint; J.
Theor. Biol. 1993; 161: 221-230

23. Mesfar W, Shirazi-Adl A. Knee joint mechanics under quadriceps-hamstrings muscle forces are influenced by tibial
restraint; Clin. Biomech. 2006; 21: 841-848

24. Moglo KE, Shirazi-Adl A. On the coupling between anterior and posterior cruciate ligaments, and knee joint response
under anterior femoral drawer in flexion: a finite element study; Clin. Biomech. 2003; 18: 751-759

25. Li G, Gil J, Kanamori A, Woo SL. A validated three dimensional computational model of a human joint; J. Biomech.
Eng. 1999; 121: 657-662

26. Pe’rie” D, Hobatho MC. In vivo determination of contact areas and pressure of the femorotibial joint using nonlinear
finite element analysis; Clin. Biomech. 1998; 13: 394-402

27. Bendjaballah Mz, Shirazi-adl A, Zukor DJ. Biomechanical response of the passive human knee joint under anterior—
posterior forces. Clin. Biomech. 1998; 13: 625-633

28. Bendjaballah, MZ, Shirazi-adl, A, Zukor, DJ. Finite element analysis of human knee joint in varus-valgus; Clin.
Biomech. 1997; 12: 139-148

29. Bendjaballah MZ, Shirazi-adl A, Zukor DJ. Biomechanics of the human knee joint in compression: reconstruction, mesh
generation and finite element analysis; The Knee 1995; 2: 69-79

30. Pen” a E, Calvo B, Martinez M, Doblare M. A three-dimensional finite element analysis of the combined behavior of
ligaments and menisci in the healthy human knee joint; J. Biomechanics 2006; 39: 1686-1701

31. Pena E, Martinez M, Calvo B, Palanca D, Doblare M. Finite element analysis of the effect of meniscal tears and
meniscectomy on human knee biomechanics; Clin. Biomech. 2005; 20: 498-507

32. Limbert G, Middleton J, Taylor M. Finite element analysis of the human ACL subjected to passive anterior tibial loads;
Computer Methods in Biomech. and Biomed. Eng. 2004; 7: 1-8

33. Gardiner J, Weiss J. Subject-specific finite element analysis of the human medial collateral ligament during valgus knee
loading; Journal of Orthopaedics Research 2003; 21: 1098-1106

34. Hirokawa, S, Tsuruno, R. Three-dimensional deformation and stress distribution in an analytical/computational model of
the anterior cruciate ligament; J. Biomechanics 2000; 33: 1069-1077

35. Shirazi-Adl A, Mesfar W. Effect of tibial tubercle elevation on biomechanics of the entire knee joint under muscle loads;
Clin. Biomech. 2007; 22: 344-351

36. Ayotte DC, Ito K, Perren SM, Tepic S. Direction-dependent constriction flow in a poroelastic solid: the intervertebral
disc valve; J. Biomech. Eng. 2000; 122: 587-593

37. Laible JP, Pflaster D, Simon BR, Krag MH, Pope M, Haugh LD. A dynamic material parameter estimation procedure for
soft tissue using a poroelastic finite element model; J. Biomech. Eng. 1994; 116: 19-29

38. Lee CK, Kim YE, Lee CS, Hong YM, Jung JM, Goel V K. Impact response of the intervertebral disc in a finite-element
model; Spine 2000; 25: 2431-2439

39. Martinez JB, Oloyede VO, Broom ND. Biomechanics of load-bearing of the intervertebral disc: an experimental and
finite element model; Med. Eng. Phys. 1997; 19: 145-156

40. Simon BR, Wu JS, Carlton MW, Evans JH, Kazarian LE. Structural models for human spinal motion segments based on
a poroelastic view of the intervertebral disk; J. Biomech. Eng. 1985; 107: 327-335

41. Lai WM, Mow VC, Sun DD, Ateshian GA. On the electric potentials inside a charged soft hydrated biological tissue:
streaming potential versus diffusion potential; J. Biomech. Eng. 2000; 122: 336-346

42. Shirazi R, Shirazi-Adl A. Deep vertical collagen fibrils play a significant role in mechanics of articular cartilage; J.
Orthop. Res. 2008; 26: 608-615

43. Shirazi R, Shirazi-Adl A. Analysis of articular cartilage as a composite using non-linear membrane elements for collagen
fibrils; Med. Eng. & Phys. 2005; 27: 827-835

44. Shirazi R, Shirazi-Adl A, Hurtig M. Role of cartillage collagen fibrils networks in knee Joint biomechanics under
compression Biomechanics; J. Biomech. 2008; 41(16);3340-3348

U 8L Y oolaid B 0993 Ol SSib iy psde olfiils - el ss 03Kl - ¢y 95 silss (i 9 3y Sele dlxe


http://www.ncbi.nlm.nih.gov/pubmed/18050008?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17445821?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8331950?ordinalpos=8&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
javascript:AL_get\(this,%20'jour',%20'J%20Biomech%20Eng.'\);
javascript:AL_get\(this,%20'jour',%20'J%20Biomech%20Eng.'\);
javascript:AL_get\(this,%20'jour',%20'J%20Biomech%20Eng.'\);
https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

\\ Obes 5 50y

45. Shirazi R, Shirazi-Adl A. Analysis of partial menisectomy and ACL reconstruction in knee joint biomechanics under a
combined loading; J. Biomech. 2009; 24(9); 755-761

46. Weiss JA, Gardiner JC, Ellis BJ, Lujan TJ, Phatak NS. Three-dimensional finite element modeling of ligaments:
Technical aspects; Med. Eng. & Phys. 2005; 27: 845-861

47. Limbert G, Taylor M., Middleton J. Three-dimensional finite element modelling of the human ACL: simulation of
passive knee flexion with a stressed and stress-free ACL. J. Biomechanics 2004; 37: 1723-1731

48. Weiss JA, Bradley NM, Govindjee S. Finite element implementation of incompressible, transversely isotropic
hiperelasticity; Comput. Methods Appl. Mech. Eng. 1996; 135: 107-128

49. Rodriguez JF, Alastrue V, Doblare M. Finite element implementation of a stochastic three dimensional finite-strain
damage model for fibrous soft tissue; Comput. Methods Appl. Mech. Eng. 2008; 197: 946-958

50. Moglo KE, Shirazi-Adl A. Biomechanics of passive knee joint in drawer: load transmission in intact and ACL-deficient
joints; The Knee 2003; 10: 265-276

51. Kanamori A, Sakane M, Zeminski J, Rudy TW, Woo SL-Y. In-situ force in the medial and lateral structures of intact and
ACL-deficient knees; J. Orthop. Sci. 2000; 5(6) 567-571

52. Veltri DM, Deng X-H, Torizilli PA, Warren RF, Maynard MJ. The role of the cruciate and posterolateral ligaments in
stability of the knee; A biomechanical study, Am. J. Sports Med. 1995; 234: 436-443

53. Gollehon DL, Torizilli PA, Warren RF. The role of the posterolateral and cruciate ligaments in the stability of the human
knee. A biomechanical study; Am. J. Bone Joint Surg 1987; 69(2): 233-242

54. Harner CD, Vogrin TM, Hoéher J, Ma CB, Woo SL. Biomechanical analysis of a posterior cruciate ligament
reconstruction Deficiency of the posterolateral structures as a cause of graft failure; Am. J. Sports Med. 2000; 28(1): 32-39

55. Harner CD, Vogrin TM, Héher J, Ma CB, Woo SL. Biomechanical analysis of a double-bundle posterior cruciate
ligament reconstruction; Am. J. Sports Med. 2000; 28(2): 144-151

56. Harner CD, Vogrin TM, Hoher J, Ma CB, Woo SL. The effect of knee flexion angle and application of an anterior tibial
load at the time of graft fixation on the biomechanics of a posterior cruciate ligament-reconstructed knee; Am. J. Sports
Med. 2000; 28(4): 460-465

57. Vogrin TM, Hoéher J, Argen A, Woo SL, Harner CD. Effects of sectioning the posterolateral structures on knee
kinematics and in situ forces in the posterior cruciate ligament, Knee Surg; Sports Traumatol Arthrosc. 2000; 8(2): 93-98

58. Markolf KL, McAllister DR, Young CR, McWilliams J, Oakes DA. Biomechanical effects of medial-lateral tibial tunnel
placement in posterior cruciate ligament reconstruction; J. Orthop. Res. 2003; 21(1): 177-182

59. Markolf KL, Slauterbeck JR, Armstrong KL, Shapiro MS, Finerman GA. A biomechanical study of replacement of the
posterior cruciate ligament with a graft, Part I: Isometry, pre-tension of the graft, and anterior-posterior laxity; Am. J. Bone
Joint Surg. 1997; 79(3): 375-380

60. Markolf KL, Slauterbeck JR, Armstrong KL, Shapiro MS, Finerman GA. A biomechanical study of replacement of the
posterior cruciate ligament with a graft. Part Il: Forces in the graft compared with forces in the intact ligament, Am. J.
Bone Joint Surg. 1997; 79(3): 381-386

61. Markolf KL, Slauterbeck JR, Armstrong KL, Shapiro MS, Finerman GA. Effects of combined knee loadings on posterior
cruciate ligament force generation; J. Orthop Res. 1996; 14(4): 633-638

62. Vahey JW, Draganich LF. Tensions in the anterior and posterior cruciate ligaments of the knee during passive loading:
predicting ligament loads from in situ measurements; J. Orthop Res. 1991; 9(4): 529-538

63. Fukubayashi T, Torzilli PA, Sherman MF, Warren RF. An in vitro biomechanical evaluation of anterior-posterior motion
of the knee. Tibial displacement, rotation; and torque, Am. J. Bone Joint Surg. 1982; 4(2): 258-264

64. Shelburne KB, Pandy MG. A musculoskeletal model of the knee for evaluating ligament forces during isometric
contractions; J. Biomechanics 1997; 30: 163-76

65. Lujan TJ, Dalton MS, Thompson BM, Ellis BJ, Weiss JA. Effect of ACL deficiency on MCL strains and joint
kinematics; J. Biomech. Eng. 2007; 129(3): 386-392

66. Van de Velde SK, DeFrate LE, Gill TJ, Moses JM, Papannagari R, Li G. The effect of anterior cruciate ligament
deficiency on the in vivo elongation of the medial and lateral collateral ligaments; Am. J. Sports Med. 2007; 35(2): 294-
300

67. Seon JK, Song EK, Park SJ. Osteoarthritis after anterior cruciate ligament reconstruction using a patellar tendon
autograft; Int. Orthop. 2006; 30(2): 94-98

68. Nebelung W, Wuschech H. Thirty-five years of follow-up of anterior cruciate ligament deficient knees in high-level
athletes; Arthroscopy 2005; 21(6): 696-702

69. lohmander L, Ostenberg A, Englund M, Roos H. High prevalence of knee osteoarthritis, pain, and functional limitations
in female soccer players twelve years after anterior cruciate ligament injury; Arthritis Rheum. 2004; 50(10): 3145-3152

70. Wang CJ, Hung TW. Radiographic assessment of the knee after pattelar tendon reconstruction for chronic anterior
cruciate ligament deficiency; Cahng Gung Med. J. 2004; 27(2): 85-90

71. Finsterbush A, Frankl U, Matan Y. Secondary damage to the knee after isolated injury of the anterior cruciate ligament;
Am. J. Sports Med. 1990; 18: 475-479

72. Noyes F, Mooar P, Matthews D. The symptomatic anterior cruciate-deficient knee. Part I: the long-term functional
disability in athletically active individuals; Am. J. Bone Joint Surg. 1983; 65-A: 154-162

VWA 580 ¥ oolais B 0,93 0l pas Sl 3¢ pole olSinls - ikl 55 0 3Suls - (y195 Aikslss i 5y ole alzo


javascript:AL_get\(this,%20'jour',%20'Am%20J%20Sports%20Med.'\);
javascript:AL_get\(this,%20'jour',%20'J%20Bone%20Joint%20Surg%20Am.'\);
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10653541&ordinalpos=19&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10653541&ordinalpos=19&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10653541&ordinalpos=19&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10795671&ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12507596&ordinalpos=17&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070526&ordinalpos=32&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070526&ordinalpos=32&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070527&ordinalpos=31&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070527&ordinalpos=31&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070526&ordinalpos=32&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070527&ordinalpos=31&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9070527&ordinalpos=31&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vahey%20JW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Draganich%20LF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get\(this,%20'jour',%20'J%20Orthop%20Res.'\);
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7056781&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lujan%20TJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dalton%20MS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Thompson%20BM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ellis%20BJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Weiss%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get\(this,%20'jour',%20'J%20Biomech%20Eng.'\);
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Van%20de%20Velde%20SK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22DeFrate%20LE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gill%20TJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moses%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Papannagari%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Li%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get\(this,%20'jour',%20'Am%20J%20Sports%20Med.'\);
https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

w23 93 ol Jw o 509 0w \Y

73. Gardiner J, Weiss J. Subject-specific finite element analysis of the human medial collateral ligament during valgus knee
loading; J. of Orthop. Res. 2003; 21: 1098-1106

74. Gardiner J, Weiss J, Rosenberg T. Strain in the human medial collateral ligament during valgus lading of the knee; Clin.
Orthop. and Rel. Res. 2001; 391: 266-274

75. Kawada T, Abe T, Yamamoto, K, Hirokawa S, Soejima T,Tanaka N, Inoue A. Analysis of strain distribution in the
medial collateral ligament using a photoelastic coating method; Med. Eng. and Phys. 1999; 21: 279-291

76. Woo SL-Y, Debski R, Withrow J, Janaushek M. Biomechanics of the knee ligaments; Am. J. Sports Med. 1999; 27: 533—
543

77. Hull ML, Berns G, Varma H, Patterson A. Strain in the medial collateral ligament of the human knee under single and
combined loads; J. Biomechanics 1995; 29: 199-206

78. Arms, S, Boyle, J, Johnson, R, Pope, M. Strain in the medial collateral ligament of the human knee: an autopsy study; J.
Biomechanics 1995; 29: 199-206

79. Yamamoto K, Hirokawa S, Kawada T. Strain distribution in the ligament using photoelasticity. A direct application to the
human ACL; Med. Eng. and Phys. 1998; 20: 161-168

80. Mesfar W, Shirazi-Adl A. Biomechanics of the knee joint in flexion under various quadriceps forces; The Knee; 2005;
12: 424-434

81. Berchuck M, Andriachi TP, Bach BR, Reider B. Gait adaptation by patient who have a deficient anterior cruciate
Ligament; J. Bone Joint Surg. 1990; 72A: 871 — 877

82. Mesfar W, Shirazi-Adl A. Knee joint biomechanics in open-kinetic-chain flexion exercises; Clin. Biomech.; 2008; 23:
477-482

83. Amis AA, Dawkins GP. Functional anatomy of the anterior cruciate ligament. Fibre bundle actions related to ligament
replacements and injuries; Br. J. Bone Joint Surg. 1991; 73: 260-267

84. Gabriel MT, Wong EK, Woo SL. Distribution of in situ forces in the anterior cruciate ligament in response to rotatory
loads; J. Orthop. Res. 2004; 22: 85-89

85. Mesfar W, Shirazi-Adl A. Biomechanics of changes in ACL and PCL material properties or prestrains in flexion under
muscle force-implications in ligament reconstruction; Computer Methods Biomech. Biomed. Eng. 2006; 9: 201-209

86. Fleming BC, Renstrom PA, Beynnon BD. The effect of weightbearing and external loading on anterior cruciate ligament
strain; J. Biomechanics 2001; 34: 163-170

87. Torzilli PA, Deng X, Warren RF. The effect of joint-compressive load and quadriceps muscle force on knee motion in the
intact and anterior cruciate ligament-sectioned knee; Am. J. Sports Med. 1994; 22: 105-112

88. Besier TF, Gold GE, Delp SL, Fredricson M, Beaupre GS. The Influence of Femoral Internal and External Rotation on
Cartilage Stresses within the Patellofemoral Joint; J.Orthop .Res. 2008; 26: 1-9

89. Shirazi R, Shirazi-Adl A. “Computational biomechanics of articular cartilage of human knee joint: Effect of
osteochondral defects”, J Biomechanics. 2009; 42(15): 2458-2465

90. Bae WC, Lewis CW, Levenston ME, Sah RL. Indentation testing of human articular cartilage: Effects of probe tip
geometry and indentation depth on intra-tissue strain. Journal of Biomechanics 2006; 39: 1039-1047.

U 8L Y oolaid B 0993 Ol SSib iy psde olfiils - el ss 03Kl - ¢y 95 silss (i 9 3y Sele dlxe


https://journals.tums.ac.ir/mrj/article-1-60-en.html

[ Downloaded from journals.tums.ac.ir on 2024-11-25 ]

Review Article

Review of Finite Element Model Studies in Knee Joint
Biomechanics

Rahemi H', Mostafavi S.K?", Esfandiarpour F*, Parnianpour M*, Shirazi-Adl A°®

1. PhD Student, Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, Canada.
2. PhD Student, Mechanical and Materials Engineering, University of Western Ontario, London, Ontario, Canada

3. Assistant Professor, School of Rehabilitation, Jundishapour Ahvaz University of Medical Science, Ahvaz, Iran

4. Professor, School of Mechanical Engineering, Sharif University of Technology, Tehran, Iran.

5. Professor, Department of Mechanical Engineering, Ecole Polytechnique, Montreal, Quebec, Canada.

Abstract

Background and Aim: Human knee joints experience very large loads and motions during regular
daily, occupational and sport activities. Consequently, they are at high risk of being exposed to injuries
and degeneration. Osteoarthritis and ligament injuries often inflict knee joints causing considerable
pain and loss of productivity involving thus significant human and economic costs. Hence,
biomechanics of human knee joints has been the focus of many investigations with the primary aim to
improve understanding of joint function in normal and perturbed conditions. The existing prevention
and treatment programs have been based on such studies.

Materials and Methods: Due to inherent costs, limitations, difficulties and ethical concerns
associated with in vivo and in vitro cadaveric studies, finite element model studies have been
developed as effective, powerful and complementary tools to investigate knee joint biomechanics
subject to internal and external mechanical conditions affecting its normal function.

Results: The advantage of finite element method in study of joint biomechanics lies in its robustness
to incorporate complex 3D joint geometry, intricate boundary and loading conditions and materials
with nonhomogeneous and nonlinear properties.

Conclusion:This article reviews important model studies, presents their relevant results and discusses
some of the promising future directions.
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