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TECHIN SEECHAIPAT: BIOMECHANICAL COMPARATIVE STUDY OF KNEE JOINT
MOVEMENT BETWEEN POSTERIOR STABILIZES- AND CRUCIATE-RETAINING-
TOTAL KNEE ARTHROPLASTY. THESIS ADVISOR: ASSIST. PROF. SUPAHIT
ROOPPAKHUN, Ph.D., PP.121

Keyword : TOTAL KNEE ARTHROPLASTY / BIOMECHANICS/ KINEMATICS MOVEMENT /
FINITE ELEMENT ANALYSIS

This research compares the biomechanical knee joint movement between
posterior stabilized-(PS) and cruciate-retaining-(CR) total knee arthroplasty using the
Finite Element (FE) Analysis computerized software (ABAQUS KNEE SIMULATION). The
biomechanical evaluation of the two types of TKA was performed based on the
different basic postures consisting of gait, squatting, chair rise, and step down. The
effect of changing conformity values between the tibiofemoral joint shape curvature
design was also evaluated. The biomechanical parameter of knee joint movement was
analyzed, consisting of the contact force, contact point, contact stress, and contact
area. The validity of the finite element analysis was also verified with laboratory testing.
The FE results showed the difference in kinematics between four basic postures
according to the two types TKAs. The comparison results showed a significant
difference in the knee joint movement between PS- and CR- types of TKA on the
squatting and the chair rise postures. However, there was no significant difference in
the gait and step-down postures. For all postures, the maximum contact force of the
tibiofemoral joint was displayed in the S-I direction, followed by the A-P and S-l
directions, respectively. The post-cam mechanism specified design of PS- TKA revealed
the advantages of increasing knee joint movement during activity, especially in the

rollback movement. In addition, the changing conformity value for TKA design effect
" to the kinematics contact points movement of knee joint included the biomechanical
contact stress distribution. Furthermore, the validation results of the finite element
method with the laboratory test showed that the contact stress and the contact area

are within the acceptable range, including the same trend.
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1.1 fumazanudinyveslyninisive

nsindaUasu oL suuuuUasuRanua (Total knee arthroplasty, TKA) 1y
nildluisnsdnwlsadedndesluseduguussivszauawduiaduegrannludiagou
(keeney et al., 2011) Tnedaitifissdugunsaifiadsiuniflenaunufindodddymuins
an wazidevaninannislion fauisnuudsuiomnlsznoudstudiundney 4
JududetudsUsznaulude HATEUNSEANELYY (Femoral component) NiauTa3%aLe
ey (Tibial insert) wlusasmaeudaiie (Tibial component) wagAgnazULiiey (Patella
component) n1saaniuutoriifisuuuilasuimeniivans UL Tuegfungusyasdnis
Tefau Imaﬁﬁlﬂ%LszhL‘ﬁsmLL‘UULﬂﬁlauﬁgmmﬁmmsmmgaﬂLﬁuaaamjﬂmjﬂﬁa%@vﬁ%ﬁw
Uszinnanidulyuingds (Posterior stabilized, PS) uasdowniiouuszinnaysniduluingds
(Cruciate retaining, CR) ludawniioutszianausntioulvindslafinisiiuinendulel
F1unds (Posterior Cruciate Ligament, PCL) It elwdawninamansnisindoufiaanundu
ﬁisuﬁmammﬁ?jm (Brobere et al., 2020; Koh et al,, 2019) Tunausiitonfisudssnndadu
luindsagiinisdadulaindiean uasiinisesnuuunalngnidsn (Post-cam mechanics)
PduasuliAanisindeudindulumumnds (Femoral rollback) ilermeensvinauveady
Toindaiivelu (aussads 91usAa, 2549; Koh et al., 2019; Fitzpatrick et al., 2013)
TudernfeuiiaessiininisAnufanalnvesniseyindidulrivimiedadulaindseently
MskdRlAsudei osanniseusndiulvindsasyiliiAnaaumansvesteriiiily
553U%1R waztieiuAaissngaINdinnsanusudeutunsgnuiud (Rajgopal et
al, 2017; Takagi et al, 2017) ag19lsAimudaidasansniseysndid ulvindsfanaiy
gndunlumsinuanavedulyinddindusssumdidlendyiudulyindsiunwies 3
Huaumgdrdnuesmiuiinunfvesnisiadeulin (Mazzucchelli et al,, 2016) luvaigdinig
dadulvivdseenludoiiifisuussindnidulyindaziimsseionalngnideifidaels
Snwiaunavendu warnduioldd uazandunounisindnsmiianniszrestorodaidi
(Broberg et al., 2020; Mazzucchelli et al,, 2016) uanaininalngniderdsdaeinnig
\AouTindulugundsldunniu (Yoshiva et al, 2005; Banks et al, 2003) agalsAniunis
ponuuugnitrfifutedendnvosmsindulrindoonilosnniarndssgaienisdnuse
vostan swdamslitenuiioussindadulrivisdsduiusfumsdansean wosidado
99UIIUIULIN (Mazzucchelli et al., 2016; Rajgopal et al., 2017) uenndiaiideanfes
ﬁ’uiuﬁaqsuaamimﬁ'auﬁsuaasﬁaLﬁdwmsLﬂé"aulmﬁawhmwm"] (edgwa 535ulwA, 2554)



flaAdeidnuanuunnsimiseadnsgnitedenniiondseandaduleinds uay
Joniiondssianeyintauluinds lnewadwsuanadiuinlanuauuanaiaseninedai
Fewaesussanludiunisléou madenldnudeiestvegiuanmondulyidou
Y038 Uagnitdonvetunng (Huang et al,, 1998; Migliorini et al., 2019; Serna-Berna
et al, 2018) usn1sAnwnnandifunisiieufisuifissdnumgneuen wievuanis
audAnvesdléeiuniiy Fautasaudlumsssnuuutoriifiondssnndabulyings was
ausnoulvinddleuusnssiulusuaussausnenawanaeiunssly Tagannisdine
lovinisilSeuiieumnuusnswesdofendssvdnouleing wazeysndoulyings
Tuiuaussauznsindeulmuesdei waznamansnisduiadaduiedoddglunis@n
AnsLanaestaitufisasdesssavlavhnisnmsiieuiieulufuresaudndede
wazlundvesniseaniuy Tusmuennindedowansfeuszansnmanssouzveavostoin
ey maedeulm uaznamansnsdudadaduiiadeddnyiidmadmivergnisldam
vostoiiieslasanizognedansinusovasindiofiduminluanagaudufives (Ultra-
high-molecular-weight polyethylene (UHMWPE)) Uusiausosdattwiien  (Barbour et
al,, 1997; Bei et al,, 2004; Sharma et al,, 2007) Tu@ UM 1UN1T2BNLUULT UNITLENS
UszAnSnmuaaniseanuuugnssvestaiieudiunneistu Tnonadwstliifiuinnam
AenAdasuas3UNse (Conformity) dsuanowamans n1siad sulmuvesdaitniiougy
M3fnIvas Koh et al. (2019) lndinsesnuuusunssvemususasdaidwiismiielitiaiy
aonndasvasgunsafiuandnsiulnenadnsuandliiiuindediiouifimiuaonndoses
sUnsauvuiufianeiniadaaumansnisiadoufivesdewinilndidsstudewiunfannnds
wuudy nnsAnwuandiifiundrinenuunninwessunsswesier wisulssndnidy
luinds wazeusniidulyindadutladoddyivihivaussaugmanavestort nilsuiiuansiis
fueehaiuladn

uenaninsAnwiundndanuaulalunsdnuussdninwaesdoiiioy
sginevimaninedeulmiiugiu wu naiu msasdula nsdises nsanid1d (Shu et
al,, 2019) l¢@nwiniseaniuudeiiisaUszioneusndidulvindufafuaaumaning
wdeudl uaznamaninisduialagdiassfanssulsedriueu Ay vindies uazvinag
Tula Wiudieaiu Fitzpatrick et al. (2013) Anwisaumansnisedeuiilunisduiuiaing
Usgdriuu viudu vivdsses vignidnd Taglduuusiaesdorifeussandasul vinds
Mnmsfnvimaiuaadffiundihnuundseesgunseso s saandaduly
v wazoysnsidulvivdadutladuddyiilfaussousnavestaifeuiuandstuagng
lddaautu msiedeulmvestewn uaznamaninsduiadedsnausyavsnimnislda
ULEIRIRIRZIR

ns@nwiiusuandliiuinlunsmegevaussaugenavesdol s
lanainuanedfidu n1sUszsdunienienin n1smegeuning waznisneaasulaeld
Fdrassuvunenfiawes lumsuszifiumanieniw waznisvaaeuniana wunsliiaies



NAFOULTIAITDLYY NITTALTINAFUNAINUNUN 8N n1sUszidunisnlan nion1sld
LuUnadeUN1epaTngnsidediAnluEein1saaeUUNEE1LTY NIUARINGANTTIAITNNS
Wasuulaswenduile waziduiase q lusaedeiiinsedoui suuddudoslddne
LaYSEoEaM UL (Bachus et al, 2006: Zdero et al,, 2001) nelddesiadaslaiinng
wanmaluladroufinnesfivisluniseonuuy uardasizinisdmnssuuulusunsy
mouiumeslaelin1sUseyndlde waglasuanuiluyegaunsvians (Halloran et al.,, 2005;
Shu et al. 2021) Tnganunsnsraesnalaluaniiefinnsmaaeutdadidositagu WHungingsy
N3 oufivesdeitn waziSeuifisuanssousnenavestawildogautugndauise
uityldenaiiuszansnm uariidofio Auruifediaiinnusvasdifionsussyndld

s

THwmaluladnaufiimesniedsinasswuviafuaflaudndiiafineinaransnisiaaaulm

[ L3

Y9991z LA sNUsELAdaLd uleAnds tazeusndduluinduieUsyidudnsna

3
<

AUTTOULNNNATLIINLUUINADIU DL NN IUUTELANAALD ULV INA LLazaﬂg%’ﬂﬁLﬁu%i’ué’ﬂ
AElAIaNugIUENg 9

1.2 IngUsraAvaInisdY

121 ednwidadisuifisunamanimandeulmderissninuuuiiassdeii
Wenusznndnduleings wasdoifisudssiamoysndoulyinas

122 fefnwidninavesimisnisedouliiugiung q dssadonsssewing
wuuaestafienussnvanduluivnds uasdeniisulssiaveusndduluivas

1.3 YBULINVDINITINY

131 finw ad1e wagdesgiuuiiuguuuuiiaestoriiiosiaudeudoron
%o Implant CastIC wwos ¢ Teiideussiandaduluings uagousnvidulvindeuy
Wsunsuppuiinesiaaldinaiairinssudeusaslunisasialuudnass Lagiasiznis
1A oulnve st o s uulUswATLABLRILABT 7158171 GEOMAGICS DESIGN X uas
ABAQUS KNEE SIMULATION #nuansiu

132 uvuieesinludieduuduszneulusie nszandue nseanviiuds gnasd
JounouwuuiUasurianun naiuiile wavidudaae 9 wu wuleivd wulvivds wude
audslu Wudadudneuen Wudu

133 vnisfneinaznsnziluedoulnivestonnigldavanianugiusng o
lauA viamnenisiu vn1sidaees vanegninnd wazviamisasdesanduriamisiaing
WUFIUVBIUYWENYIINITNAFBUAIUNITNUNIUITTUNTTY



134  Anwranszvuanizusnadedesenindenansegniu avdesenszanvin
w99 (Tibiofemoral joint) LALNAITUMUUTIADITBLY1AI8NTIATIZRTELTaUdTM el lus

[ < <
WUUTROUTLNG
135  auautAveudunauilednsdwmunuddeiiuun (Shu et al, 2021)

136  Anwidinlsniedinamansidmasenisiadeulmderilaun wseduda qn
fuda AnuAududa audendmasioniseanwuu teun mnudenadosvegUnsuludu

1.4  Uslevinaiadinazlasu
1.4.1 L‘T;Juﬁé’fazﬂaLG’?NLU%&J‘ULﬁamamam%miLﬂ?]aulmimmzm%auﬁsuaﬁaLﬁu"]Lﬁam

ALANAAUADIUTZLAN WaTNISTLHD3N19TINAANENS TErINata s uUseLnnsaLdulyd
e wazderniieuyssiameysnddulyinas

2 v P a a P ' a
1.4.2 L‘Uwuaaﬂaﬁmsﬂawﬁwasuaammaa@ﬂaawaagﬂmaLLazmmqmnﬂaa‘lﬂm
AOALUINITINAFAIENSUDLU

¥

143 Juteyanuglunmsidildlszgndldluniseenwuugunsetowiieulnd

Y %9

RIPFNINZ P RS EY



uni 2

USNANITIUNITTULAZITUINNYIVDY

2.1 umi

Iuwﬁjﬁaﬂdnﬁqmmfﬁ"ﬂmﬁ'mﬁuma%mﬂmamﬁfmaa%’aLﬁzhé?fqa%maai’;uﬂizﬂau
Fou wazdunduidesien nsedoulmuvededluiiamasiieg sudessuudreduny
vosyd lsndolinidon uaznszuiuntasnu eunetssnnvestertniivaiatai e
Uszmdnduleivds wazdowniisndssianeusndduleings niseSerumiuaenndes
V93UNTI waznsiadeudiluvimisiugiudieg 4 vis e viinisidiu vinfsees an
A8 warviasdule saudsnsudlammaimnssilagisilufiedwud e dunumidu
nsAnedaUisuiisumuansesnalnludoniiontde sz

22 mgInafansvaItaLl

Forndudunimwestmesmyudfaduduiisesiuthminfovmnvesiniens wagih
Tismeiedeulmlilaglideauna lnoderniudedeilngjan wasdudouigelusnnie
Falpssatredoriuanduguil 2.1 Uszneuldsie 1. nszgaduaidunssgnauialug was
udaussigalusranelasdiudareaziuiitovansufedusuly wagdusuuendagy
mnelan 2 luguii2.1 nasgniusmiudenseulufedanduilovunelngfisnwiaunali
$ume 3. nssgnaztidunszgndouseuseduiiBandmilonszanfurduntunsegn
stiuds Fruntosdederdidounareandunt wastaenysndudodiun 4. nszen
sthudsihmiiisuiwinvessumeannssgnaumdsUgad flue wararuudiussses
119INNTERNFUA 5. nazgnupsdiaestu WunsegneniFeadnninsegnvtiuds egdu
uenYeIaBYn WAz 6. vuousesnsEgnAslasaiiidnuazdugudniAndnleun
MTULTINTLUNNTENINNTEANAUYY UAENTEANUTILTS

Jorsznaulumedasendng 2 Jefie dJereszninnszgnazin uazdiuUangves
mvﬂﬂéfusm (Patellofemoral joint) ¥utiiilunisanusadoaniuiiing unodow 1ile
ndniladuadum (Quadriceps femoris) wad uazdesiasywinlnsgnaLL UaznIzgn
‘1/1‘14’1LLSUQWWMUWmUﬂﬁﬁUNWMUﬂ%@QaWW’J neuiandeuasiigujudenn Uoint capsule) B3
meluadaiilede (Synovial fluid) Liteshwthiivdeidesdose uasndeduinvainszgnoouy
(Articular cartilage) AegUvsneLay 7 1ugﬂﬁ 2.1 %aﬂﬂﬂquagj \ieanusudenniuiiaziin
Futudereidadninedoulm wardudufmvusinavesimindfnaasudofinng
\ndoulm



dududaseninadorniinifivszausn wasdnseninensegnituszneuduude
sio wazifadestundilefiundainey ufsfnweuadesldliAnnimasvesdam
waziaBumLsussvestiosio Jeazusznauluse

8. 1fuluiymin (Anterior cruciate ligament, ACL) simiindidosdunisideunanld

[

sumiesnszgantiudsuunszgndun wazasiaaeunsiaveiai ednnsseiiuiy
Batlagvni waramedieindneen

9. wulvinds (Posterior cruciate ligament, PCL) Wnf destunisiad oudi lu
sumdaniAuluvesnsegnuiiuds vieideuluirmihvesnszgnsiun

10. 18 udaf1utndlu (Medial collateral ligament, MCL) 8¢ #udsiulu 1§ ou
NIEANAUYT WAZNTTANNTIIUTY

11. Wudamudauen (Lateral collateral licament, LCL) aamuwmuuaﬂavmau
nIEgNRuY warnszgmies  umamdidagmuaumaedeulmilududismentn waeu
fumaedeulmiinUnd

12. uduiidansegngnaztiiundie (Patella tendon) vimtinfiluntsdasinu
ussisnndunialudsganizvenszgn dudlondruidonada awviiliAantsie doulm

2

USTaK
vy a . 2 v & a4 ] o E )

13. LlduleuAIanstgu (Quadriceps Tendons) NABLEULD UNILTBDNITERINNAULUDAU

YuiunTEgnay
% & I Ao va =~ Ly Ao &

nawileseu o Wvihiiianswden wazeiivaiiine

14. ndutlanesuniin laun nanuilenquaen3idu (Quadriceps Muscle) ¥
nINnBealT Larnduilan19n1unas aun naullealanan3e (Hamstring Muscle)
nanailelunguaiundeueaualeun (Gastrocnemius Muscle) ndnuilalataiu (Popliteus
Muscle) ¥inniiniigew

lnenduienguaensiduiunduiowsuanssasvinunsediuiudusuug
nanuilesinu Aewllonaaidonaueiensiduiinisadmagyibiinaussdaiduduiiesnnsgn
wihudavihlinismien Fwaefeitunduiiowsuaniiazaatedieen Tumewssiutiuie
fin1590191 N oNgUAEATITUITAAIEAIDBN LAZNEINLTDLINARS I UARIT ORI
NIEANNNUNIAUNAS



14. Quadriceps

Muscle 13. Quadriceps

Tendons
1. Femur
3. Patella
|
7. Articular
cartilage

2. Lateral Condyle

9. Posterior

10. Medial collateral

ligament

cruciate ligament 6. Meniscus

8. Anterior
cruciate ligament

11. Lateral
collateral ligament

— =

12. Patella tendon

5. Fibula

4. Tibia B}

i

gﬂﬁ 2.1 @udsenaumeinintewin (Fekete G., 2013)

2.3 33UUSIBILATITTUULNUVRIUY Y
231  $TUUYBIIIME fo svuludesiATiedeuRidaiLing waruieTnganely

dudunnweeniuassdiumin 4 fu TasAfgamnsautsszuivinnieeendu 3 daud
wamslugud 2.2 1dun

1. S3UIUAIUTY (Sagittal Plane 438 Anteroposterior Plane) s Aszu1U
wuwenukifintsneandumilugumds shlisnsmegnudseanuaesdauiving
i A MudnY wazATLYI

2. syurumtimds (Coronal Plane e Frontal Plane) fio szunilununfianio
wuls futsdunesitnisandiudrenislugdndrudramis shlisrniegnuusesnidu 2
AU 9 AU A9 ATUNTN LaTATUNAY

3. 9¥UIUVUANN (Transverse Plane %38 Horizontal Plane) Aa szu1uly
wIuew Feulsdruressenzeanidu 2 dauwh 9 fu Ao drwuu wazdiuan



Sagittal
plane

ISuperior

Posterior

/ Transverse

plane

Right

Left

pd

Anterior

Frontal
plane

llnferior

JUT 2.2 sru1ueduisaussnnvu wazknulunisindoulninnian1aiugueess1ene
iJ‘lg‘teJE]( (Churchill Livingston, 2012)

232  wauvasnisiaaaulug lunisindeulmsenieniediuvessenielussuiu
Taszurunieny wiasszunvasnaeuruLnLd diredorass 7 U94579N18TULBY WNUTBY
nswnaeulmusiazunuazd sanfussuiuniseasulmsuulawuuni sluauwuuganan
PafusnuIwuneentidu 3 vilnde

1. LNUWTIN-REIVUIULWIUDY (Sagittal horizontal axis 58 Anteroposterior
horizontal axis) Wuwnulutuiueudsdsanndussuiundnds wagyimindiJuaiioudadn
dloduvessenedinisiadoudilusyuruntmas

2. LANTI9VUIULUIUBU (Frontal horizontal axis %58 Lateral horizontal
axis) WuLnuluLuIueud siaanfussuus i dwadoudda lediuves
srmeinisedeudiluszurusuding

3. unudasaunuluuwads (Vertical wie Longitudinal axis) Wuunuiideann
Fuitulanuioszununuan e n1siad sulwiduvessranielulussunuuwafsazidunis
deulmseunnudl

24 ﬂqﬁlﬂa‘au‘l‘iﬂ?“ﬂﬂ\‘i?’]’ﬁllﬂh

maadeulinesdaitn (Range of Motion) Tneunfianunsawdealdds 180 aaen
viomBuneaniludunss FsunsaueamBunldifinguanund 10 ssrmdesnnnini e
W mBuneonfufiazanunsaselulaussana 150 a9 LLazLﬁaﬁaLszhﬁmsaaﬁagu 90 94"



viomnnniniuUssun felinazanunsavaudmunugIEaUsa 30 831 LaEVyUBEN
NAunuSIFUTEINAL 45 ssmdaininisiedeulmiidudeu wazdsniussmaaszvesns
wdeulmduIu 6 asmdasedilusui 2 slnsanunsondsldiduded

1. MIvUlULUIAUATINGN-AUTN UIBMSEA Lazeeldn (Flexion-Extension,
FE) duintulasnszgniunasindeuiivay vunsegnutudssouumiluuuadng

2. aiAdouluuuIvtin-ua (Anterior-Posterior translation, AP) lnenszgnd1
\ndeuTlnuamtn

3. msmyulunuIsuUL-a1a (Intern-External rotation, IE) iunsiinszgnduwnsey
uauwnAslensgndur SN uah

4. mwguuuuuumuwﬁw-wé’ﬂ (Adduction-Abduction rotation, AA) Kl umsﬁ
N3EANAUVITOULNULUINT-AIAENTEANAUY VYU LA

5. msadouitlunuriunsanana-suine (Medial-Lateral translation, ML) 1funns
\nAeuvesnsEgnduvIdludii uazilsiuuenslnenszanduviiadeudidiuny
a6

6. N15LA8 DUNA1UVU-B (Superior-Inferior translation, SI) 13 UN15LAE DUT T
wuunuidlaenszgnduriadouiluuuiuy

X . .
Supericr/Inferior
. Translation

Anterior/Posterior
Translation

~

Flexion/
Extension

Medial/Lateral

Translation

Vargus/Valgus
= Rotation
—
Axial C_.r
Rotation Y

JUN 2.3 AN wagesmdasenisiadeulmiuesdaid (Shereen Fathy, 2016)

25 Tsadawuden

Tsadoitniden (Osteoarthritis) viefia annzvesnndesannvesdolaeiinisiin
neBanmesasess uaransfinsegnooufindovestoriafifoy mevhanenszgndeuiinde
Aeduagnadn o wassaiiewmy narfiiuly Fefithnumsidensnuariifudeiifossu
i nedienalimeananuvhangludinszanuinalndifes wu veunsegnlude v
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Ttinsvudigu dnsidsuwlasesinlateviivinuautfinisvaeduanas wersanin

wianlisuiliineinistinainiitednge wazniseniauanalin1sinauvesta sty
cs' 0§ Yy a a = o =

nsiedeulvianas wagilvideiingy wasinslunigadsuanduguin 2.4

Articular
Cartilage /
7

Meniscus

Cartilage
Loss

\ - 4

Joint
Space
Narrowing

Normal
Joint
Space

(n) (@)

SUN 2.4 (n) annazdaund (1) Yo uden

(https://orthoinfo.aaos.org/en/diseases--conditions/arthritis-of-the-knee)

26 wiaveslsadordeu
Tsdowndonuiseandy 2 4dn fail
26.1 Tsatandenviiaugugi
Fulsedendeuilunsuanve uarliivsy Henuduihefifatutude
wlpensauaiitedodilmandewden fil
1. 918 WuETieny 40 U szuidilsnderdnden uaziilonny 60 U iy
Tsadondon 19acsouay 40
2. et Fawemdeillontanuinnnitimamie
3. nnsivmdndaAy wiornuduliauduiudesanniulsade i nden
Tnenuiniwindfiasusnadeinaniu asvildiAausinseyiredeitn 2-3 ives
dveingi
4. n15lau 33eun vmne wseRanssu Uszsniu Ivilidausanseie
Fordn W nsaniln matsees malstuiiey nsinauns nmstu-asiiule Yesq s

S adw a A A a aw v &
DIYWNADILAUNIDYUUTUS] DIYNNHBY LUNYDINUNLUULIATUIU
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5. ArunwdesvesdiuUsznouteste wu deaitwaiy ndnudeduuson
w39 viovlas Angu shliimindaneasinuiadewiliuidunssgneouduiisudmdn
unniazideniininuna

6. nssuiug lnstanzluaseuasifiiuss Sadulsadeiden

26.2 Tsatendeuviiayiegh

Julsaterndeniinsivanvg lnefauvgannisuindulasaswinute
1 19 ineUszaugtiog uasiinisuiaduiitertn Snsnaiudesiiivinateianms
yhanuvide niaiduiin lsedesniaugunosd Tsainel Tsedosniay fndo

2.7  n15snenlsavaLdniiay
Snwlsntalud@euiinissnend 3 wdne 35 sall
2.7.1  n155n¥al875UseAuUsEARY Misan1ssnentaglilden

'
=

1. mslnnadinafunisinlsaderdidouunditne wargnd Besiadeides
TouA Ausu 01N Snvazaniivh nsuindu wzisadugng nsldauvesteiinnia
sadamsduiiuveslse wazuumamsiimimanzasdmiuitasusas e

2. myanthioivinlidedessnntu Wun msamimdnluduaeddun
Faun wagn1sUSuLUA suvimavi edTenualuliinused1iu wanidesnisdinnin ans
Faaud mstaituiiioy Hdwmarousanseyiiidsludsdai

3, nseenidenauiiiosoun Taw Lﬁ"aLﬁmmm@w*&jmamé’ﬂmﬁasau6]
ot Wiwmuudausaveade amnuamy uazamBangy

4. mesnwvavmansiluy dWean e1nsUan v uastiasfudoiiden
U Tofin Yorngy

5. MyUszaushgaulng 1un1sinu madenuagiaelsadeniden

6. MsldlaTostnengs ieanusansyihviodeid 1wy 1n3esaongaiu ol
Wi viesuiethsulnuusinsgyivieden nadldlaivhmiesulydosunssimiusd
U

7. msl¥negunsaliaiutew ietiwanusanseiredoiinszninenisvi
nadnsusedniu

272 msineatenislden

Tooeniildsnwutseanidu 2 ndu el

1. ﬂ&jumﬁmuaummwaﬂiﬂ (Symptom- modifying drugs)

2. nqueiUfuasu uazvzannisidon ¥e9nsEgnoeu (Structural

modifying drugs)
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2.7.3  MIINNAWAHIAR

Humssnuiesldiugiaelsadeinden seduguuse formsvinunnume
uvselndeulmie dewiingy vieliannsavhianssuldnuund JagtuiiBnisiidade
wiifenld 4 suuuy fail

1. n5dedndedn (Arthroscopic debridement) wnngazfinnsanldlused
nsiden vestaldsliiun viensdfihediennsndon narseuddnaataunn nie
A9deIMUDUTE NTTANUAN

2. m3thdadsunuinsegn (Osteotomy) Wunissinda wazu$ulnsegn
Bosnduanlufienis asafudny ieanusaiiuderinduiiinisdnunnnii Tnsdndudesld
mdnidluaaily mangAuiiieiil ongies wazdeindadeulsiinn viefidoiinden il
AULFIEN

3. 15K ALUE sud oLy i 8uLd 82LA 8 (Unicompartmental knee
replacement) Wunsiasuswluvesdorin MWlunsditaeideindaladiunn wazdnsu
ilsvesdoinn uazgnavthdalaidon Tef fe unarndnaziivuimdn laidutisunn awnse
aathtiniduldnigluy 1-2 Su vliiaseenan Tsmeiuia wegnduluvhaulfisdu

4. nsrdaasudeniion (Total knee replacement or arthroplasty)
Humssnde Adoaudeuindaivimun Manszandun nsegnan wazenasunsegnaz
fe Taerdenisindeifion Wilueseunsegniidesly Bimmnzdmiuitaedil doinden
sunssaulaianinsalinis$nwisauld meidiwasudeniniion

2.8  dwlsznaudaiiiiiey

foniundugunsaifiadduionaununisdnvesnszgndonn dlutlagtudeld
Snwnegaunsviaty warUszaunadise SedfléTunisrdndeudetniioniutuiiagiud
nsRaud o iuuniy wu 1598NLUVFUNTS Msfiamn Tande1 oy i eady
wngautuImenywd nslimaluladtugslunisuda demalidauivudamumm
1Py annsadfinsseznaldnuldunudedy femfsuwuudsuimuaiiimsldouey
Tuiliguuszneudetudiundn 4 Suduieiulssneude

2.8.1 #hAsaUNIEANAUYD

raseunsEgnduTLandluguil 2.5 siwnananlave fniseenuuugusied

AdeRuFUNTIveINTEgnAuYIdIuUaty Ingidiuntiauisdisiuuy dniseenuuuly
50930 warannsaldnutunsegnasdh uasdiudagneonuuuliaumnstuisaoaiiy wasd
MiBsuiloandmududuiatuduneusostoiniion dusmiluiiindunszgnduuii
rdinoondziiiievugussiiteliidadatunszgn
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U1 2.5 shAseunsegnaun

282 wslausesdaitiiey

dulsznouvmeusestertiisuuandlugud 2.6 1uiasmedues dedmann
Tdunedienfuiminluanags suslnealuduuuasidnvasduinlés itosu
Judunsegniuan dudwvesmeusesdaiifleuiinseenuuumuussanvesdediiio
Ioun Fowiienwinedouiild (Mobile-bearing) 9ziAnunsenansinuaaiioanudrfuntiu
sesuunszgnuiiuda Ssannsnindeudilsiosisdasy warvlnegifui (Fixed-bearing) US1IM
nsananeenuuudusidon Jestuliliteiimaneenainiu smuaslidnvazFouiiedniu
Fudruutiusosuunsegnududs

JUN 2.6 nueusaslaI ey

2.83 ulusemuaudaiiivy
Fudruniusosmueudaiionnandusuil 2.7 andudiindunsegmi
udsdmuuianduanniduiaglave fwihfisessuiminanuueusestertuiion uassnw
sumislidaiduiionyhamdulnd daivagusauuilfald weemuld waruuuBaindy
viousesaiutenliegiud
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JUN 2.7 udusewteudeliiey

D

2.8.4  AdgnazUniiiey
AgnazUnfieunandugui 2.8 Wudwndafniunsegnazdniu dndii

NAUNURIA UL UANVR NN Naz U T FuRaiuT ud1unszgnauIdIuae daujunsed

] £% ]

anvagmilousUissliauuns nevimdiisuuseduaniuaindudiunsegniuuidiuais

D

De

wansamIeldiusg 9 Fudmnszgnastn

JUN 2.8 Fgnavduiiey

29  Ussnntaiiieu
fUhnusagauimusulswesnstedoumnnosunnseiuly dewiieuiesd
finsesnuuuivaneiauandetuiteldvaunuiadeiifinisdnluwuudilld miloutu dw
Tngudaludeniisuuuuniie sddnvarmaneusenissnduy nslivieldlé@wudly
nsBateifioy funszgn (Cemented or Cementless TKA) #3adnwaizn1stenlvitinisiadon
Tneiluansastsenussinndanfisnesnidudewniisudssunndaduluings wazde

wWilenUszianeyinvduleingds
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2.9.1  dawnfisulsznninduluivas

Torflenusziandndulyindstauanduguil 2.9 finsesnuuunalngn
denfiosarensinurenduleindsidaneenluddudowifisnssinneydnusule’
nasazdemadimssnwudulaindsli

JovosdorfionUszinndaduluing

1. wadlansendnvhladetu nsdadndulyindailinsidarilanet
drunmsuiumufwesduduiligenn

2. fimsdianszaneenies desmnldfesmsusuauiwendudusaiug
lififedrAnizeseumvesmsinnszgn

3. Youniinsndeufiunfundwilesnnnisndeudinduludundsld
TndRssiuUng

4. Mmsdnvedtndefiduarananiefnisuiuinvestensliflaenndesves
gﬂmqﬁmmzau

5. Madeguamnsouilaldinety

Tonisulszinndnduleivddlafigadliiuinldonlds waslongduenn
wazldsumnuieusniuies 1 flsanndefvesniseenuuuldinzsifumeiansindad
$etu mawdeufivesdoilndifosiuiung edndlsfinaluvaedivhnisidadgmifids
fna wazdfesuilyseluluouinn lawn

1. {]iymmiﬁﬂmamamalﬂqm‘ﬁm

2. nAnn1zeInIsnatdenniteluteusiaua 1unas (Posterior
impingement)

3. ndiugasesninedeufii el Uisanunsnseiilduindulagly
sonuuuuanninselfgsdsiosinmumanisldauselulusuian (Givan] osinding was
Agdy, 2551)

JUT 2.9 Tanlendssinmdnduleings
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29.2 dawwiiaussnaneydntauluinas

Towfivaussimeyindidulyindsimsousnddulyimdilifuanslugud
2.10 WhmngvesmsidaasuiadeuuveyindidulyindsAensinuanusiivnga
voudulvindaldlifsvsondeuiu

Jofvoiniseusnaulyind

1. Wimsiuasuinaienandenn Wulvindsldmssihmiinddesiunns
indeudiluinmdsvenszgnuinuts uidddianudundunimgdsdnde Wulvivdae
TanusiuasluvisedananivimBend wazvinligaduiavesindevesdoiineguina
Aenansvesiaterfienlindeuiludrmin

2. Mmesyinudulvivdagiesnyiduiwwesiatawiienl Sluiuniiiade
Wiy

3. flesnldsudusoswiniinanssgnuesifieliduiieguesnalngniden
mssansegnlunsidsuderiuuueysnedulviviadsnunsegalinnniuuudaduled
2k

4. anaraneSoaiiinanussiinssrivionalngnidslaedulvindansfuuss
fuwmidshliniaudsudeuuveyingiduleindaiiusanssvhrefiufinssninnsegn way
Tewnfisudosnin msliteriisudssnndadulvilasianzegredsludeidiiing
oonuuUliindedaudisuinntuenaviliinisinvesindie Adudundeunniu saudenis
#n uazmsdnnuasaasnalngnidesuasiilugniavey uasmwhanenszgniou q 9o
Wgy

nsifaAsuieuvveynddulyivdudunsideisnuidulyinds
Lﬁmaag’jﬂw?}aﬁqﬁwmﬂﬁﬁ witlymdfyfonsshwimufsiivnzaundurenduleings
fattuaradlalumeianisingn uarnisesnuuudewdniion saudaniadenvuiadoirid
woRaztluganudnsalumsndamsimuimaia uaznisesnuuuitosvyigliaunse
nouaussten sdsufiaderdludUaefiiiengiesas wagarmisnshianssulduinduly
aUAn

U7 2.10 Fouilenussinveusntduluivg
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2.10  AUFDAARDIVDIFUNTS

AmNLADnAdDITDIgUNTIResnTELIAlimuldsesduduiasaunsE i
wasdriauldmestuduneusostafionslussutuntngs wavluszurugudig @
wanalugu2.1

SUN 2.11 dn9diuANUEenATaIYRIgUNTI (N) SLUUNTIMAT (1) SzuIuiudng

AADnAdesvegUNTT ianviafunilsuansdesaiinldswesiududiasou
nsggniudarsadviuiaianaldmesiudunuousestaiuiion Tumamsafudiud,
AuABAAdBTaIsUNSTATUgus vielndiResruduansdssmianaldsvestuday
G R N AT R R AT e X IRt

MNMSANTHINTES Koh et al. (2018) fifnufuusvasnuaonndetvoigunse
Mdaariovaumans uaznamaninisduiavestouiioulssiandadulvings wazeyineg
Bulvivdilasnsiaaeunanssyiumatinamaniveanisesnuuuieiiisniiinnsesnuuy
AnuaenndesrassUnsslutudunuausosda i iisnfiunndfumuuuufoninilds
aonadosanzitae mnuldsiligavmuagilsinulugii uaramnulfwmuiuianigine
Tudoriflnusziandaduleinds nensavaousaumansnisindeudl nalnnisdurda uay
UseAvEnmnsAnusenigliannyvasuesimamaiu wansifewuieldmuiiuio
MeinAuansisaaumansnsAfeuigIninguLUdY wivssAvsnmussmsdndesninle
Wisuisuiuanalfeliqamsuegilsinuludih

Koh et al. (2019) lafnwndaUSsuiiunanisdinamansvestaldiiieudssian
susndiuleindinieldanineviimianisiu warnissen lnedn1sesnuuuiunssves
Fudrumsusostortuiionfouliiemuldsaugluuuionuldsaenndoaanizfuae
aruldsilligamuogilsdlugii uazaruldsmuiuinisinie Wisuifeutudou
Fouiily uasdeiund nadwsuansliiiuindonivufiinsuuuaiuldwesduday
mpusestolnfsunuiiuinneiniafisaumaninisiadouiivesdeniilndifestudoi
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¥ IS

Unfnnniwuudy wifsiludesinnsfinyimendin wardnnamansdu qdiiuduneululy
14

Galvin et al. (2009) la@Anwngadssuiisunsanusevestalniieulssinneysng
Lﬁulﬁzﬁwé’ﬂmmiﬂ%’ummaamﬂé’awaqgﬂwiqmaQ%ueiauwuauiaaﬁi’faLﬁdﬁLﬁsmﬁaﬂﬁﬁma
wuUlAs waznuuLULeRTRAB AL AT IuI Tud L usesT Bl Bl U UM TIuUY
GRHEPOIVGRRHIEILHRERR wariuiiduiaiides §wgilfssiunsdnvesiuiindoruites
anas nadwsuansliifiuindolngunsauuuiuL viea uaenndeduesgunsisi dA1Adm
uduiatigs Aufidusfades wesvilissiuveausadowimalisnsnisinanasesnadfiuld
Fadlawsouiisuiudoiiioniall nadnsiildannsinuniaonndosfunsinuves
Brockett et al. (2017) AldAnuFuUsvaInLARRdaIIasUNSS LAy TaquuTuA MDY
sosdouiisudidwmansenusenisin Tnedn1seenuuulidudunteusestoi uilewd
Snuazaul@aduuuio nsauulAs nsalATes MSIUINEIULUY WATTISILUULUY é’]’qgﬂﬁ
212 FedmsnisAnvestudiunteusestaltfieumsuulf VIDANUARARDIVBIFUNT
asdidnsnsfnuinnindnsnisindudiumuousest ol uilsanssuuuuuy wie Ay
aamﬂé’awaﬂgﬂmaﬁﬂ (Abdelgaied et al, 2014)

Lipped insert

Curved insert

Posterior
Anterior

Partial flat insert | Flat insert

U7 2.12 ununmnnsesnuuudszavanudenadesvasgUnstlutausasto W ieud
WANE19AU (Abdelgaied et al. 2014)

Zhang et al. (2019) lavinsuseiliudanarans wazUssandnmnisdnlnednen
ALAARADITDITUNTITBT uALMNBUTEsTI WTBuT uanatsulud i W ien g
gaNWUUTERUTIAIALdenadasfiuanaetuluszuIud1ude warlussuiumings wa
nsnwinuidudusousestawifieufiiauaonadoswesgunssgediiuiiduda uas
§msaniige UeNIINTInTINIEN warsaumaninsndsulmeesdowiisuiinanulase
Aswa suudadluszuiugiudie fnnnndnssuiuniangs nan1s3soui 398 iiuianas
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PONLUUANNADAARBITDIFUNTINUTEUIUAULGN VosTUdIuMNBUTRIUBI BT UNUW
drAglunsuTulTaUssaninmuasteriiey

211 vimsmaeadeulvaniugiu
ymsiiugiuieluiinusynfududisuuuumaedeuln Ussiininedoud was
sunuvvestnandsfidrniliiAnnisdn msidouanin wazanuidemevestaiion ns
$raesfianssuvimnensvhauiivanuaneilissiy wesnedeudewisniauasdeiy
ﬁm%’umiﬂiut,ﬁuimmﬂﬁﬁﬂ wazAudsmela AanssnludialszariuninandniFenin
ﬂaﬂﬁsmmmqwuﬁmmm Faudeddla@nuimns 4 i TEuA vivmensidu vimanns
DREER NQNLANE § Lazvihmanstutiule
2.11.1 yinsLAu
yvemsdiudunszuaunsnsindeudiierfoanuduiussesdearinn o
11 dewh wagwih vilvdnsiedeuivessrsmelunsiumii suifedestunisinuauga
vo9319melneudrmiasmihidusisutmin dauwdndrmdssnmifidusad il
raveh wdanduaziinisadumiiituresn i 2 419 ansaifliAedurunsuasasres
Fraladnenilanziendt 2995n7194A U (ait cycle) Auma Auden, 2553) F93950UN5RY
anunsautseeniu 2 929 awguRl 2.13 fe
1. draitidnsduiaiu (Stance phase) Aeviaszazianilwidudatuily
Turaiiu Fsdadiudosas 60 0amE1I93N154RY Faazuuagaseandu 3 939 Audfuves
Fasfiieaesiintsdudai
1.1 HrafiSuvensasnsiauiimin 2 4reinsdudanundontu (nitial
double support) ﬁmﬁuﬁyaaaz 10 YOINTININTAY
1.2 Frefidulowhvesndunsetmeniuity (smgte limb support) %24
ﬁLﬂuﬁaamuﬂmuﬂmawwumaﬂwimswmmsn ﬁmﬂuiaaav 40 %wmmmmsmu
1.3 GtmmimL:uawnaﬂmwmﬂaumamawuaﬂma (Terminal double
support) AniliuSesas 10 VeamnieNasNIiY
2. dreiwieniuiiy (Swing phase) Aaya9szesiIa il saesnans
mmﬂé’aLﬂqiﬂaﬂa']at.ﬁ’laaaaaﬂmﬂﬁu Andudosar 40 vemvilnasmsiiy
Zhang et al. (2017) FnwifieSoufisunansenuvesauunnanaseninesnislday
INAALUUTINLT ﬁumﬂ%’mu‘lmmﬁaqLL&JﬂIMamwdﬂmEﬂaé’mmmaw-é’msﬁ’wﬁaﬂalﬂ
nsduda waznisihuemsdnusevesderifisulaglduuudiassdonisnnuusysndiou
T 19delurinm19nIsAY man1sAnwInulInnsyiugUsnnunsanse danuadnend iy
syminnsldanulnaniidesuuulnedasnisdnusevestonfionusnaiidunsanans-
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ANUYILANULANANAURNA U BATINITANNTOUSIIUA UL AL BENINUS LI AT UAT

1%
&

ﬂmaLLamﬂﬁLﬁudw‘%nmé’ﬂuﬁwﬁmmLﬁué’mﬁaﬁqq warNuNdURaN

- - Stance Phase - > <

i
[

Mid-swing Terminal swing

Loading Mid-stance Terminal stance Pre-swing |
response |

Heel strike

Double
support |

—— Single support ————— o« Double _  Single support ——»

|~ support

|

gﬂ‘ﬁ 2.13 ’Niaumsﬁummwwé (Armad, 2015)

2.11.2 vitlsgas
Y < a aa °o v aa = ::l' ! )
lsgasdunsianssuludinUszanuninisfinvannianegrmilavesesn
maanigludnin Wnendmiin wazyaraifean1snisiulsanmendeainldsuuinidun
seAans wazien lufUaslsadawdenvindssanduniseendidinielugauafiiesain
WepsnunTdeulmussdansnatatansauiunisiaasulivesnannildetnlng was
< ' d‘ = N ! a o o v £ oA = <
p1aduvinnegnlunisindeunied 1adsdmsugnillsadariden ¥3ee1n1suIaiy

Full ¢xtension

n_gom
‘gl Screw home

Full flexion
145°/160°

Swing phase of gait
120¢

110 Climbing Active functional arc

JUN 2.14 dudrdyresdiulanisieiiveuysd (Fekete G., 2013)

PravaensernldluianssudsearTuegluyisussana 20 aeen fe 120 aernves
Yo AnulAwemsselunsdivesuyudansouuseenduawdiumdnde dldansleu
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(screw home) dauiﬁqﬁi%’muasi (active arc) wazaulALUUNIETN (passive arc) Bauans
fagui 2.14 mu‘[mavmwm‘[maa 20 i1 120 mmaa’nLﬂumuimwhmuwu%msmaa
ma‘lmmimmmmﬂmmua uazigatesiuianssudnlvgluusias u svoziiurisiivnen
fuiuliuszann 67 e dmiunistutiu 83 s 90 aam warastula uay 93 aam dmdy
mMaanaIniing deinasdngrsansisussvineseduniase 5 s 20 osn Tuduldainisuyu
sewhansegnvtindiunn uaznszgnuiiudssfniulnesnlusif (Fekete G, 2013)

Jacobs et al. (2005) Anw1kana1aluNadnsAuNITIU N19RFTEN LarN195eE
Ingrszvinamaifiuine uagmsdndulvidslumsindaasudeiionlugvaelsade
don wuingsresnsiedoufigaiu sesen (10509 syt 1130s) lunguilsingn
WasudewniienussinvdadulyiviadenFouiisuiungurihdansasudeniniieuuszinn
oudnsduleinds edrdlsfmmminnisineniliannsalimuugiserininiuinuvie
msdndulriviteeniiniitu wansinwiilfiaruedeadatu Dennis et al. (1998) Fafinw
mMsseliigaaveseIaading 60 318 Turniivinisseriluiidsedesliiminisansdis
aguuiiu Tasguaininadanglelsalal wnwmudinisyuesainissegegafyutinin
gegaluderuiiondssiandadulainds@eds 113 asrn) funninderdisnuszsian
ou¥ndAads 103 sam) uonniazdunafiuluduveamsiedeuiveshaseunszgniiu
yiimadeulunsiunihanmsseluteiiiisnUssaneyindinnindeuisnUssan
Anduluivas

Bellemans et al. (2002) lévinasAnwinalndizaeliiAnnissersigegauasdoiti
nda9nnnsHnF A sudei nisnUssianeusnsis ulvinds luguae 29 s1elagld
ronfinmesdiseanuuuamianglelsalal nuirdewifendssinneyindidulyivdsd
Wesiiusveanisseingsanegi 72 1Wesidudvostew esandimswutusundsves
Judushaseunszgniun Auveusosdertniilen uazinisindeudiulunuadunth

Kang et al. (2019) fin1snsavaouNsUAsuULasRAUAIERT SR B U TABYINNTS
Uszifiumaied euitlutuamii-vds uaznisvyudiiladiunssana-sutaneldangvinds
posludainisudszinndadulainds wegousnviduleinds anns@nwdnuin
Wasuwlawesmaiadeuiluuamii-ndsluteifienussiameyindidulyindaiiuinnd
Fornfiondsziandndulvings uaznsvyudnilsfunssans-sudnslsifdanauunnsiisiu
wnludoiiisaesdseinn fn1sfnuiitieneilagldinad aszuunisnsamnadadves
Yoshiya et al. (2005) wazBanks et al. (2003) wuindewnienussinndndulyindadinig
founduvesnszgniun (Femoral rollback) Tunisiadeudiluuuimi-vdsfiasiiluszmning
nsseluinfagenieFoudsuiuterinioulssaeuindidulvindsifinsedouily
Fumiihuasnseandudioymoimmssolfiuty

2.11.3 vingnifng

1 ¥ dy < a QIJ aa o o [ U
mmiqmmaLﬂuﬂaﬂsmmlﬂiummﬂis MUTINBIDIALNITUTEATUAUVD

Yaa

$9neduEns wazdmuuion s luggseny viegtenmsuiniuiisersdaisnisi
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[

derinweiuguilaunsainlugieunnioswenisieu waznsadeulnilufanssulu
FnUsedriudeonnhlugmsidediale lun1sanduduanviledmveavinasinesiuiuiy
=

a

CY 1 L4

wazFeeanesdeanunsaunualmdy 4 Jreyaagun 2.15 laun
1. sggfinil (flexion-momentum phase) 13 131n3AR A N5 U631

= Ql'

yafumiauieged fuszeniuiiuiits Wutefiinavesisnisdmuuedouiludand
Frennuiiaiiutu Aelumuduvesmsldusumeduuludrenth

2. 5efide’ (momentum-transfer phase) Sudleduenfiuiiuiis way
Augailiaiayusedorinnniian Tusserdfinsdeinluaudmessmeduuuiifeduly
3

rorinialudmndiuvesininie Mlisraniendeoundugalunisdiuntt uazuiaves

'
1 A

Sunmendeuiiinnasuuiiuiissniadivisaesing Tnsnavesitsnieazindouiiundreii
unfigailederintyusesnniian

3. sguiiany (extension phase) 3un1evdaainnisiinyusedewinnndian
auiagaiiamuindamvesdoasinndanduaud ssordfinamdond i doasinn wa
fou itelisneniediings

4. 5388713 (stabilization phase) Liuszsyaavinefisnenieusudaui ol
amusiunsiledostuasiminuuiihisaesdsiituiisosiuuaundudongluvinds (aft
eNananan warAny, 2561; gUin Wluseassa uavAe, 2556)

ol

<

Phase 1 Phase 2 Phase 3 Phase 4
Flexion Momentum Extension Stabilization
Momentum transfer phase phase
1
3
}\ & J;_ 1f '
‘ ~ % |
\v_/ﬁ | ==
j - /{ | “ f 9
{ e [ A i [
} | > [ L% I A )
. J 4 - { " »
start lift-oft max end
ankle dorsiflexion  hip extension

JUN 2.15 Msesunegviimeanin1aludduneu (van der Kruk, 2021)

van der Kruk et al. (2021) &vin1snumiuassanssuegraduszuuiiefinw
Lﬁmﬁ’ummaqmﬁwg LLﬁ%V]"W]’NQﬂlULﬁUQ’]ﬂﬂWﬁﬁ’lﬂ'ms?};’l%ﬂLﬁuéﬂﬁ’lﬁiyﬂum’iﬁ’lﬂﬂuLstj’]SLﬁ]
Tupuannsoniassingwesssuundmiilefianasmuisldinnntonfiedadeuiiaris
fodrrnvesnsiadouln waziilenrandlaiinafunisssytedidavenius uaglviduuzi
doudludiesriameanil

Kwon et al. (2020) l#@nwuiteUszifiuaaumanslusienie uazanuaieslu
faenou wevdsidaUdsudeluseninianssuhdeminundaier uazvimsgniind
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wadwsuanslififiuinnsfiounduresnszgniurvdamsindaasuteiniiadeosninedis
fifoddy 11.6 uu. doiteudurous 14.4 uu. szwrihavivnegnidnd wagmsngudniled
pssnansiianasedredifoddnyluszninsfanssuiidesdinsseiunnigu vimsqniing 4.5
BIANTBURUABURIARA 6.9 DIFN

2.11.4 vinastula

dunsreang UAmaanniduladninliiianisuimduguesauinnds

pURvnUUNIaUNG d51eauinnuAaunivewiasiulafaainnisiadeulniveste
avlnn warnsegnidensulussuivuundne weessuuuuniiiniuludzeegfiuasulads
Huwaanannismavuduuni-ddluienmsudvesasinniidistu uenaining
deuflussuuiansiifinduenafunanannisvinnuresmsnuaussuulszam  uay
n&aidlofilidifssmerlinisadi wasduriuutusulafamumisdaduaumandnues
nsvnausenIinasdule lusendtmsiivdisfedlurazasdule Iaaudnatsuaves
fumeadnguinunsinaesdedearinndisutmin Feilidinsnss evedludiug
aeueniiniety lurasesnisinudiaierluinasiulaiidraafiinnniiianssusu
TuaUszs1iu wasiinszaesvedluivlneuenfiuinninlusyesdudludoasinn uwazdew

Tuusiazrasvawinastulalusounisindouiiviavuauandlugufl 2.16 Tuudaztag
sewireinastulaasiivindinasdudaiiu (Stance phase) avUsynaudae 68 Wesidusives
soumseadeuiivianun uaroruidesdutasnissuihndniunmeiideanngsesdduds
(Weight acceptance) (0 &4 14 Wadidudsaunisad audl) ¥rearus e odludnant
(Forward continuance) (14 s 34 Weldudsaunisindeudl) uaztian1sansyfunIsAIUAN
(Controlled lowering ) (34 1 68 Wosifudsounisiadoud) YoNIING S tE@LN5aRY 180
donifulutiaiiwesudunssdmenituiiu (Single limb support) ﬂmﬂu 31esidusluiin
Jutla wae 39 wWeddudluvhasiula uasdrsnaiivivisaosungiunanfeatu Double
support) dmiu 34 wWesiuluitutule war 29 Wesidusluiiaciula fefufwuandi
Winegedaauitlwindutiuladesfianuiuasuessnniefiniviasiule fafiuansly
Yo iuiaifvatuiiuiundn uerlutiadmesmdusssdmeniuiy 7
Funilusewinanistudiula (Merryweather et al, 2019)
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Double

Support Single Limb Support

Double Support
Leg Pull Thru

Weight Forward Continuance Controlled Lowering

Acceptance | Foot Placement

Stance Phase Swing Phase
n 14 a4 (3] 100

[y

JUN 2.16 dnuvesszeysyninenseumsiauasiulalagauysel (Merryweather, 2019)

Willing et al. (2019) ¥n13@nw B suifisunisiadouiinusssuwi waza
iafesvesteriouanuy liud doninfisnussaneyindidulvings wagdoiiuude
snuuuLeTnwensTndulyinddasldnuaenadoswesnoumed (Condylar) Aiuty
Tnefinsilseuiisuusdsninafanssulusiaesnsld@ndsesrTud e anisiu sty
Huln wazmsastiula nnsenuiduandidiuindanuuanseddideddnlusaumans
nsndeuiiszrinanseenuuuterndesssnnlnesiuudainsuansidiuimuadies
asumi-fundwestonifieufiufeanwuuaievawenisvinduleindalagldaiy
donndetTeRRLMEAanas FelsTin1eenuuUiuR vesdIeusesaIt L n e
aamﬂé’aqﬁmaqﬁuﬁ’aLﬁmﬁuawaam13a1ﬂmmmamsqagL?ﬁ&JLSulsuﬁfmé’qa&mLﬁmwa

Schwiesau et al. (2014)lsUszliunginssunisdnvsevestaiiniisulssinnousng
Sulvivdaudiulsznoumiousesdadinionfielulndiofiduiifiminluanagauy
fmunieldRanssuuse i wu iy Ju wezasdule nssewd sty uaznisgnain
Lﬁﬂ?ﬁmaisﬁsﬁaagaiwammmmaﬁm 8 AL warUSusvuufidaitesuielily 1S0-14243 usaedl
msraeanisldauneliivan uarszoznafiAunusinsmaaeuiiduinasgiu §nns
dnusevesianillinnaevagneluiaditauesian waglivansdeusdvosmnuduimaives
1A39a59

Benson et al. (2002) l#@nwauunnaavessaumansnsindoud uaglaundin
gesmanuudoifieuiiednmmudemefiintusedeuisn InawSeudfeussninede
Weuiiuandsiu2uuunieldfanssuseuriinisidunesgu warseuvnsasiulely 581u
59U NNSANEIMUIIANLAUEURasEnINNsinafulaliAgannniwinisiiuegiad
Foddny 1Wosannsfuimdnlukuiunuigelu WA uuAnd1sweIn1TeaniUY
duuszneuriaTUNTzgnAu s fadianuldsiuandeiululiagnisesnuuudoi
el
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2.12  szpudniwludediuud

Tludeduuidunszuiunadsiiar@ifeidnswasuannisneadamansiudy
aunsnafivadiaiienmadwslaenisuszanuain 3 esdusznou laun aunnsideeysius
Foulvwouivn uazsunsveadam

1. AUNTIBYRUS L“f]uammiﬁﬂwaﬂﬁammLﬁuﬁﬁ(ﬁgﬂa&guumwﬁﬁum{]zuwmﬂfw]
U NYNMTERSNYINS ﬂgmiw%’ﬂﬁiumuﬁgm Las A anTzaunawss LJusu

2. Joulwveuian unissiassanuadoudmiudlymlunis@nuiaszilng
woAnssuaNTveLsiian 1y Hewlvveinssesdu Reulvvesmsduda uaznisduda Bouly
YoIN13han1sEIng uavauURian (Judu

3. gUsaveslam fonsadrauvusiaesfideualiousuiywifiethunadesseuy
aunsLdeeyiud warszydeulvveulunueatiam

Tnedumounisuidameasnszurunsmslilufieduuiuseneulude 6 Tunou

[

N

he

1. MsadegUineasiym Aeuvudassestiymusznauludeiuia veunss veu
1A afadugunsamasuadiaudinvsguinvastymesnidunanes wawuddesyiliia
ressrineduds s umisosiaudsillavauen

2. M3aaediuudtes Aonsainsgunsnasvadediluamasuviedivasly
sUsrevestlapn Tullyn 3 17 Loduusinswiulied 3 sUnsusazsunssazilgadeiiyy wasd
aserusEninauduandlugui 2.17 Suaugeseiuinnitluledmmdaglinadnsy
Fiewnsannnd uafaddnanlunsudtiymueseunisdoyiusiinniy

3. msasaunsliiludiofiuud Wunsaisaunisfivadnfiusznousonszuiuns
VN AU A wagvs Faudud i auerefiAnturnnisaiaediudtos

4. MITINAUNITINLRANUALRY ABNITUIANNITNYANNIINYNG LBFLUUAL LN
sfuuszuvanmsfivadindifefusgrumnzay uiazaunisdeseglusumisiignies
Jevhangnanisuissuualnsigneios
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wilgymauegivdaugaynyaitanasialussuvaunis
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2.13 &I']Glig']ﬂﬂqiﬂﬂﬁ'ﬂilﬂ'ﬂuLﬂuﬁuNﬁiu“ﬂ@L%WLWﬂﬁJ

WInsgIUNITNAaauANtANduRalutawAey (PI-17: Determination of Total
Knee Implant Contact Pressure) [Jun1snageun1snszatennuAauduia wasNunduiads
d o A W P % oA Yo a Yana & @
Wuaestatendinanaonsinisanveso wieulaglaisinaasunienalagnisigisnauin
WSIAUNANNNTOAAUANUNFUN A WazUSU1UYIAULAUFUNE LA D19 U L ananLA s
UoLAYUDIIT WAL TALTINU Iumamaawmawwmlm A9badinswauI Snnsae Ui uae
N1991809M19ARLURADST NS ULT B ULAAY AS 9L AIUNISAUN WU BAZYANS
GO

ﬁ]miwmsﬁuaamimaauﬁamiﬂi LLAUNNTNITYAIULAU WAL NUNAUNENINUA

399
U
'

swinfuduinTouNTENAUYY LAy Fudrumueusostordniion uay szmwwumum
AsEUNTEANAUY uardudufingnay sinienvesszuutoriniivuneldyise way widndi
et Snsliinaslumsnadidalutae & B 5 whvssdmiindferuadnsarmadula
voutlusmesngg wadwsmardannsalfifewmungunseiiusulimasauld

Dharia et al. (2019) Wau1kuuItaeInaneuineslun1sduduninugnaeves
wwuaeuitevuieiuiiduiassrinedeifiounansinunandiiudaiuiidudala siud
vhuneliluuuudassmsresfimefilalndidsstufuaiinlusieuidisue gnielu 8%
Faaglureuivaiiornnisdnuniisiiuan 6 fis 36 WesiTuddsmnundedevesuuuiasdly
NsYIENaaNSEURUSUToyan1INAdeUN NG
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Liau et al. (2002) l¥ns9aoutszansamaeinslayiiduiilaieusenaadludosio
yostoriniisnuunalnnsduiafigndeswadnsuandiifuiednuuy msdudaildainduom
NLULIRRIAsuimesmelianulndfssiunsialasidunTlunimaasuniena
ANUUANAINEIERFe 13 Weasidudlunisinanududuiaasganieldlvan 3000 dadu A
meﬁmqqqmmﬁuﬁﬁmﬁa LAEANUAUAINATENINNTINRRINUITAdR UNINaMgLnAila
g Bogseninaiuinduiafio 2. Wesidud way 10Wedidudnuddu Tsogluveuiunii
MNMsANTEUIN 6 fe 36 Wesidud

1
=

214 udsefifieadas
2.14.1 nuRudSeuiisudainiieusevinalsannaadulvdndnazdadiniioy

Wisnuszinvaysndduluinas

Ardestani et al. (2015) msfinwassiliiingUsvasdiiieussifiuaranindede
LazN1309NKULTDILUUT e isuU sz s ulrindulseuiisuiuussinveysng
Sulands IneUseiivluduaussauzmstedeulmuosdalni waznarmansmsdudalneld
AsTraesuuAeNRImesaeTUSUATY ABAQUS suuuaiasstawgilddunnsieiu 4 wuy
nadnsTlevliduinAaudenadoaween1sesnwuy fnalpensisenuynieds way
aulasenisiadeudl waznisdudaluniseenuuudowiiiousasslssinn dadutade
dlunmsinnsanauuaniweseTaesUssamuinsAnunisaidesialuiesmes
nssaaddpefinnsanludiwendy wasndwiodhuinseisy

Serna-Bema et al. (2018) AnwidaUSsuifisunadnsnisisonenaandsdl
NSAAMUNaRYNNUBE 10 T‘Jiwdwé’ﬂwﬁlﬁ%’umimﬁmLﬂ?ﬂlﬂusﬁaud%ﬁamwuﬁwumwnfw
gilpdounussinnanduleings wasUsznmeusnwdulvinadaelaunfgiuimasnslunis
Aamuszuzendiauadeadaty sldnisuszdiunanisaddnionadns nadwsnuiinis
sonwuutsdesliflmauuanssegeived dlunisusadunisinenislinzuuunis
waoulm wazALanalavesrtae yonaniinsusediuanuidernevesdedinaaeawuy
Faflauedneriu shlasdldinseeniisaesdalifuuulruiiAuindiu nnseanuuuity
aesUszauarudfalumslinulussezen madenlfnutouiientusgfuanmuaasy
loidarinvesfthy warmadenvesunng

2.14.2 ueszilsusmalnludeduuduulusunsunaunames

Shu et al. (2021) Snsatrsuuusiaosteriion szuunduile wagnsEan
duasdmsunmsiwnmsedoufiveaailuvimanisiiu easmuusasstoidmsy
A153ASITRIaUAIEns NSIAA auTl waznadans nduNE LATATIFADUAIINYNADIVDN
JAUAIEAT NITLAS OUT LABSI91ANAN1INAaBI95 9 Tasldlusunsy ABAQUS KNEE
SIMULATOR nsfnwnilifuisnisnsanaeumnyniesnasaumansfiannsoiuldludy
AaUANSANYINIAATN wavdunlgniseenwuudait ey Inenan1sIAsIEyivintis 11U
nan1Tlzinamaninisiadeulmusdoiiuulusunsurendinugndedndifsiy
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MM3iANaIINN1TNAADLALATY Feanansndududilusunsuneufiained ABAQUS KNEE
SIMULATOR #auusiugntunisidan

Shu et al. (2021) lav1N15a3194UUTI8097BLYT kagTow L gUNI9A I8
suifouismalsiludiodiund TnefifnguszasdiieIouiisuaaumans uaznamansnsg
duavesiuuInaesdeitiiieuiuuuuinasstainuniseningeumsay Luudnaeateldn
FeuldFunisiam uaznsnaeulsyansameuniseanuuuifisue il dusviedoi
Wianusziandad uleinds wasdeaiisuussianousnvidulaingds Ingldlusunsy
ABAQUS uams@nunilldifiewfiavinannudnlasnuunndsmessaumansnisadeud uas
nalnn1sdurasenInenITeanwuuTal T Al tazdoi1unfisenineseunsiau
waglidoyafinseunquid vafuuszAnsaiwveateiinund Jaudunisduduirlusunsy
ARNAIMET ABAQUS Avuusiuglunisldenu

2.14.3 Adsiiieafunmandeulnivestiawin

Chen et al. (2016) I¥panuuunuusassszuundmiile wagnsegnaiuan
seuuuasmamans Taglilusunsuresiusesiloviuigraumand wagdumisuesqa
fustatsesunelagnduila iRntuuinndedevesdorildsunmsidnuasudon i iouwd
Tnelusunsuananseiinsgussiifntuiidess usslundunile uasnsindeuiivesdosels
NANTIATIZILTINTEY Laggadudanansisluifnisiiungsaumans uayaadudadn
Ardulasyninederenseanaunidiudatedunseanauvidiudy il lungAnssunis
\deufivesvesynduil wavussAnTuTSe

Zeighami et al. (2018) 9aduiadusudsiddalunsussifiuussdudad
Aaduvinutedsovestorluninuilsiunsnans uasilsdudrsanuuuiiassssuy
n&nanile WAENIEANEIUAN nsAnmAdsdffngUszasdifofmuniinisiamuninadoud
vosgeduialunisaauuunasssruunduielungusesuaufifiquamudussunfdeh
MMARBALULGH wuusaeamaadeufivesedudaiiadrsduingninuiuieuiitey fu
151Ad oufl vosaaduiai naaos nafl leAen1suasugedulainansznueg1snnsio
Jaumanivesdolln uazissiiAndy wuin wegfevnavesnssuudendamuvainvais
Juifuiae LLazﬂﬂiLﬁaumawmé’ms‘l’mﬁmasmLaa:ﬂ,m'Lﬁmwaﬁm%’umsivuLLiaﬁmé’uﬁa

Navacchia et al. (2016) 4ingusy mﬂLwam'maamamamssumﬁmaummn
LﬂmﬁuuiusuaLmsumwmmawuﬁmmqS] lowA iy vinAuastule LLaumaﬂmLma S Ineld
naunaassdudiefthdnudsutamuuuimue uaraiauuuassssuundiaie way
nszgn waglnziissiouisliiludieAwusduulusunsy ABAQUS / EXPLICIT Fawadild
wusafinsgvisamniigaiaivitasdule LwimmLﬁué’uﬁaiqqqmLﬁﬂﬁvhqﬂﬁ’mﬁﬁg N
fusfavuszunuluviininiy wasiuastuladdlvgflumaisdudng dauvianifandgluma
Hefumssnangeinarswosusinaiaundondsiuluynianssy duusfiddgiinliian
ALUANANITDIABYNAIVBIUTINARD NTVYUULIAIUVL-E13 UTIT NABY LATAIIN
ADAARDIVBITUNTS
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Usziameysndidulaindsneldviniugiudne uagdruiiaondunis@nudninaninm
uanAsrIMaAsuLasnudenadasassUnssneliviiugiusne

uananillénsiusuifisuna efusuanugnioswesnissiaosmavulusunsy
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3.2 A/nsaiiunuily
Tums@nunintaisnmssidunuidoesniu 2 danldud
321 wansWSsuiiisuionamaninisiafeuiissuitedainiieudssandadu
lyfndnazdoniisaussanaysntaulyivas
IUH’]iE)EJﬂLLUUﬂﬁVlﬂa’e)\‘]‘ﬁjﬁf\!miﬁ%m’]EJLﬁ@f\wﬁﬂww}w’sLLiJiﬂ’J’]iJLLG]ﬂG]'N“UEJ\‘I
woAnssunsiAdeuiiseninsuuuiaessderiniisuuszinndaduluingds wazdouile
Ussiameydniidulyiromtugiusiag lneSeudsudodniissdssnndaduluings way
Tounisndszinneudnsiduleineldvifiugiusieg o 4 imnsldun inaiu vin
mstages vmsaniind wagvivnsastulawFeufieuiufsuimaneed 4 nsdinnsfinw
3.2.2 3NSWavasAIANEaAAdRIYasFUNTIneTldvinisnIsAaY
1um'§aaﬂLmeiwmaaaummwmmwafu £ANIRIMUTAINLANFITDY
msLU?{auLuJaammaamﬂamsuaqgwswaqwqmmmmﬁmaauwuamwmaawavmmw
soviiiugiuangg denginssunisindoufivesteituiion Insuuusiaasdorfiondisnay
thinfinsanlunsiddsuulasnuaenadesesgunsadutonfisnussansdndulyings
Tneldnsdifnwwihilugiusneg Tuinsiu §aed 1 nsdinisinw

3.3 WUU1a09 Ut URIUSHASUADNNLADS
3.3.1  nsaduuuinasenszantain

uHuRauaRs T uRLNIWTENLUUTAINTE QLY 3 DRuARIgUT 3.2 Tay
wudiaasdad 3 Aignatisdulmilaglideyaninenmsdneufinmes (CT scan) 91
omadasiiduaulnefifigunmilasnmienaisdneniamesildazgninndaudsgunm
oonduiuiififisisasiBeainaiy uazgninunsuaidmiiduassaniuargnduiindu
Si’famaﬁl,ﬁu%maé’m%’uquai’wammu:ﬁa TnesUuuurasteyaduiiuingunsaariadeds
AuAniuity mﬂuuﬂuauammuumLUuLmeaaa 3 fiidsuszneumedoyatngauiia
fiduiinlugunuuinnIgiu Lagaindusuudiassnsggn 3 ffgnindanseglidyunsd
aunsaUszneufITuLLLTIaesT B BalweR Luudiass 3 Iavestoi1und
Usznaudenszgnau nasgnntuds uaznszgnaziideunslingzs nsqnianuAgn
$rassmsFamutuseunsindaia figuil 3.3
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JUT 3.2 UNUAIUARITUABUNSERELLUUTIADIN AN 3 iR

3.3.2  WUUINRaUBLUTEY
Tunmsfinwiuuuieestaruiisuwuuisuimungnitaosnaindaiii
Femdandugiadennifiondssandaduleivgs weveudndiduluinds @re Implantcast,
ACS vuneued 4) Feusudanansduneuniseaniuy uazairanuudaestawd oy dou
Woudwndvdargnaunulneiaiosauny 3 4 (Handy Scan 3D) femedaimnssudou

JUT 3.3 Luuiaeensegnde 3 i
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seEnaaINNIsauny Teyaderiiieuazgnaiisuniiniteyailud miusuudnaes 3 IR
lneldweaninis Geomagic Design X (3D System) 3nuuaztveyanlauiasne wasdugy
Tdidunuudrastegwiruuiugiudoiieudandud lnsldenduasdmiunisesniuy

3 @ SolidWorks (Dassault Systemes) wuuatassUaiisuusznaunsaiuaiulann o

ATOUNTEANAUY NUBUTDITOI LY UaziIgnas U g Natai WigayiaaIussian A

wamsluguil 3.4
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‘d‘ v v 1 ] a 4 I v 1 )
JUN 3.4 {1ATEUNTZANAUVT UNDUTDIUBLYLNEN LaziIgnas UL (N) YBLU L
Uszunvdnduluivds (v) downiisndsziveusndduluivds

Tuduvesdvsnavestiadoaruaonndosuesgunsedaasdl 2 Jadeldun
ANUNADAARB3YITUNTIIUTEUIUMUY ( Cs) Uazauaenndasvedgunseluszutumii
183 (Co) lagluumaztdadeuusanuaonndesvosgunsseamdu 3 szau laun A
A0AARDIVBIFUNTIEIEA ANABAASDIVDITUNTIUIUNAN KALAINADAARBIVDIFUNTI
fan TveInnuaenndevesgUnsslusEUsuiidiTageanisngeegil 0.8 f4 0.4 uaz
Tussunumdwidlidisasanissanegil 0.9 83 05 Tasaruaenadasesgunssisiuszuny
wimds uazszutuiuinadudeyaiinannisinwnsindsminnaldwesderifioands
MAYSERarI7 WarINMIANYe TR INADAAEDITEITUNTIZIAN LALAAATIADITEUIY
wudmesdaifleniiudsuulasmuaenadesossunsiramariinanun 9 uuusiassd
mABRAdaIvBIgUNTILAnmslusE U mas uazszutufuisunnsiu 3 seugn
wamslugud 3.5
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A9 WAYTEUIUAUTN

3.4 MSAVUAAMENURIEHR
nsfnwildRasandedodouitludoroseninnszanasth uasdedonszgniu
(Patellofemoral joint) Wazdereszninatasanszaniu wazdosonseanviiuds ludiuves
dedegeuvaadaroszninnizgnarth uastedanszgnduarinnsantdun uldgnazdh
(Patellar tendon (PT) wagnduilonguaieasidu (Quadriceps muscle) wusaanifu
w5ned Awessa (Rectus femoris (RF)), 2@nd duwnasiiaea (Vastus intermedius (V1)),
dfd Lalsesadd andna (Vastus lateralis longus (VLL)), 21@@d@ walsesada axuan
(Vastus lateralis obliquus (VLO)), 1@ad duwada (Vastus medialis longus (VML) wag
@i Slfueda exudn (Vastus medialis obliquus (WMO) wazluduweniledosouvesde
Aosznintananszgniy uardesenszgnuiiuds Usenaulumeduindiudialy Wude
frud1euen  wazd uleda1unds (Medial cruciate ligament (MCL), Lateral cruciate
ligament (LCL), Posterior cruciate ligament (PCL)), touszudn TaTs (Oblique popliteal
ligament (OPL)), 1ouluailedilusea (Popliteofibular ligament (PFL)) uaztdudamudialu
wara Ut 1suenInaligLs e LﬁuLLﬂUﬁa (Medial and lateral posterior capsule ligament
(PCAPM wagPCAPL)) Liloi8 ognrmualvifummivsuduloaiuusauoy 2 87 (M3D4R)
wareRUsynovauseiiliidudadumunisineneuntind (Shu et al,, 2021) AuaNTAvE
uugnuandliluasedl 3.1 wardiureswuudaesnssgniiiundszneu uardudnude
LﬁzhLﬁauﬁgwmazﬁmumiﬁﬂuﬁ’mqLLsﬁqm%q (Rigid body) Tunsfiansanmspdeufivesdaidn
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AglavimanugIusneg egnansenuveIwsIdula wazlunisnsideunugnAedves

WawnsusenslnseiszdeouitmalnludieduudezfinsannueusesorniisuduTag

Indefduuminluanaguduiieviasunduingiawnsod suwdasgusald

(Deformable body) A8f10nd U048 685 MPa uagsnstd1utwesdl 0.46 1 Lile
praapunTUasundasanududuia waritui dudadinsudsuuvadndidsstunis
nagaun1ana wuudiasslwludiedwuiauifvesoniienussianiszamdaduluings
wavouysndduleinadlduuuiaedludieduudaudfvesaseunsegniuviiinue
duuilunsefisslagruaumden wazuuudassliludodumdaiiivemueusesteli
Fenldsumsfiansarlassmuneduuddunsmnni wdmndusuuiaesiludioduned
vosdafleuargnusznouniniunszgn ndande uandufuansilugud 3.6

FN5197 3.1 AAsTivesauURianuosEuLdY

(N/mm)

Fwdu | alCL | mLCL | pLCL | aMCL | mMCL | pMCL | aPCL | mPCL
ALLASEA
L%I?,Jéfu 1.01 0.99 1.01 1.02 1.03 1.03 0.99 0.96
(Prestrain)
AT IR
(N/mm) 1353 | 1353 | 135.3 124.7 124.7 58.4 46 58.7
LHuLdu ALS PFL OPL PCAPM | PCAPL PT RF VASI
ATULASYA
L'%'méfu 0.8 0.96 0.94 0.96 1.04 1 1 1
(Prestrain)
PRI 36.3 46.7 533 88.3 93.3 5000.0 | 5000.0 | 5000.0
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ALS

LCL

(n) (¥)
5UN 3.6 wuudaediludedwudauiiivesianuszneusiunsegn ndnuiile wagdewn
eyl (n) YuLanUNTVeIRUUTIABITLN () YULBIPUNGIYRIRUUT ARt

3.5  nsiansananuludassuasuunniafuud
MIMNTNTIERUMIWIAERUA TNgaufeainusiuladndpoudldidu
Ameuiiexsuls uazliluansnisiasuuasuesvunaeanudfiioddyduandusui 3.7
Tutheveamsmsraasumauaedmudnldlunislunisinuignauaueglutae 2 uy. f 1
uy. Wnedn1snivaeullesidudaunand 193 NANNAUENRagage luvn1siAy ey
AmNuvLILIYeseALudAde e aiuaulANadWS AlA LA N1 YBAYLNALE A LA AN
tfoundn 2 Wesldudvesrnududuiagsan nan1snsIsaoumuInedndmngauly
nsAnuialivunvenedunsi 1 uu. Tadutiiensulfdodoutuilasulunsinu

AeUNTA (Koh et al., 2018: Koh et al,, 2019)
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JUT 3.7 mavegeunsauludassvesvunaedmuddmsumiudududagan

3.6 mﬁﬁmuﬂﬁ'au‘l‘wauwm

Tun1sfiansanvuseneud uduaseunsegniundiunususost e uiiougn
fsuslasidonduniigasaeiidnsduiaturesisaesiuduisnmilmanas uazils
sudhafauanslugui 3.8
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JUT 3.8 MIsryUMuviaIamaanduiaiuveATaunNsEANAUYT Lazuausaslald iy

/

|

Tumsimuadeulusuuuunssusaildlunsinuiaenadasturimefiugiusne
4 vianuditvualifleUseiiunansenureanalnnnsduda wazaaumansnisindouiives
fohsgwiedorenszgniun uarderonszgnuiiuds dmiuldoulunissusdlunisinei
TitoyadnsdeananszusemnFudululsunsy ABAQUS KNEE SIMULATOR #eiinnsénadadia
MnmsAnwneunthi (Shu et al, 2021) %’agamimmﬁiﬂumﬁwaaqmim?{auﬁ‘fuaﬁa
il neningg 4 vimnedafifonuniigunounissuseldun wssndruiemondifud
(Quadriceps Force), usslununntii- nda (AP Force), wsslunuads (-5 Force), wsadaluuwun
W81 (V-V Torque) wazusadaluwuifs (- Torque) Jsuansiagnanisyluvinnisiduly
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SUTt 3.9 wagviwnedug Tuniaruan n. gk 5 anseluusiasvimaiugiugninldld
Tudunszgndun uaznszgnaziiluteiiienddusui 3.10 mdudszansusadonnu
TEMINAIUNIATOUNTEYNAUY Uagvdausestaliieusiuivduysenaushaseunsegnauy
U uazignazUneusiawindu 0.04
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E a§ 600
% 0 aé 400
&
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s 2 200
= =
<= -10000 L=
=] =z (¢}
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= 0 0.5 1 L5 2 2.5
-20000
1781 (s) 1981 (s)
(n) (%)
500 20000
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S o =
"o 2 0
= -
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E: g
z = -20000
E -1000 i
£ s
-1500 = -40000
1201 (s) 1281 (s)
(M) ()
2000
£
Y& 1500
e
= 1000
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I~
500
=S
2
By 0
g
c 0 0.5 1 15 2 25
1381 (s)
()

U 3.9 sUuuunsy 5 gduuuluvimisiau (n) ussluuuifs () uwsslubuimi-vds (a)
wselaluwwana () wsadalukumviin-was (3) uwsanduilomen3igud
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I-SForce

Quadriceps

g I-E Torque

JUT 3.10 Reulunsimunn1sewss 5 Mseivszynaldiuwuudiaesdeii

3.7 AIasvdeuAdNgndavadlusunsudas el ludiadiuua
Tudumounisnsraaeuaug ndesvaslusunsudlenisiasessdouisma
IwludodudlasnsiFeudisuiunsmage unenalneldinadingifies \Wunmeaeuiite
nTIvdauAIAIA udualagUT e U B UTENI N3 9IaRe N TEuTsluLAaEyaIAIAY
WINTFIUNIAIMUAAUGTUFNNE TRy
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Abstract. The conformity of insert component is one of the important geometric
parameters in the design of total knee replacement (TKR) which must be considered for
the biomechanics and wear performance. A changing of the insert conformity will result
to contact stress between the tibiofemoral joint affected TKR performance. This study
involved evaluating the effect of insert conformity in the posterior stabilized type of
TKR to the contact stress using Finite Element (FE) Analysis. The three-level
experimental designs for response surface of insert different curvature in the sagittal and
coronal plane were analyzed. The FE model of femoral and insert components were
created and analyzed under loading conditions based on the standard knee contact
pressure test (PI-17). A total of nine design scenarios included the different insert
conformity (curve, partial flat, and flat) in sagittal and coronal planes were analyzed in
various knee flexion angles. According to the result, the insert conformity in the coronal
and sagittal plane displayed the effect of the change on the contact stress and contact
area in each flexion angle of the knee joint. While the flexion angle of knee joins raise,
the magnitude of maximum contact stress increased however the contact area value
decreased. The changing of insert conformity value in the sagittal plane displayed higher
sensitivity to biomechanical contact than the changing of conformity in the coronal
plane. The design of the insert component with low conformity will be benefited to
decrease the contact area that affects to reduce wear volume in TKR. However, the
decrease of insert conformity may affect the increase of contact stress included the
limitation of the knee joint with low constraint. The study indicated that the geometric
design of the insert conformity played a crucial role that influenced the contact stress as
well as the biomechanical performance of TKR.

Keywords: Insert conformity, Total Knee Replacement, Contact stress, Finite Element
Analysis
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1. Introduction

Total Knee Replacement (TKR) is a medical device used in the orthopedic surgical procedure to replace
the weight-bearing surfaces of the knee joint to relieve pain and commonly performed for osteoarthritis.
However, there are currently still reports of complications from patients after surgery due to problems
such as implant loosening, pain, and weight-bearing surfaces wear [1-3]. The surface wear of the insert
component is an essential factor for the shortening lifetime included the loosening of TKR [4-7]. In
severe cases, revision surgery may be required because of material damage, which generally uses Ultra-
High Molecular Weight Polyethylene (UHMWPE). Biomechanically, the result of wear in TKR is
caused by mechanical factors included material, geometry shape of insert design, and kinematics of
daily activity. Insert conformity is one important parameter related in both the coronal and sagittal plane
for the design of TKR s should be considered both of biomechanics contact and wear performance [4-
8]. Normally, the conformity is the ratio between the curvature radius of the insert and the distal femoral
component [3].

In previous studies showed that the design of TKR by a change in the insert conformity affects the
contact mechanics distribution both of stress distribution as well as contact area [4-7]. The relation of
UHMWPE volumetric wear is directly proportional to the wear coefficient and sliding distance included
the contact area [4]. In addition, the mechanical contact between the tibiofemoral joint which related to
the bearing-weight caused by the daily activity of the patient was an essential factor that leads to
biomechanical wear [4-6]. The level of contact stress distribution correlated inversely with the contact
area of the insert component in TKR with the various kinematics of the knee joint. In a previous study,
the computational model using Finite Element (FE) analysis and experimental studies have shown that
the effect of insert conformity is important in the determination of TKR wear included biomechanical
performance [8-10]. Using FE analysis, the biomechanics contact between the articulating against of
insert and a femoral component could be described which have reliable as the experimental study. In
addition, in vitro study of contact pressure distribution in the tibiofemoral using Fujifilm technique or
Tekscan pressure sensor was a common instrument, which helps to understand the impact of geometric
design of TKR [11,12]. However, the experimental studies still have a limitation of the high cost and
long-time. According to the standard knee contact pressure test (PI-17), the purpose of the test was to
evaluate the pressure distribution and total contact area on the tibiofemoral joint of the TKR system
based on the bodyweight load in each different flexion angle [13]. The bearing load in each flexion angle
of 0 to 90 degree with the loading in the range of 4 to 5 times of body weight was used for determining
the knee contact pressure. These results can be used to develop optimized geometries included the
conformity of the insert component.

In the consideration of the main effect, the design of experiments (DOE) was used to evaluate the
most important factor affecting the output, leading to the optimized output response and explanation of
the interaction between the factors [14,15]. The purpose of responses surface methodology (RSM) was
to determine the optimal condition of the system by analyzing multi-factor data included to evaluate the
level of factors that optimize the response. In this study, we hypothesis that the various conformity ratio
in TKR which the changing of insert curvature effect to the contact stress as well as the contact area.
Therefore, this study aimed to investigate the main effect of insert conformity based on a curved, partial
flat, and flat in the sagittal and coronal plane to the contact stress between the tibiofemoral joint of the
TKR system. Using FE modeling and simulation, the main effect of insert conformity and surface
response analysis to the contact stress was obtained. The results of this study provide essential
information for the design of the insert component for the suitable biomechanical performance of TKR.

2. Materials and Methods
2.1 Computational Model
In this study, a 3D computational model that was the posterior-stabilized type of TKR was considered

which consisted of the femoral component and insert component as shown in figure 1. The geometric
parameter of the insert component was considered as the radius of curvature in the sagittal plane (Cs)
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and curvature radius in the coronal plane (Cc) as shown in figure 1(B). The insert conformity was
defined by the ratio of curvature radius between the femoral component and insert component which in
a range of 0 (flat) to 0.7 (curved) and 0 (flat) to 0.8 (curved) for the sagittal plane and coronal plane,
respectively [16].

A total of 9 models varied conformity value with the maximum to minimum in the coronal and sagittal
plane were analyzed by using computer simulation software (Abaqus Knee Simulator-SIMULIA,
Johnston, USA) as shown in Table 1. The FE model of the femoral component was determined by a
rigid body using the tetrahedron element type with a control element size of 1.0 mm. While the insert
component was modeled as the deformed body using the hexahedron element type with a 1.0-mm
element length. The mechanical properties of the insert component were considered with Young's
modulus of 685 MPa, Poisson's ratio of 0.47, and the density of 0.94 g/cm?® [17]. The coefficient of
friction between the femoral component and the insert component was 0.04.

(Cs)

(A) (B)

Figure 1. Posterior-stabilized TKR: (A) Femoral component, (B) Insert component.

Convergence testing was performed to verify that the solution did not exhibit any significant changes
with mesh refinement as shown in figure 2. According to the testing, the element edge length was
changed (in a range of 3.5 mm to 0.5 mm) until the percentage difference in the critical results of
maximum contact stress between two consecutive mesh densities were less than 2% of the peak contact
pressure during the knee flexion. The convergence study results indicated that the mesh density utilized
for these insert components was an acceptable range relative to that obtained in a previous study [18,
19].

w
o

Al aladiilin

gAY

Contact Swess (MP2)

4 35 3 25 2 L5 1 05 [
Element number

Figure 2. Convergence test for maximum contact stress.
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Table 1. Different conformities of different insert components in the sagittal and coronal plane.

Parameters Abbreviation values
Coronal plane in curve conformity CComx 0.80
in partial flat conformity CCrid 0.40
in flat conformity CCmin 0.00
Sagittal plane in curve conformity CSmax 0.70
in partial flat conformity CSmid 0.35
in flat conformity CSmin 0.00

2.2 Boundary and Loading Conditions

The FE models of TKR consisted of the femoral component and the tibial insert component was used to
analyze the contact stress included the contact area on the insert component based on the standard knee
contact pressure test (PI-17). For the boundary conditions, the vertical axial load under various flexion
angle between the femoral components and insert was performed as displayed in Table 2. The bearing
compressive load was considered as the bodyweight with equal distribution on the medial and lateral
side of the femoral component. The bottom surface of the tibial insert component was considered fully
constrained with no translation and rotation as shown in figure 3. The femoral component was allowed
free moving in medial-lateral translation included the internal-external and varus-valgus rotations.

Table 2. The load and flexion angles according to standard knee contact pressure test (PI-17)

Flexion angle(°) Load(kN)
0 2901
15 2901
30 3267
60 3626
90 3267

't,'t,t

Fixed all DOF

Figure 3. Boundary and Loading Conditions
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2.3 Response Surface Methodology (RSM)

The design of experiment (DOE) was used to effectively statistical design and analysis process included
the screening design and optimization [20, 21]. Generally, optimization design is mostly analyzed for
finding a response optimizer to determine the optimum factor value. In this study, response surface
methodology (RSM) was performed with a three-level (3¥) factorial experiment to evaluate the optimum
conformity value of the insert component. All results were analyzed for determining the optimum value
of the distribution of contact stress included the contact area.

3. Results

3.1 Effect of conformity to contact stress and contact area in various knee flexion angle

The typical FE result of contact stress distribution occurred on the contact surface of the insert
component in each knee flexion angle (0°, 30° 60°, and 90°) was displayed in figure 4. The magnitude
of the contact stress is changed according to the knee flexion angle and occurred the high value of 43
MPa in the 90 degree of flexion angle. Also, the contact point displayed a change in the anterior-to-
posterior direction as the increase of knee flexion angle.

+4.347e+01
+3.985e+01
+3.623e+01
+3.260e+01
+2.898e+01
+2.536e+01
+2.174e+01
+1.811e+01
+1.449e+01
+1.087e+01
+7.245e+00

+3.623e+00

+0.000e+00

60°

Figure 4. The typical contact stress distribution on the insert component in each flexion angle.

Figures 5 and 6 illustrated the result of contact area and the contact stress in various flexion angles which
change with the conformity value of sagittal and coronal planes, respectively. The magnitude of contact
stress tends to be clearly increased when conformity vale of both the sagittal and coronal planes was
decreased included the increase of knee flexion angle. While the decrease in the contact area occurred
in the case of low conformity at an increase in degree. The flat conformity in the sagittal plane exhibited
the low contact area value as shown in figure 5(A). For example, the contact area of the curved, partial
flat, and flat conformity was 292 mm?, 178 mm’, and 159 mmy’, respectively at the flexion angle of 0°.
According to the result of contact stress, it was found that the flat conformity displayed the high contact
stress, while the curved conformity revealed the low contact stress as shown in figure 5(B). In addition,
the results showed that the tendency of changing contact stress following the conformity of the coronal
plane displayed similar changes in the conformity of the sagittal plane.

108




101

The 11® TSME International Conference on Mechanical Engineering
1%t — 4% December 2020
Ubon Ratchathani, Thailand

w
@
3

3

300

hvbne

Flexin Angle (°)

2
3

P e
5 2t
2 3

Contact Area (mm?)
g

H

Flexin Angle (°)

& Curve Conformity vs Conatet Area @ Partial Fat Conformity vs Contact Area W Curve Conformity vs Contact Stress © Partial FlatConformity vs Contact Stress

O Flat Conformity vs Contact Area OFlat Conformity vs Contact Stress

A) (B)
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Figure 6. The effects of coronal conformity to contact area and contact stress in various flexion
angles: (A) the contact area, (B) contact stress.

3.2 Analysis of variance and response surface methodology of conformity

The analysis of the variance of insert conformity to the contact area and contact stress was shown in
Tables 3 and Table 4, respectively. The value of R-square was 99.65 percent and 98.14 percent from the
contact area and contact stress analysis, meaning if the variance of the data is 100 percent, then the
variance of the results is 99.65 percent, which can be described by the regression equation. Also, the
Adj-R-square value of the contact area and contact stress was similar to R-square, indicating that the
studied data was sufficient for analysis of the experiment. The linear regression analysis for predicting
contact area and contact stress showed in equations (1) and (2), respectively. The result of variance
analysis of insert conformity (Table 3) found that the interaction between Cc and Cs had a significant
statistical (p< 0.05) effect on the contact area. Likewise, Cc and Cs had a significant statistical (p < 0.05)
effect to contact stress concerning contact stress, whereas the interaction between Cc and Cs was not
statistically significant (p< 0.05). In addition, Tables 3 and 4 demonstrate that the conformity in the
sagittal plane was the main effect to the contact stress included the contact area by considering the
adjusted sums of squares (Adj SS) with the highest value.
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Table 3. Analysis of variance of contact area

Source DF AdjSS AdjMS F-Value P-Value
Model 5 36447.0 72894 172.81 0.001
Linear 2 324732 16236.6  384.92 0.000
Ce 1 71774 71774 170.15 0.001
Cs 1 252958 252958  599.69 0.000
Square 2 3969.6 1984.8 47.05 0.005
Cc*Ce 1 660.5 660.5 15.66 0.029
Cs*Cs 1 3309.1 3309.1 78.45 0.003
2-Way Interaction 1 4.2 42 0.10 0.772
Cc*Cs 1 4.2 42 0.10 0.772
Error 3 126.5 422
Total 8 36573.5

S = 6.49474 R-sq = 99.65% R-sq(adj) = 99.08% R-sq(pred) = 96.10%

Contact area =160.10 - 7.0 Cc - 49.9 Cs + 113.6 Cc*Cc+ 332.1 Cs*Cs + 7.4 Cc*Cs (1)

Table 4. Analysis of Variance of contact stress

Source DF AdjSS AdjMS F-Value P-Value
Model S 525358 105.072 31.64 0.008
Linear 2 505.650 252.825 76.14 0.003
Cc 1 143164 143.164 43.12 0.007
Cs 1 362486 362.486 109.17 0.002
Square 2 17.180 8.590 2.59 0222
Cc*Ce 1 16.208 16.208 4.88 0.114
Cs*Cs 1 0.972 0.972 0.29 0.626
2-Way Interaction 1 2.528 2.528 0.76 0.447
Ce*Gs 1 2.528 2.528 0.76 0.447
Error S 9.961 3.320
Total & 535308

S=1.82221 R-sq = 98.14% R-sq(adj) = 95.04% R-sq(pred) = 79.63%

Contact Stress =44.12 +0.03 Cc - 20.50 Cs - 17.79 Cc*Cc - 5.7 Cs *Cs + 5.68 Cc *Cs  (2)

The surface response of contact stress and contact area was established from linear regression analysis
as exhibited in equation (1) and equation (2). Figures (7A) and Figures (7B) showed the result of the
response surface analysis of the contact area and the contact stress, respectively. The analysis results
indicated that the contact area may be reduced by the decrease of Cs and Cc values, however, the
decrease of Cs and Cc have increased contact stress. According to the optimal conformity, figure (8)
showed optimum values of Cs and Cc for minimizing contact area and maximize contact stress. The
results found that the Cc value of 0.0242 and Cs value of 0.0778 revealed the lower contact area as
shown in figure (8A). For the contact stress, these results also showed that the use of low conformity in
both Cs and Cc values exhibited the high contact stress as displayed in figure (8B).
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Figure 8. Response optimization plot. (A) Main effects on the contact area. (B) Main effects on the
contact stress.

4. Discussion

The effects of insert conformity on the biomechanics contact examined by using a computational model
for the curve, partial flat, and flat insert conformity in the coronal and sagittal planes were investigated.
The FE analysis was performed based on load and flexion angle following the standard PI-17. The
results were analyzed for optimal values using the RSM method with three-level factorial designs. The
results found that the contact stress has changed due to the variation of coronal and sagittal insert
conformity design. By the insert component had low conformity demonstrates the highest contact stress
and the lowest contact area than other insert conformity. Additionally, the factor of conformity in the
sagittal plane displayed a higher effect to contact mechanics than the changing of conformity in the
coronal plane that the significance level (p< 0.05). Moreover, the results of the optimization were
analyzed that low conformity provides the optimal contact mechanism which will be benefited to
decrease the contact area that affects to reduce wear volume in TKR.

The study showed that there was a difference in insert conformity in the coronal and sagittal planes,
resulting in the distribution of the contact stress and the contact area in the flexion angle. Three different
insert conformity were curve, partial flat, and flat showed an effect on contact stress that same both
coronal and sagittal plane. The increase of flexion angle carries out the contact stress increases, whereas,
the contact area decreases. The decrease of conformity value provides a high magnitude of contact stress
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but low contact area [4]. The volume wear loss was based on the contact area, sliding distance, and wear
coefficient. Therefore, the low value of insert conformity will result in reducing the wear volume due to
the contact area of the femoral component with the insert was narrower affecting the less contact
dispersion [4,6]. In addition, the present study also showed the inversely preoperational relationship
between contact stress and the conformity level. The low conformity value displayed the high magnitude
of contact stress resulted in significantly low wear rates [5]. With higher contact stress on the low
conformity, the insert will have smaller wear scars resulting in reduced wear. These results can be
noticed that the insert conformity was significant for the contact stress and contact area, which affects
the wear of the TKR.

According to the main effect analysis, the insert conformity value in the coronal and sagittal plane
was carried by using variance and RSM in the analysis. The results of the analysis of variance in the
significance level (p < 0.05) were shown in Table 3 and Table 4. The variance of insert conformity
shown the value of R-square was 99.65 percent and 98.14 percent from the contact area and contact
stress analysis, respectively. The result revealed that the validity of the regression equation described
for approximately 99.65 and 98.14 percent in the contact area and contact stress, respectively. While the
Adj-R-square of the contact area and contact stress analysis value displayed 99.08 and 95.04,
respectively, which similar to R-square. From Table 3, the factors affecting the contact area were
analyzed. It was analyzed that the interaction between Cc and Cs had a significant level in the contact
area (p< 0.05). Likewise, factors of Cc and Cs were also effective in the contact area significantly. Table
4 showed the results of the analysis of factors affecting the contact stress. The results showed that the
factor of Cc and Cs had a significant statistical effect on contact stress concerning contact stress
(p<0.05), whereas the interaction between Cc and Cs was not statistically significant. When considering
all factors, it could observe that values of the Adj SS in the factor of Cs were seen to be valued higher
than the factor of Cc and factor interaction. This indicates that the factors of Cs were the main effect
affecting contact stress and contact area. The study also found that the knee kinetics were significantly
more affected by conformity insert design in the sagittal plane compared to the coronal plane [7].
Furthermore, most studies were likely to have similar results was that the insert conformity in the sagittal
plane has a high effect on contact mechanical change than conformity in the coronal plane [4-7]. The
results can be indicated that the insert conformity design in the sagittal plane was important for
determining the TKR knee kinematics.

For the optimal conformity values using the RSM method, the results showed that the contact area
was reduced when the conformity in the coronal and sagittal plane decreased from 0.8 to 0.0 and 0.7 to
0.0, respectively. The optimal value of insert conformity was performed. The optimal conformity values
in the coronal and sagittal plane for the minimized contact area were 0.0242 and 0.0778, respectively.
The optimal conformity coronal and sagittal planes for maximized values of contact stresses were 0.0
and 0.0 respectively. As a result, the low conformity tends to be well suited to contact mechanics that
reduce wear that corresponds to the previous studies [4-6]. Although the low conformity was provided
the decrease of contact area affecting wear volume reduction on insert component, however, there may
be some limitations such as constraint or mobility of TKR. The constraint issue between insert
components as articulated against the femoral component, such as a slide of the femoral component to
enables femoral rollback with knee flexion [10]. In addition, the low conformity can be caused by
unnatural femoral rollback that there may be no slide of the femoral component in anterior-posterior
direction movement. For the design of TKR, it is necessary to consider other factors in order to complete
the design of the TKR such as material, constraint, the volume of wear, etc.

Conclusion

This study evaluated the influence of insert geometric conformity in both of coronal and sagittal plane
on biomechanical contact of TKR. Using a three-level factorial design of the experiment, the factor of
three different curvatures included curved, partial flat, and flat insert shape was analyzed. The results
showed that the variation of insert conformity has an impact on contact stress as well as the contact area
during the flexion angle of the knee joint. The changing conformity in the sagittal planes displayed a
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significant effect to contact stress than the conformity in the coronal plane. The result of surface response
analysis found that the low conformity provides a decrease of contact area but the increase of contact
stress affecting wear performance of insert component. The geometric conformity design of the insert
component played a crucial role influenced the contact stress as well as the biomechanical performance
of TKR.
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Abstract—The tibial insert conformity is one of the essential parameters con-
cerned with the contact stress distribution of biomechanics characteristics in total
knee arthroplasty (TKA). This study aimed to evaluate the effect of tibial insert
conformity design on contact stress distribution using Finite Element (FE) anal-
ysis. The three-dimensional (3D) FE model of the posterior stabilized type of
TKA was analyzed according to the standard knee implant loading. The 3% fac-
torial experimental design was performed for the response surface of different
insert curvatures consisting of the curve, partial flat, and flat insert conformity in
sagittal and coronal planes. According to the result, the coronal and sagittal plane
conformity displayed the effect of the change on the contact stress, including the
contact area for the flexion angle of the knee joint. The maximum contact stress
increased while the contact area value decreased during the flexion angle of the
knee joints raised. The changing insert conformity value in the sagittal plane dis-
played higher sensitivity to contact stress than the changing conformity in the
coronal plane. The relationship between the contact stress and tibial insert con-
formity under knee flexion angle indicates highly regression suitable for the pre-
diction. In addition, the FE simulation result was then verified by compared to
mechanical testing using the Fujifilm technique. The result of FE analysis exhib-
ited similar to that of the mechanical test. The study indicated that the different
geometric designs of the insert conformity played a crucial role that influenced
and relationship to the contact stress of TKA.

Keywords—insert conformity, total knee arthroplasty, contact stress, finite ele-
ment analysis

1 Introduction

Total knee arthroplasty (TKA) is an orthopedic surgical procedure widely used to
treat osteoarthritis to relieve pain by repairing the weight-bearing surfaces of the knee
joint. However, there are still reports of complications from patients after surgery due
to problems, such as implant loosening, pain, and weight-bearing surface wear [1]-[3].
The surface wear of the insert component is an essential factor for the shortening life-
time included the loosening of TKA [4]-[7]. In extreme situations, revision surgery may
be required because of material damage, which generally uses Ultra-High Molecular
Weight Polyethylene (UHMWPE) material. Previous studies have found that the wear
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rate of the tibia insert is related to the changing of the contact stress on the articular
surface [4]-[6]. The contact mechanics on the tibial insert of TKA is caused by various
factors, including material, geometry design, patient activity levels. The geometric con-
formity related to the radii ratio between the femoral component and the tibial insert is
an essential factor influencing contact stress and area in TKA design [8]-[10]. The tibial
insert conformity is a crucial parameter related to both the coronal and sagittal plane
for TKA, which should be considered in both biomechanics contact and wear perfor-
mance [4]-[7]. The high conformity design of TKA produces low contact stress pro-
vided does not exceed the fatigue limit of the material, including a wide contact area
reducing surface wear. In addition, the contact stress distribution correlates inversely
to the contact area of the insert component related to the load under the flexion angle
of the knee joint. It was discovered to directly affect contact pressure under various
loads, resulting in material wear [11].

The effect of conformity is significant in the determination of TKA wear, including
biomechanical performance, according to the previous study with the computational
model using Finite Element (FE) analysis and experiments [12]-[16]. Using FE analy-
sis, the biomechanics contact between the articulating against of insert and a femoral
component could be described as reliable as the experimental study. In addition, in vitro
study of contact pressure distribution in the tibiofemoral using Fujifilm technique or
Tekscan pressure sensor was a standard instrument, which helps to understand the im-
pact of geometric design of TKA [17],[18]. However, the experimental studies still
have a high cost and long-time limitation. According to the knee contact pressure test,
the purpose of the standard was to evaluate the pressure distribution and total contact
area on the tibiofemoral joint of the TKA system based on the bodyweight load in each
different flexion angle [19]. The bearing load in each flexion angle of 0 to 90 degrees
with the loading in the range of 4 to 5 times of body weight was used to determine the
knee contact pressure. The results can be used to develop optimized geometries that
include the insert conformity.

The design of experiments (DOE) was generally used to evaluate the main factor
affecting the output, leading to the optimized output response and explanation of the
interaction between the factors [20]. The purpose of responses surface methodology
(RSM) was to determine the optimal condition system by analyzing multi-factor data
that evaluated the level of factors that optimize the response. Previous studies have used
an optimization method to determine the positioning parameters of TKA. The relation-
ship of biomechanical parameters such as varus angle, posterior slope angle, and exter-
nal rotation angle reduces the peak value of pressure [21]. This study hypothesizes that
the various conformity ratio in TKA changes the insert curvature effect on the contact
stress and area.

Therefore, this study aimed to investigate the effect of insert conformity design to
the contact stress based on FE analysis. The full factorial DOE was performed with a
different design of conformity consisting of a curved, partial flat, and flat in the sagittal
and coronal planes. The surface response analysis was also evaluated between the con-
tact stress distribution and the tibial insert conformity. In addition, the mechanical test
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was performed to validate of FE simulation. The results of this study provide infor-
mation concerned with the relation of contact stress and conformity design of the TKA
tibial insert component.

2 Materials and methods

2.1 3D finite element model

This study created the 3D computational model of a posterior-stabilized TKA con-
sisting of the femoral and tibial insert components, as shown in Figure 1(a). The tibial
insert conformity was defined by the ratio of geometric curvature radius between the
femoral and tibial insert components in the sagittal plane (Cs) and the coronal plane
(Cc), as illustrated in Figure 1(b). Table 1 shows the three-level experimental design of
the conformity parameter in the coronal and sagittal planes, consisting of the curve,
partial curve, and flat.

(b)

Fig. 1. (a) The 3D model of femoral (left) and tibial insert component (right); (b) The tibial in-
sert conformity consisted of the coronal plane (Cc) and sagittal plane (Cs)

Table 1. The tibial insert conformity values according to the sagittal and coronal planes

Parameters Abbreviation Values
4 Curve Couz 0.80
Coron:

Conformity (Cc) partial flat Cemig 040
Flat Cemn 0.00
curve CSiax 0.70

Sagittal -
Conformity (Cs) partial flat Csmia 035
flat CSmin 0.00

The FE model of a rigid body femoral component and the deformed body of the
tibial insert component was created and analyzed using the computer simulation soft-
ware (Abaqus Knee Simulator-SIMULIA, Johnston, USA). The mechanical properties
of the tibial insert component were considered by the elastic modulus of 685 MPa,
Poisson ratio of 0.47, and the density of 0.94 g/cm? [22].
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This study performed mesh convergence testing to verify that the FE result was sig-
nificantly independent according to mesh refinement. The element size was considered
between 3.5 mm to 0.5 mm until the different percentages changing of maximum con-
tact stress was less than 2%, as shown in Figure 2. The convergence results indicated
that the mesh density utilized for these insert components was an acceptable range rel-
ative to that obtained in a previous study [23], [24].

30 ‘\/.__.-——‘—’_—‘
25

Maximum contact stress (MPa)
o]

3 2 1 0

Element Size (mm)

Fig. 2. The mesh convergence test for the FE result of maximum contact stress

2.2  Boundary and loading conditions

Figure 3 shows the boundary conditions of FE analysis. The vertical load was per-
formed on the surface of the femoral component based on the equal distribution on the
medial and lateral sides. The bottom surface of the tibial insert component was consid-
ered fully constrained with no translation and rotation. The femoral component was
allowed free moving in the medial-lateral (ML) translation, including the internal-ex-
ternal (IE) and varus-valgus (VV) rotations. The friction coefficient between the fem-
oral and tibial insert components was 0.04 [13].

Load

] 1 1
L] 1
11l
Fixed all DOF
Fig. 3. Boundary and loading conditions
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The FE analysis was performed under various flexion angles between the femoral
and tibial insert components. Table 2 displays the applied load according to the flexion
angle of the knee joint according to the standard specifications for testing a knee re-
placement prosthesis (ASTM F2083) [19].

Table 2. The load and flexion angles according to the standard testing [19]

Flexion angle Load
(degrees) (KN)

0 2,901
15 2,901
30 3,267
60 3,626
90 3,267

2.3 Response surface methodology

The design of experiment (DOE) affected the statistical design and analysis process,
including the screening design and optimization [20]. The optimization design method
is generally analyzed for finding a response optimizer to determine the optimum factor
value. In this study, response surface methodology (RSM) was performed based on a
three-level (3¥) full factorial design. The data were examined to determine the optimal
tibial insert conformity based on the average pressure distribution and gait cycle pres-
sure level. The previous studies revealed that the magnitude of contact stress distribu-
tion on the tibiofibular joint was in a range of 15 to 30 MPa [21],[23],[25].

2.4  Experiment for the validation of FE results

For the FE validation, the customized design of TKA consisting of femoral and tibial
insert components obtained from our previous study was used [10]. The universal test-
ing machine (UTM) (INSTRON-5565) and a specifically designed jig consisting of the
upper and lower fixtures were used, as shown in Figure 4. The upper fixture could be
the freedom of movement in translational and rotation varus and valgus. The applied
load was controlled with equal distribution evenly in the medial and lateral parts of the
tibial insert. The mono-sheet type of Fuji film (Medium pressure, Fuji Photo Film, To-
kyo, Japan) was used with an operating capacity range of 10 MPa to 50 MPa, and a
temperature range of 20° to 35°C. The compression load was performed withheld for 2
minutes and repeated three times.

The obtained Fuji film sheet was then used to scan under the high resolution of 1,000
dpi using color image scanner Epson A4 Perfection V37 (Epson, Perfection V37). The
pressure distribution data were analyzed using the mapping system software (FPD-
8010E, Fuji Photo Film, Japan) to quantify the contact stress and positioned on the
contour outline of the tibial insert surface.
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Fig. 4. The universal testing machine for experiment of contact stress distribution using Fuji
film technique

3 Results

3.1  The contact stress distribution of various conformity

Figure 5 and Figure 6 illustrated the contact stress and the contact area in various
flexion angles (0, 15, 30, 60, and 90 degrees) according to the changing conformity
value of sagittal and coronal planes, respectively. The magnitude of contact stress in-
creases when conformity decreases both in the sagittal and coronal planes decreases,
including the increase of knee flexion angle. In contrast, the decrease in the contact area
occurred in the case of low conformity at an increase in degree. The high conformity in
the sagittal plane exhibited a low contact stress value, as shown in Figure 5(a). Accord-
ing to the contact area, the result was found that the flat conformity displayed high
contact area. In contrast, the flat conformity revealed the high contact stress, as shown
in Figure 5(b). In addition, the results showed that the tendency of changing contact
stress and contact area following the conformity of the coronal plane displayed in Fig-
ure 6 similar changes in the conformity of the sagittal plane.
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Fig. 5. The results of (a) contact stress and (b) contact area with changing sagittal conformity
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Fig. 6. The results of (a) contact stress and (b) contact area with changing coronal conformity

Figure 7 shows the result of contact stress distribution on the surface of the insert
component according to the change of conformity at a flexion angle of 0 degrees. The
contact stress distribution changed following the value of conformity which occurred a
high value in a case of flat shape. Low conformity leads to high contact stress; however,
it decreases with curved conformity. In a case of high conformity in the sagittal plane,
the contact stress distribution exhibited the elongated elliptical shape in the anterior-
posterior direction. Similarly, the contact stress was distributed laterally as an elliptical
shape regarding the increase of coronal conformity.

Contact Stress (MPa) Cc0.8 Ce 0.0
.. % W
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Fig. 7. The FE result of contact stress distribution on the tibial insert component with a change
of conformity at a flexion angle of 0 degrees

3.2 Analysis of variance and response surface methodology

Table 3 shows the typical analysis of variance on the contact stress with the R-square
value of 98.14 %. The Adj-R-square value of the contact stress indicating that the stud-
ied data was sufficient for analysis of the experiment was also similar to R-square. The
variance analysis of insert conformity revealed that the Cc and Cs had a significant
statistical (p < 0.05) effect on the contact stress. In addition, the interaction between the
parameter of Cc and Cs was not statistically significant (p > 0.05) to the contact stress.
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Table 3. Variance analysis of contact stress

Source DF AdjSS Adj MS F-Value P-Value

Model 5 525.35 105.07 31.64 0.008
Linear 2 505.65 25282 76.14 0.003
Ce 1 143.16 143.16 43.12 0.007
Cs 1 362.48 36248 109.17 0.002
Square 2 17.18 859 259 0.222
Cc*Ce 1 1620 16.20 4.88 0.114
Cs*Cs 1 097 097 029 0.626
2-Way Interaction 1 2.52 252 0.76 0.447
Cc*Cs 1 252 2.52 0.76 0.447
Error 3 9.96 332

Total 8 53531

S=1.82221R-sq = 98.14% R-sq(adj) = 95.04% R-sq(pred) = 79.63%

Tables 4 show the regression analysis between the contact stress and insert conform-
ity in various flexion angles. The R-square value of the relationship equation between
Ccand Cs correlated to the contact stress was in the range 0f 97.34% to 98.16%. Figure
8 demonstrates the main effect of contact stress between coronal and sagittal planes
conformity. The results showed that the Cs were more significantly related to contact
stress than Cc. It can be drawn that the conformity change in the sagittal plane was
more sensitive to changes in contact stress than the coronal plane.

Table 4. Regression analysis of contact stress and insert conformity

Flexion angle < R-square
(degrees) Equation (%)
0 44.12+40.03 Cc -20.50Cs - 17.79 Cc*Cc - 5.7 08.14
Cs *Cs +5.68 Cc *Cs )
4541 -6.04 Cc-6.46 Cs -17.51 Ce*Ce - 17.1
13 Cs*Cs+ 12.56 Cc*Cs T
46.34 +0.95 Ce- 23.66 Cs - 23.57 Cc*Ce +8.73
0 Cs*Cs +6.43 Cc*Cs 97.98
50.39 -2.04 Cc- 10.13 Cs - 20.27 Cc*Cc -
i 3.05Cs*Cs + 4.5 Ce*Cs 2816
46.74 -8.2Cc-2.1 Cs-25.9 Cc*Ce + 36.8
20 Cs*Cs +9.7 Ce*Cs 98:08
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Fig. 8. The main effect plot for contact stress between coronal and sagittal conformity

Figures 9(a) and 9(b) displayed the response surface contour plots of Cs and Cc to
contact stress and contact area, respectively. The results indicated that the contact stress
could be reduced by increasing Cs and Cc. At the same time, the decrease of Cs and Cc
has decreased contact area. From previous studies, the average maximum contact stress
was approximately 30 MPa [25]. This consistency to Cs and Cc values was between
0.5 to 0.7 and 0.4 to 0.8, respectively. Also, the contact area to be valued was in the
range of 220 mm? to 340 mm’, as shown in Figure 9(b).

o
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Fig. 9. The response surface of the tibial insert conformity to (a) Contact stress (unit: MPa) and
(b) Contact area (unit: mm?).
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3.3  Validation of FE results

Figure 10 displays the mechanical testing result of contact stress distribution on the
tibial insert surface obtained from the Fujifilm technique. Figures 11(a) and 11(b) ex-
hibited the comparative result of average contact stress and contact area in 0 flexion
angle between the FE analysis and Fuji film experiments. The FE result of the average
contact stress displayed differences from the Fujifilm test, with 25.68 % and 29.21 %
for the medial and lateral sides, respectively. The contact area difference between the
FE analysis and the Fuji film test was shown for 1.94 % and 8.30 % for the center and
lateral sides.

Fig. 10. The result of contact stress distribution obtained from the Fujifilm technique

14 OFuji film technique  OFE method 140 OFuji film technique  BFE method
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Fig. 11. The compared result between the Fuji film technique and FE analysis (a) average con-
tact stress and (b) contact area

4 Discussion

Total knee arthroplasty (TKA) is a standard orthopedic surgical surgery that restores
the articular surfaces of the knee joint to treat osteoarthritis. However, problems with
implant loosening, pain, and weight-bearing surface wear are the most typical long-
term complications of TKA. Most research reports that change in contact stress on the

iJOE —Vol. 18, No. 05, 2022 105




116

Paper—Finite Element Analysis of Contact Stress Distribution on Insert Conformity Design of Total

articular surface is related to the wear rate of the tibia insert component, which is a
critical factor for the limitation of longevity in TKA [4]-[6]. The contact stress on the
TKA tibia insert is caused by various factors such as material, geometry design, the
load level of patient activity [26]. The geometry conformity of the tibial insert is a cru-
cial parameter related to both the coronal and sagittal plane for TKA, which should be
considered in both biomechanics contact [4]-[7]. Generally, the conformity was defined
as the radii ratio between the femoral component and the tibial insert in the coronal and
sagittal planes [8]-[10]. A previous study of conformity variations was designed to de-
termine the contact stress on tibial insert under various load conditions through exper-
iments [25],[27].

This study evaluated the effect of differences in tibial insert conformity design to
contact stress distribution and the contact area in the flexion angle and load based on
the ASTM F2083 standard test. Three different insert conformities were investigated
the main effect in the coronal and sagittal plane consisting of the curve, partial flat, and
flat, including the response surface analysis. The increase of flexion angle carries out
the contact stress increases, whereas the contact area decreases. Conformity change
results show that the decrease of conformity value provides a high magnitude of contact
stress with a low contact area [4]. Consequently, conformity design considerations were
critical factors affecting the contact mechanisms on the tibial insert component. The
previous studies suggested that the TKA be designed to reduce wear with low contact
stress [8]-[9],[11]. The low magnitude of contact stress will increase the contact area.
The high conformity design of the tibial insert affects the low contact stresses with an
increased contact area [8]-[9],[11],[28].

The design of experiment (DOE) technique was generally used to create the starting
point of the suitable sample in the simulation. The most common purpose of a screening
design is to investigate the most critical factors affecting process quality, such as two-
level full factorial designs and fractionate factorial designs. Following screening trials,
optimization experiments are traditionally performed to provide more information on
the relationship between the most relevant factors and the response variables [20]. This
study used a three-level full factorial design method consisting of the design points of
the tibial insert conformity were defined as high, medium, and low values in the coronal
and sagittal plane were carried by using variance and RSM in the analysis. The variance
analysis of the significance level to the contact stress at flexion angle 0 degrees, as
exhibited in Table 3. This study found that analysis of variance of insert conformity
found that the factor between Cc and Cs had a significant statistical (p <0.05) effect on
the contact stress. Furthermore, the interaction between factor Cc and Cs was not sta-
tistically significant (p > 0.05) to the contact stress. Table 4 shows the regression equa-
tions and R-square of contact stress at all flexion angles. All flexion angles represent a
high R-square, indicating a highly suitable variable for predicting regression equations.
Overall, a flexion angle of 0 degrees showed the most accurate prediction. The result
also revealed that Cc and Cs interacted with the magnitude of the contact stress distri-
bution. The Cs displayed a higher sensitivity to contact stress on the tibial insert com-
ponent than Ce, as shown in Figure 8. It was consistent with the previous study, in
which knee joint kinetics were significantly affected by the insert conformity design in
the sagittal plane compared to the coronal plane. The conformity design of the inserts

106 http://www.i-joe.org




117

Paper—Finite Element Analysis of Contact Stress Distribution on Insert Conformity Design of Total

in both the coronal and sagittal planes was important for determining the TKA knee
kinematics [7].

The response surface method (RSM) was one of the most often used experimental
designs for optimization, according to the optimum conformance design, because this
allowed testing the effects of several factors on one or more responses [20],[29]. The
magnitude of the contact stress distribution on the tibial insert ranged from 15 to 30
MPa [21],[23],[30]. The result corresponds to the contact stress in the previous report
that displayed Cs and Cc ranging between 0.5 to 0.7 and 0.4 to 0.8, respectively. Also,
the contact area was in the range of 220 mm? to 340 mm?2. The conformity in this study
was consistent in the range of the previous study that designed an optimal conformity
design of the tibial insert to reduce wear volume in TKA [31]. The result of high con-
formity was reduced contact stress, which decreases the pressure exerted on the tibial
insert component [8],[11],[32]. Although the high conformity was provided the reduc-
tion of contact stress, fatigue, and wear on insert component, there may be some limi-
tations such as constraint or mobility of TKA [6]. Biomechanical analyzes have sug-
gested that high conformity may cause over-constraint of the knee joint during normal
daily activities [6],[32]. For the design of TKA, it is necessary to consider other factors
to complete the design of the TKA, such as material, constraint, the volume of wear.

In this study, the validation result of the average contact stress and contact area using
FE analysis was compared with the Fuji film technique of the artificial tibiofemoral
joint. Comparatively, the difference percentage of the contact area and average contact
stress from measurements of Fuji film and simulated FE analysis displayed as 1.94%
and 29.21%, respectively. Previous studies revealed the accuracy of Fuji film tech-
niques assessed the contact stress distribution of the TKA displayed in a range of 6 %
to 36% [30],[33]. Although the Fujifilm technique was variable, the significant ad-
vantage has been reviewed numerous times and is satisfied with various applications
[34]. The FE analysis using computer simulation is a beneficial and widely accepted
tool, especially varied conditions and investigated outcomes in biomedical applications.
The low cost and periods were advantages of modeling and simulation techniques and
predicting specific results that the experimental cannot be described.

This study has some limitations. The first was a femoral component model consid-
ered based on only one commercial model. The resulting contact stress may differ from
other knee implant designs. Secondly, the study was evaluated the contact pressure dis-
tribution based on the assumption of static load. The actual load should be considered
in dynamic loading such as the following standard loading profiles ASTM F3141. Fu-
ture studies should be considered to provide the contact mechanisms of knee implants
similar to the kinetic behavior of the normal knee joint. Finally, the load and displace-
ment conditions of the knee joint should be considered by a system of muscles and
ligaments that affect knee movement behavior included in the musculoskeletal system
simulation model for further study.
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5 Conclusions

This study evaluated the influence of insert geometric conformity design in both
coronal and sagittal planes on the biomechanical contact of TKA. Using a three-level
factorial design of the experiment, the factor of three different curvatures included
curved, partial flat, and flat insert shapes, were analyzed. The results showed that the
variation of insert conformity design affected the contact stress and the contact area
during the flexion angle of the knee joint. The changing conformity in the sagittal planes
displayed a more significant change in contact stress sensitivity than the conformity in
the coronal plane. The results of the surface response analysis revealed that the high
conformity resulted in low contact stresses while the contact area was increased. Re-
garding the validation, the FE analysis of contact stress and contact area was similar to
the mechanical test using the Fuji film technique. The geometrical design of the insert
component conformity significantly influenced and related to the contact stress of TKA.
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