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This research aimed to study the wear behavior of the tibial insert using the
finite element method. The major mechanical parameters that affect wear and tear
are examined, including the geometry of total knee arthroplasty, sizes, and materials
of the tibial insert. The first part of the study is to determine the influence of contact
pressure and the contact area between the femoral with the tibial insert of different
geometry by simulation method on a computer program with finite element method,
actual testing. The second part is to study the tribological behavior of the pin-on-disk
standard test by developing a finite element wear model and analyzing the results
against the actual test. And finally, the third part is a study of wear behavior on the
tibial insert under simulated conditions under ISO-14243 testing standards to analyze
the mechanical factors affecting and use cycles of wear on the tibial insert. The tibial
insert parts have been compared between high molecular weight polyethylene
(UHMWPE) and polyetheretherketone (PEEK) materials. The study found that the
contact pressure in the tibial insert between the computer simulation and
experiment values was similar for the first. part. The difference has ranged from
4.29% to 57.3%, a significant difference due to experimental limitations. The results
of the wear analysis on the computer simulation are similar to the pin-on-disk test. In
addition, the predictive effect of the wear behavior on the tibial insert parts was
similar to that of the standardized test. The factors affecting the wear behavior on
the tibial insert include mechanical properties, design, sizes, and geomegic of the
total knee arthroplasty. Finally, the results from the comparative test confirmed the

validity of having similar results and are in the same direction.
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2.1 meAnafanstaidn (Anatomy of knee joint)
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2.1.1 n3zgnazdn (Patella)
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2.1.2  nszgnduvdiulateans (Distal femur bone)
v | ' & = = ' = =
nszanAuIdIUa1EaNs WunseaniianueuINgalusenie Sellsunsedn
Tnguardanuudaissnmsizaessuidiminuiainasinn lngdunsiaiulats vuasd
anwaiznay Inszgngeunguiiniavat wagaiudiunseanazlnn ludiureslany
v ' Ao y = i = a ) =~ o a X v
Auansazddnvurnauaesiluaziinszgngeundeuiiilegiiiefuusudeaniunindulude
w1 Tuduresnsegniuvidinlasanvelinnududounin iesnusnailimiidun
gainnzaeudularduduiuuIngwiakas Ussvesdedoarlifinnuauuinsuayly
Wwindu mssduvansaulusziidnwuzauinlngnitniuuenuazvesisnuluasiidiuves

nsgnuuINAIETuNendlandlugu 2.3 uay 2.4

,« Adductor tubercle

e L8 A
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Intercondylar notch

Intercondylar eminence
lliotibial tract

Anterior cruciate ligament
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/ Tibial tubercle

))/ Patellar tendon
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Adduct
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Deep medial ligament
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Patellar tendon A
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o Patellar tendon
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Adductor mangus
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q/ Lateral collateral ligament

Anterior cruciate ligament
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2.1.3  nszpnutiudedauuaigun (Proximal tibia bone)
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Posterior condylar line
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2.1.4 Fuduludein (Ligament)
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Hernandez JA et al. (1996); Koshino T et al. (1985); Miller TT et al. (1996), Weinberg S
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fuvaanseanAuYIIUULiUNsEaNVTuIdNa1 fAskandlusun 2.6

Posterior cruciate
Anterior cruciate

ligament
ligament -
h Medial collateral
Popliteus /
ligament
tendon \l

Semimeembranosus

Larembolateral ‘ / Superficial medial collateral

A / ligament (cut)

Transverse ligament

ligament

Biceps femoris

tendon
Patellar tendon
Iliotinial band

(cut) Gracilis

Semimeembranosus
Interosseous membrane Sartorius

f

JUN 2.6 (n) Tasiainumnti (v) Yaiinumnas
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Anterior cruciate
Superficial medial
ligament
collateral ligament
Ligament of

Ligament of Hurmphry

Wrisberg ‘ TN ///l Lateral meniscus

Medial meniscus

Lateral collateral

Posterior collateral )
ligament

ligament
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LCL), vdudusiulu (Medial Collateral Ligament-MCL), waziduid ufi §nnszgnasdniu
1Y & N Y v v Y Ao w ¢

nanuLile (Patella Tendon) @aLdulaunanualutaiiiauauainindAglunsganszan

AuvITuNSEANINLYS wazthelrdaiinnuaunaluvazinuvsen1slddinUse 3

2.1.5 89A1Y9INANULIUB (Quadriceps angle)
1% & = = ' . =1

DIANVDINANIUBNIBYN Q angle ®TDEBUIIN Quadriceps angle LTUNIT
A induniaNaguasnsegnastn Tgndeewsely Canale and Beaty. (2007); Chapman.
(2001) Feoeenilinannnisaniuvenduauud 2 1du Ae iduusnynazlnnnissnumntinainiy
Jaansegnavtn Ul 2 Aewdunisuangansegnastn lWdumunivenseanninuds

g dawanslugun 2.7
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Knee center of

I

rotation
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D=

JUT 2.7 Ww3eamuedyy Q

2.1.6 We153Ine1 (Pathology)
31NN13AN®IVEY Hough AJ et al. (1997) wul1 NS¥ANBUYBITBLYINNTS

N ~ s = wa o oA & oA
WasULUaInIewINamIans Nﬂ'ﬁq@y]LaUﬂﬁuaNU@Iﬂﬂ'ﬁWﬂmrJLN@QﬂLLi\Tﬂ@LLaSﬂ']ﬁEJ@ﬁEJ‘ULNE]

' [
A a =

Lifiusena 1lipaniinsifeuwlasiaseasnueanseaniledongunniu nseaneeuusiinte

'
a 1 {

W Azfldnwazisuuniund Janwasusdasiunanfeldsuandladudivies In1s
wAN31INRIvelBI ardNa IR INTENULISNUNAY Wenseangdounsediuiinaluay
o § v o A o w ] °o g ¥ a D= | = Y

lAusanalarmsideadnseiiunszgnadnily vinbiiinensteidenluiign sUudnvee

N | aa o Ao o a{'
VBINIVBLUINUNITLLANTTI ngaﬂﬂmgﬂ\il’l’aﬂ\ﬂugﬂw 2.8
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Eroding cartilage

Bone spurs

a

JU1 2.8 Hnsggnsauiiiinnisd@nnse (Osteoarthritis of knee joint)

(‘17‘1lm https://paindoctor.com/treatments/intra-articular-peripheral-joint-injections)

b4 1 d' el
2.2  9awvaad (Knee Osteoarthritis)
) oA a < Y o o ' ° oA
91M3U8L L FeNE N5 AAUIR TanvaeUanlunimadt ldanunsassydunuadn
U29l9 9101509928900V ULl 93in15189118 %13 08 N15a9dIMINa9LeN wagazUInuINTu

=,

o Sy a = I Y A Y A A !
1598 9 9INTHANIYeLN Azilanisilaludaiintuiand Ildsdudalewdeulmn ldawnse
A = Yy & A o § v v = a & o v vo 9
gawndunlatAud wagazinlvainistaiideuiuuindusos o winlulasunissnm
Morkowitz RW. (1997); Soloman L. (1997) awnvestaiidesiinldvialeaive 1y

1) o1y Weflowgiinanniuiazilenaiadordenlauinninaueigteslagaie
e gusiennistadidenvzisuiieny 40 U uly

va & o a va a Yaa o v = =

2) gUAwg NMsUIAUIinang Uawe luianssunsledinused1iu feaednis
Y} =3 <, Y a o oA v
$nwn wineaduawmeliinnastoideslusuianle

3) LA TUWARANEiAULEE98901NSTOLT LEDNNINATLNAYE

4) augu gaiumdnunibidelasuniseivaniinnnninauung §a9e (Ju
duiiiumnudssionisiialsatelusuiaalaguiu

N135NY19INILERY Inateseaun1ssnweeiu iiefiasyaiun1ssnwlviing
Usg@nSnmuniian Hochberg MC et al. (1995): Jordan KM et al. (2003) a@unsauuau
3 ¥AUTDIDINIT FIN1IINWILTUAIN SEAUTaNsaUTungAnssuvesyanals audianis

SN IN9NSENNE 1PgLaTUNLTURBUNNTSNEIRIRDLUT


https://paindoctor.com/treatments/intra-articular-peripheral-joint-injections
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'
=

sedUT 1 91nai3uiu onvvesnulddenisTiusungAnssunslddin wu n1sas
dwidn MsUsMstoln nseenmdanie msinwdienisiue Tagazisuduaineamis
waweardiaiudusuuunsniias ¥

sERufl 2 Mssnerienisdne Tnsanaanduguitin uisniau nie Saneiflea
Foseus 1 pannsonauns e Ul ARt U Tnenisaaveanaideluludeities
anunsoiesziuunldluszesnandu 1 hiflvdnguaiivayuisunaluszeren msdaen
dlludorinlunan 1 Uldaasaaiu 3 ad wszavylinaveseldinanenseaneauved
Fosto Bdosdaiu 3 aSaelasiunissnELUUHNEn

o A

JEAUN 3 NSHIARA N13SNIAIEMTNIRALINEE T ULNTR 1N T UL Swas S Wby

(9 gj I a I v = ) =4 | v} d‘ Y Y Y Yala o va
seAuduwsnliiiana n1sedndsdlusianissnyiivelidUlslanduinlddinusedn Julasn
A9 IneN155n Y192 1935 ARITDL AL TAT DL WALUNALNY TINISNARNUAILNISHIHATD

wien LWuAsnsshenlesunisuausutazlasnie Aauandlugui 2.9

Osteoarthritis of knee joint

e |

Total Knee Arthroplasty: TKA | (kg ./\ : Intra-Articular Therapy
. —
ALY w/

Before After

JUN 2.9 wumslunisSnwdeitidey

(‘17‘1lm https://paindoctor.com/treatments/intra-articular-peripheral-joint-injections)

2.3 Yo ufisu (Total Knee Arthroplasty:TKA)
T niieudugunsalfasisuiionaununisdnnsevesnsegndewdi delulagdu

a Yo 1 1 o & = a Vo 1w N v 1 = o X
u&ml%iﬂ@’]@ﬂ’]ﬂLLWiWaﬁﬁJLLﬁ%‘Ui%ﬁUNaEﬂLSGU mw{{lmumammmﬂaaumammamwmu Tu


https://paindoctor.com/treatments/intra-articular-peripheral-joint-injections
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1n 9 U Carr and Goswami. (2009) eg13lsfinuergnislduvesdoniivuddednin
iosanmsanusevesianmueusesdoliiivn thlugmsdumarvosteidion Blunn et
al. (1997); Wright and Goodman. (2001); Naudie DD et al. (2007); R. Stephen et al. (2007)
dwaliiAnnsaanes msusuldlifaammousesorifivafitu Sedanuddydentgnng
THamfinnuiu Krutz et al. (2004) Jaqtufimsimudoiiniiossndy wu nisesnuuy
sUnss Mt tandoiiiisuiionumnzautuiamenyss n1sldimaluladdugdly
naudn dwmalidoiuisudiaumuniuanndy aunsafiussesnaldanulduiudsdu
H.M.J. McEwen et al. (2005); Kazuyoshi Yagishita et al. (2012)
diulsgneundnvesteold ey azdaiulsenaundan 4 d7u Aw Femoral
Component ({1A58UNTEANAUYT), Tibia Insert (MuausastaLULiivw), Tibia Tray (H1AT8U

n3EANNTLY), Patella Dome (Fudiunseanazyi)

Patella Dome

Plastic on the back of b
the kneecap
= \
Femoral Component G \
¥ - Tibial Insert
Metal at the end of ‘ o
~ullr | Plastic replaces menisci.

. 7

thigh
Tibial Tray

N

Metal on top of shin

sUN 2.10 Juautaiiey

Y

(‘171|m http://mynewknee.com/total-knee-replacement/)

2.3.1 ensaunszanauvIdulatgane (Femoral Component)
drudsznavveshnseunsegniuviluianlavslavealasy Tugun 2.11 &
sUSRdeiugunssdaidnaiidusssuni Ingidnmthauiavaemuuuidnwoe

n1seenkuulisesiukazarnsaldnuiunsegnasiinundle wavdiuaisgneeniuuln


https://www.ncbi.nlm.nih.gov/pubmed/?term=Naudie%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.sciencedirect.com/science/article/pii/S0883540311002452#!
http://mynewknee.com/total-knee-replacement/
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Aa oo =

AULINTAUNIFDINU BAZTRINSIULI N B ANAIANULAUFUN AN UAIUNLDUTDIT DL W8
dwsnilunfeiuiansegnisifinaziiiiivevegussivelianunsaituyuazdafindunsean

166 ﬁummﬂugﬂﬁ 211

JUT 2.11 Jududaiiiey

(Fin https://www.implantcast.de/en/for-patients/knee/)

2.3.2  wwausastaluiiey (Tibia Insert)

drutsznounmeusosdarnion (dufanlndiefidutminluanags (Ultra
High Molecular Weight Polyethylene, UHMWPE) g"di'NImsﬁalﬂﬁwuuu%ﬁé’ﬂwmzﬂuﬁa
Tés wlefufufudiunsegndundauans daufuaswesmueusestoitfioiusgluuuasd
whimsanansduanafioandniusudaunsygntinds U 2,12 Frude Fsaunsoedoud
I¢eensdass Snuilaguuuy Muvuneusesterivuaziisunssiiamnsanaraie dush
fon Jestuldlidoinngaoonaintu Audisdidnvusdeuiedatuiudiunsegaviuds
daudns 3UT 2.12 drum mueusestaitifienasinindendtuiudunszandunduans

agnaonaviliinn1sdnrsevemueusesoriiiey Mludagindienau

a

JUN 2.12 nueuseadariniion (1e) wuumyuld (1) wuungulila

(‘1'71Im https://www.implantcast.de/en/for-patients/knee/)


https://www.implantcast.de/en/for-patients/knee/
https://www.implantcast.de/en/for-patients/knee/
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2.33  asaunszanuiudsdudateuu (Tibia Tray)
Fudrveansounsegnuiiuda azdudiunfndunsegnuiiudsdiuuy
Yanduuinidulnmdenlules dwninfisessuiminanuueusesteawniisuuazsnw

sunislidaigniisnyihaudung gaiiviegusnwuulviauldwaevyuld dsandugun 2.13

'
=

AuienaziuuBafniunteusestawiiedlegiun JUN 2.13 A

(%
a ]

JUN 2.13 FudurhaseunseanuriiidsdUatgun (@e) wuunule (¥31) wuungulaila

(Fis https://www.implantcast.de/en/for-patients/knee/)

2.3.4 nszgnazUniiey (Patella Dome)

= a LY ¥ LY

I3 I3 ::l' - A aa a v A a
LU UBIAUTENBUNIARANUNTEANETUN 'Jﬂ@ILUUI‘WﬁLE]‘V]au HAUINNALLNUNTD

Y 9
(2

AuUMinNYeInsEnas Ul NduRENUTUd N TEANAUYIAILA1 diugunTalldnwaenine

ImawilougUisliauung Tnevninsukssdenniua N Tua L sEANAUYIE E19La"
! =) 14 ! ! M Yo = =] £ o [ IS =< Qy !

s msaldusing 9 wilillasuusadeaduindnyililiaseinsdnnsevesdudiunsegn

avtn daandluguin 2.14

w I

SUN 2.14 Fugunseandstn

Y Y

(i https://www.implantcast.de/en/for-patients/knee/)


https://www.implantcast.de/en/for-patients/knee/
https://www.implantcast.de/en/for-patients/knee/
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235 YumsumsHdaasuTeTiey
mMsidadsudai oy 3U1NNINTINNNLANNERNIZNNG AFIVEOURD
Forndnudsmeuarseduisnsmaunurngs ndeantuluduneunsedalaesy
mﬂL?{auﬂsz@ﬂazﬂqaaﬂiuﬁmﬁw Annszgnuinudesevesteionn aaduduleini
wazidusulaindsenn 4hadosdoTanwivuazalddoifioudiotnawn e tnvuin
w@Sarlifuddaternioudriunszgn edluudnudrdaimueusesdeiiiivun

Usznaurdiushnseunsegnntiude fauanslugui 2.15

thigh (femur)

Removed
L bone and

& cartilage.

Shank
(fibula)

Shinbone
(tibia)

[
v 1

Y o a Y I A v v I aa a
JUN 2.15 TuspunisidaUd sud s iiauangeluvindeiidansegniienng,
AnnszanuNEIY, alddarniien (Mun https//www.implantcast.de/en/for-

patients/knee/)

2.3.6  jUuuuvasdaltiiey
sUwuuderniteniifinnsesnuuuluilagiiu fnseenuuumannmansguuuy
aufi usenldinisesnuuuiseuaziamn wivzdansgunuuresnseonuuvludnume
Fertuiledesionisfnuenuazmsthluldnuazueneenifuasalszinm fe dewifieusia
nawnuduluings Posterior-cruciate substituting (PS) wagdeawnilsuuuveusnwouled
%84 Posterior-cruciate retaining (CR) uazazugnoanidu 2 dqudnde a1 nilsuwuunyy
141§ (Fixed-bearing) Auteititsnuuuvsuld (Mobile-bearing) JUnuuToItIisLTina 121

ffigunuusiedne duanslugud 2.16 uag 2.17 9nnn3AnwIves Laskin RS et al. (2001)


https://www.implantcast.de/en/for-patients/knee/
https://www.implantcast.de/en/for-patients/knee/
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wurgUuuuesialfiendifinnsesnuuuluiuile Genesis w9 Smith and Nephew fiang
msldaildds 10 9 dwderfiendifinisesnuuulusudie Anatomic Gaduated asnsald
suleifis 15 T Ritter MA. (2001) wuudl 1 o niienwinadinidulaings Posterior-cruciate
substituting (PS) fauanslugudl 2.16 wuuil 2 Ferfisuuuueyindidulyivds Posterior-

cruciate retaining (CR) ﬁ\‘}LLaﬂﬂugﬂﬁ 2.17

Ul 2.16 Fartiflonuvusnduleinds @e) Fixed-Bearing (¥37) Mobile-Bearing

Y

(‘17‘llm https://bonesmart.org/sponsors/microport/?source=imagecaption)

JUT 2.17 daniienwuveusnduluines (41e) fixed-bearing (¥37) Mobile-bearing

(‘1'71|m https://bonesmart.org/sponsors/microport/?source=imagecaption)


https://bonesmart.org/sponsors/microport/?source=imagecaption
https://bonesmart.org/sponsors/microport/?source=imagecaption
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2.3.7 Jagdainiiey
Sagildlutornfiendanuddysenignisldnunaranulsidusunseso
suneuyed Ssifagtunisesnuundoriiisnarsenouludae 3 daundn 4 wu Sudiu
dnaseunszgndusnasl i fanfidulaneuiodueniin Fudrumueusosdoriiioudold
fanlndiweviowniinuasdufithaseunszgnuiiudaduianlave fausasussndnanoy

WenldTannuansd1eiu Jusgiudununisudn vseguluunITeankuuLazvagay lu

Jagtuasidenldian avlduandlunisian 2.1

M57197 2.1 Aasandinienavesdanteidiiiey

Material ASTM Modulus of Ultimate tensile Tensile yield Hardness (GPa)
designation | elasticity (GPa) strength (MPa) strength (MPa)

Polymers
Unirradiated ASTM F648 0.85 46-58 22 -
UHMWPE
Irradiated - 0.94 43-55 24 -
UHMWPE
Highly cross ASTM 0.74 43-51 19-21 -
link UHMWPE F2565
Ceramics
AL203 ASTM F603 366 500 20-0
Zr02 - 201 800 15
AL203/2rO2 - 350 1390 17.2
composite
Metals
Strainless ASTM F138 190 930 241-820 1.3-1.8
steel
CoCrMo ASTM F35 210-250 655-1275 207-950 5.5
Ti-6AL-4V ASTM 136 116 965-1100 897-1034 3
Zr-2.5Nb - 98 - - Bulk:3
(oxidized Surface:12.1
surface)

(‘17‘1lm Long et al. (1998); Collier et al. (2003); Ratner et al. (2004); Currier et al. (2007);
Kuntz et al. (2009))

2.4

nsinusevesiannuausastaltiiey

Fornitenfiszoznalunsldaulaewdeogil 8-15 U Laskin RS et al. (2001); R.

Stephen et al. (2007) WU QURIVDIAMNANLNAINAINTTHIAR W1AAaIe Uade LT
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TavnveelSunmsiidn N1sAnedainaINMIsHIdn anrnnsdnnsennansen1sannse

o w

Yoanuousasdar sy FsannamdnuaziluladedAgilududusiu o As n1sdnnsednin

' '
= % =

vosTagindiefiduniuminluanags WunalnddgyvihliAnenudumadludeidivianun

o

Naudie DD et al. (2007); Rapeepat Narkbunnam et al. (2012) ﬁ'ﬂLLamﬂugUﬁ 2.18

tavedidanalminninuayivad

| |
Tl 1 Uadei 2 Uaded 3
Uadannimgtoe Uagenansung Uadunnana
878 wutalingg lAsaasnauesian
I | Indleidu
LW anubiauna |
| FEUTUNNUAS YUINNSHER
VU IAYBITNY |
| Tan ey
AINTIUGNRY |
24 I 24 1 =i
YD JUIvaa iy
AUAMTBDETIAY

PN o a I b v v Y 1 I
E'U'Vl 2.18 U9 NaamasnoANNaLLaINaINISNIARUDII LN

2.4.1 Uadwvesnsinuse
nsAnusaiinanuanedauls Wy msfinusevestuduieusosdortnie
(UHMWPE) FainvaeiUlguazsuiuuvestaidiiien 31nsan1sany) H.M.J. McEwen et
al. (2005) pyavaeuannguaztademiliAnaadumamdamsindadeiuiion Tiinns

naaesly 3 Yadeiidwadonsdnusevemususestaiiisulaunn Jadevessunsvesdam


https://www.ncbi.nlm.nih.gov/pubmed/?term=Naudie%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17213382

22

Wigy Uadevesiaguueusesdaidniisunazadentunisevsefanssuvesldanuniy
WMIgIU 150-14243-1
2.4.1.1 Y28AugUNs9
NNMsANYILULT 1 JUnsavesderdifioniiunnseiu deyalugud
2.19 \flodeiduileauuy PFC Sigma Std & Int Aedeitiiisugunsewuuvsulsile Fixed-
bearing ludiuesdoitiisniuu PFC Sigma RP waz LCS RP iusunsetawiieuwuy
nyuld Mobile-bearing wuindawiisuwuunyulauuy PFC Sigma RP §8n51n15@nwse

YasauseIla BN idoyian

e ]
S Lh O Lh D Lbh D Lh
L

Wear rate

3

(mm” per million cycles)

Wfﬂﬂnﬁ

PEC Sigma PFC Sigma PFC Sigma LCSRP
Std Int RP

~ P A A W ¢ o A
E‘U‘Vl 2.19 E‘U‘VINGUE]L“ZﬂL‘VlEJ%J‘V]E‘NN@(51i’]@Gﬁ’]ﬂ'ﬁﬁﬂ%i@ﬂ@\?‘lﬁﬂ@ﬂi@ﬂ“ﬂ@L‘EJ']L‘V]EJ&I
H.M.J. McEwen et al. (2005)

2.4.1.2 Uadadnudang

el' = o v oA N v o
WUUN 2 ﬂﬂUﬂ?ﬂ@]ﬂN@u5@ﬂﬂ@L7ﬂLW8N 1N3UN 2.20 lﬂwqﬂqimﬂa@\‘]

Y

a | LY

Tfsunsetainwuunyulilanauduau uwidanlndeidumaiu nevaeusestow

aa aa a

= a . N v =
LV]EJ&II‘W@LBVI@TW]&JﬂﬁSU’JUﬂ’]iNﬁ@]LL‘UU PFC Slgma Marathon Ua@I1NITANATOVDINUDUTDY

mmﬁ

PFC 1020  PFC Sigma  PFC Sigma
gamma air 1020 GVF Marathon

¥ ! a 4 A
VBLVNYUUBYNER

q

[E )
(= =]

Wear rate
(mm® per million cycles)

[ T I
o O O O O

JUN 2.20 dnsnnsdnvsevesianviousestaidniiguiuansiaii
H.M.J. McEwen et al. (2005)
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2.4.1.3 Uadgarunise
LUUT 3 Aanssuvesildann 99nn1sMAae IMNLINASEIUNTNRADY
150-14243 Hmaanszsin ¢ fiemns lunnsAnwanuguil 2.21 vnsiSsuiiteussnindvan
4 fAign13Und (Unclamped) wazdanlnanaan 2 1an14 (clamped) WuIIngRnIsuues

N5 IAANANAIEINADININSINISANNTDVDIVUDUTBITDLU LTS

[ =)

a3

<3

w

=S
g g2 I
E 8 20 |
= 1
B B 15 1
oo
= B 10

£ 04 .

Unclamped Clamped

JUN 221 anselvanfiiinadnsinisdnvisevesianvueusastaniiey

H.M.J. McEwen et al. (2005)

2.4.1.4 Ua99fuaNunuIvasvNaUusaslaluiay
Uadevesnnunuivesian ndeiduiinaneninnuauduialute
WIEH 91nN1SANWIURY Bartel DL et al. (1986); Naudie DD et al. (2007) Wu31 AUHAUN
Yosnuousastar oy (S utladendidsmasomanudu Wenueusest s iioufiany
WLN AANLLALTRnTURaYanasmImINTINNNTY innseenwUuTeL L Tien AT
faun vuavesruuels deldaisiuisnnawily ﬁummﬂugﬂﬁ 2.22

60 e s Y

50 P
Flexion

30 | C-UHMWPE

Extension UHMWPE ‘
20 [ :
M C-UHMWPE
10 F UHMWPE ]
1 " 1 " 1 A 1 " 1 A 1 L 1 " 1

0 4 8 12 16 20 24 28

Contact stress (MPa)

Thickness (mm)

JUN 2.22 enuduiusseninaanuauduiadiuanumnndieiau

Bartel DL et al. (1986); Naudie DD et al. (2007)


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bartel%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=3745241
https://www.ncbi.nlm.nih.gov/pubmed/?term=Naudie%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bartel%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=3745241
https://www.ncbi.nlm.nih.gov/pubmed/?term=Naudie%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
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2.4.1.5 UadgfuanuissuRn
HaderesanuFeuin nsruaumandstuguarlinistuguvesdudn
raseunszgniuviuianiavealasy udluriesufiifniswuin anlauoalasuilsuuuuiia
TiSeuiwihliAn msdnnsevemususostoiiiouusunadiunn lunszurunsnandsinng
wawanalulagnisindeuiamelmndeulules LWiwﬁmmmﬁaﬁqq LATALNTALAY

Avadlavealasy vllanuiSeunusienisdnuselan dawandlugui 2.23

SRR AR
: (I!
Polished, non-coated Polished, coated. TiN
'l I
erhydes | . .
CoCrMo CoCrMo |

Ul 2.23 fvesTan (1) Tauealasu (121) lavealasuadeuiadelnmienlulas
Bader R et al. (2008)

i % D) = a Yy A 2
91n3UT 2.23 lauansliiiuiisnnuseuresiivesderiniien udu
H1ATRUNIEANAUY NI IaRsenintlavealasukaslauealasunfauiinieTag nniley
Lulns F9AULANFA1YRIMIERITURUY AB ATNLSHUTDIRITLANANNTY Tadswasionisdn
Y 1A P Y] A ad & AU Y oa Wya = = =2
wseveausaalisu uTanindieniau Jausdnguanlatinadssuiisunisdnuse
YOMUOUTDIBLU TN LAENAADUTBLINITINIENINTFIU ISO-14243 NaNITNAHDUNLAINAT
nNNsEnrevemueusesdalt iy Fudnehnseunsegniuiiluianiavealasuuay
wasuiangagnmilleululas deduaiunsadisandnsinisdnuselauinnia liaseu

nszgnaudulevealasulifiniswdeunin Awanduguin 2.24
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wear rate [mg/10° cycle]

TiN CoCrMo

JUT 2.24 dnsinsdnvisevedndieniau

(fian Test report A219/05.1 IMA Dresden. Data on file Implant cast)

lusuil 2.24 nansdnusevesnueusestaiy sy AnageuiudinAsay
nsranAunNldTannsaniwuy wud Judnsheseunsegnauuadeusslndenlulag
a = o & v ) oMoy = a
fiAnnnsdnusetiesnin Fudnseunsegnauniduanlavealasuy nlilainisindiouila

Spuay 38%

v a

Tannldvivueusesawisuldludagtuiivarnvaleyie wazdauiley

lingemeTanindenauriindanununiuvedaianaad lesniaaautanumuienisdn
val [ Y ! ! v va = LY g v o ¥ 1

nsolanuagliiludunmedesnaneyld lneauautinisaivesTanildvinvueusesdoutn

Wi Aaansluui 2.25 lassasiamnanilvesTanndioniay

JUT 2.25 aynaveslnaleniay

TuaRndlANUNYIBIUNVELNAIUITNWULNISANNTDVDIINALDNAU SIUDINT
LASUAMULTIAE ASUBUINLUDS N153 luLAaNaaLLes 1TU N1SNASARELTISOU NSananle

Aufeu Wugvuuumesiamnyiuussiuintens wienvasinauliuiueu 1w nueuses
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Jowiisuinisunvedlndiues Fmanniseasdiuiesyfuinisluaiunsavinunelainee
Tnuldegedivsednsnmitanysalidloaglusianie sgazidealaseasiamaniivedngie

aurtiaianuuiiiuvedduanags daandluzuin 2.26

JUT 2.26 sunevedlndlenausiaiianuvuinuuvedaianaad

nmseassiuiesufiRinmsuanslimiuinanuiunusien sdnusevosin
A aa a & v PN = ! 1Y) = ] N
AlonauT LT uAIgNISIT NS0 oNlEITENIRUNATUBYNADY 9 FenN15iURBuUAY
5Us19v0s Wndwesil azdwmasieandaninawarauaitulunienadu lnelndeiauyiing
| 2 aa en' Y& o Y 1o
Anumuduvadluanags Wunleuannigalunisladuianmuesusestowiiiey
2.4.2 vuiduiavandsn
N13AWINAINNITNAARI TR NN sFuR AR uYITuUaRIT ULl 28LAn
a Aa R AN - o o o o Y a 1 Y & Ad a [
Ushaildwduiaiudadudwddgivihiiinrianueududa luiuiiiiansdudaves

FUNUNIEDY ANUNTOM AN UNFURALAETIAIAULA LA A L INNTIEUN TN ILATIZI

De

[

AUNEYNITFURATIEITH Al

d = Ax* + By’
1ng
d = szezvnaieuniiiansduds
X,y = mfifaunuiiasz
A o=2fr 11 alaf( o2y (1 )] 1 1)1 1).. 21
4R R, R R 4\[\R R) R R R RJIR R
T e e e
4R R R R 4\[(R R) (R R R RJAR R



27

R,R, 79 $AlAMulAU9tULl Lastiuun 2
R,R, Ao $alAnulABNAUNTuestiueu Mieuui 1 wag Jusum 2

v o

a A9 JusEninssunuAulANnyedulE

AU S E I T M AL AUE AR UM S AU ANNSANTTD 99
fARnsAnuAnYanYeINsanrseTaLuLikarLuUll Tnsuuuiinayldrnandududad
WasuLUasmuaazssuznsidsuduingly node a]zf,;]ﬂﬁmﬂ%lﬁaﬁﬁmmmmﬁmm
Asanuse Wudesn lusnmsmuaanudnvesnisinuseluaunisund uiiiieldldany
WAL siumanauarszeEoufnivnga N node uwiay node Mengquidsnd Ky
He, Z.; Hu, wazAmy (2022) Tulusunsy UMESHMOTION of Abaqus axldainutAuduna
geanuazszavIAouduimsaeanly Mesh Fanszsilunsiazam node vosiileduanmia
ANUANVDINITANKTD

2.4.3  @UNISNISANNTIVDIBIVISALULAA

A v = o =

N1SHALINUFIUN N B BaS U85 EnnTevesTanNindundafiungul
wsadsamungeusulaeialu Bowden et al. (1950) lngyinAAul AUSURNANIA V89819
aaruninsdudaniuiadulaziinnisanrssuas dnnguvileninisueusukagldluauise
Tutlagiu Ao nMsdnaesnsdudatuvesinfusundudanu Archard. (1952, 1953) 18u

a al a = A a a o W &L a a
nauildlunisesuisnisdnuseiliinainnisidsukaznisduda lneiuiiazinisuisas

AMelanselraniiinginssyin Falianudunusauaun1sealuil

W =KsP/p,. (2.3)
A
)

W AD 9NIINTEANNTD

K Ao duUseanSnnsannse

P fa nszlviam

p, e AnuAuvesTanseY

2 A
s Ao sTuzNISARU

INNUITULN B ANYINIAINISANNTBVBY Archard. (1952, 1953) laiinng
DONLUUAS L UUNARDIVBINITANNTDTENINTUINUADITY FaUsznaumIe Fuuidy wia

o 2 = gy v o a ¢ = Aa X o ca'
NUIUINUNNAULAYAANU LLﬁﬂﬂ‘Vﬂﬂﬁ’JLﬂ'ﬂzwwamiaﬂmamﬂmu ﬂ\‘iLLﬁﬂ\ﬂ.‘HE‘U‘V] 2.27
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(%
a |

JUT 2.27 Fuanuwisiugunuidunsinszuen (A) iwasgu (B) wnuuwn 15/16 93 (0)

PUVUIA Y 07 (P) LSINATINY

31NFULUUNIINAADUTUNNAIUENY FUNULTINARIRINAIBUTIAIA U

FUNUNIIUNNYUAIEAUFIAINNITNAGDUNNAIUYIT TUULTNNATULUIUDUA BT

AINAUALIIUTY USRI 2Innsnaasdladnunalnnisdnusevesiani

uaneneiy Fawanslmiuiennuguusavesnsanusendanuuwanadiuresunas g Tan v

NINAABU ALEAIIUAI1IN 2.2

M3 2.2 ANBATINITANNTOVDIAUsaL TR

q

wear rate hardness Cale, value of K

Combination of materials Z10-10
(10° g¢/cm3) mm?>/Nm

cm®/cm
mild steel on mild steel 1570 18.6 7x107
60/40 brass 240 9.5 6x10™
teflon 200 0.5 2.5x10”
70/30 brass 100 6.8 1.7x10
Perpex 14.5 2 7x10°
moulded Bakelite x 5073 12.9 2.5 7.5x10°¢
silver steel 75 32 6x10°
beryllium copper 7.1 21 3.7x107
hardened tool steel 6 85 1.3x10*
Stellite grade 1 3.2 69 5.5x10°
ferritiec strainless steel 2.7 25 1.7x107
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M13199 2.2 ARSINTENVTERLIARUAaYiln (s0)

wear rate hardness Cale, value of K

Combination of materials Z10-10
(10° g/cm3) mm?3/Nm

cm®/cm
laminated Bakelite 292/16 1.8 33 1.5x107
moulded Bakelite 11085/1 1 3 7.5x10”7
sintered tungsten carbide
on mild steel 0.9 18.6 4x10°¢
laminated Bakelite 547/1 0.4 2.9 3x107
polythylene 0.3 0.17 1.3x10”7
sintered tungsten carbide
on sintered 0.03 130 1x10°®
tungsten carbide

(‘17‘llm : Archard. (1953))

244 @un1sAUANLIBNAINNTENYITE
sULUUMsMwIMMAMIANYIefBaNn15Yes Archard Tuina iudillenld
TunuusrasaiieniAnsdnusedmiunumediuiennssy lunisussfiunisdnmseuu
fufiuarludiusing q Zegatti (2016) luinaaunsiagfiansanmanuiinavesiagiignau
oon (V) nanuduiudvasivaessin fadudndilaonssiulnanundilineasu (P)

= N 1 LY ! < L a1 o a £ -
WAz I2EELaDU (S) WazUEREIUNNNUNUAIANNLTIVONER (H) uasimduyseans (K) v

(%
= L% v (3

= 1 Y a £ IS ) 1 P
Liﬁﬂ??ﬂ?ﬂﬂﬂi%ﬁ%ﬁﬂ?iﬁﬂ%i@GUEN’]E?W]‘U‘U 4 ﬁ]%QﬂUia‘iﬁJﬂmLﬂua‘&lﬂ’]iV}‘WGN‘LHQJ’]IW&J LB

i

(3
LY ! a av

dnsndsznineduussansiuanuudeasgnunuicmeadulssaanisdnuseane (k)

@A

anpPeAuaudRlanvvesTanilegluaunis Archard wansluauns 2.4

2.

V= 5 Ps = kPs (2.9)

dy o o a = 1 <
aun1stiazgniiundAadiuunsdnnse egrelsiniunsldlusunsy
Faszsianeseideuds inludedudwazassusznoui sl 393 dudaaiinnsusyiiu
nnsanusaluiiui F99naddeves McColl uazmny (2004) lagna1adalay Zegatti (2016)

Taamunastuluyd TneUsuannaunisn 2.4 e uiufiun dAwasifiuszeziasu dslae
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MM svsaetIvesaun1sme dA Tuaunisi 2.5 felanavesnugslunisnisdnuseiives

ﬁqm (dh) wagAMIAUSUNEUURIEURE p(X)
dh = kp(x)ds (2.5)

dieldaunisilulysunsulvludieduud Aanugeiissdniios (dh) ssuansdery
dnvadlnuanazgnaveen (an) nasIndnsduinsiusseeniufou (as) lunsalitlidisnis
AuAmdIUsEansnsanuseluusnatani Jeiiarsandluusnauduliadudssansns

= 44 o Al ° a = & Ao
dnusemiaunuilylunisivunuSunanisdnuse e wsgludidedfguininlunanis

#9153 dedugasmhunldlunisieseililudedwuifeaunisin 2.6

J=E, MPa (2.6)
A

AUN1S 2.7 AB AUNISTN N DAININAINUANVBINISTANNTD VDILAALAIUVDILNUAN

' v '
a =

WINTU FLASURNANTENUINNAATINSANNTE (AN) Falduaansnas el ulunilasauiie
U5zl un1sanunsodnsuauIusaununndy asanlunisanunasazlinalimiaaiuly

WUUBUNIDANULANAIS MUNAANS

Ah =kp(x)AsAN (2.7)

WUUTIRBINE 1N wgAlatanasun ldlunssuiunisdnuse Lleein
[ ] e Y v o = P v v = o A o A a =
Jdusesldndsnudnnuniisiiovdnianeenly FadiuunvdneanltufeUsuiunisdnmse
(V) launanmsgaamasiuinssaelilaewsadeamuazadluiimgi ve susuiiaes
dw (O E,) meduussavdmsinunssvomasuazau (o) danansluauns 2.8 nasu
Y ° S v X v o da & a o a'
Ulan1anmsAuaunas v uleewsduda (Q) muszasnintuase Asluaunisi

dunny 2.9
V=a)E, (2.8)

E, = [Qds (2.9)
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TULUUS1a09904 Archard wdssudinszasluansadnsizilaianisd i olils
awanluduiiddyvesiaguazazgnaueen Tasflinsimuaguuuumsdmnasisluaunis
7 2.10 Tnedounnasfitinduseninsuuusiaossaesiy Aeduusyaniusadonniy
q(x) = . p(x)

Ah = a.q(X)ASAN (2.10)

2.5 mmgﬂums‘vmaau

10InsgUwuuMsAuUNG wudrdarinisiunseluaniinsgihanndmindauasnig

nyulufianiening q wazdnisidendseninedandinseunsegnauniuianrueusetown
= | Y a =% aa Qy a [ ' v 1 a =< o =
Wigs dawalilinn1sdnnseiiIvest IIUUTNAAING1 N1T9RnLUUTeI TN Tud
ILABINITUIANUNUNIUARNTENNTEYIN SalUTsdsndrdnyAedasitunInggIulunig
VAFBUAN 9 INTDINAFOUNDUNISNAALINIUATI LneTiInsgIunIsvagauiineIvestasll
AaudrAglun1snageuta niisulawn 119551 1SO (International Organization for
Standardization) kag1105314 ASTM (American society for testing and materials) Fadu
1InsgIUNMIAdeUigausuilan suludmhenuineitesiunisusewandadilann
D9ANNTOINITUALYN Food and Drug Administration (FDA)

Food and Drug Administration (FDA) 9 @1n91uAMEATINNITOIMITUALE VDS
Uszwmaanigeiusni ladnussinnuainismuauiitawnginvaunsaldewiiiey lneimun
¥ v g.JI d‘ (% 2 1 -&J
oAU ULURYI LA NUaensY faneluil

Y o d' ° v o = A A v A < 1

Pofmiuedl 1 MvuasUwuuteiiien Faileg 2 Uszian Ao YaliifiguwuuLAue
WAZUDLYNALULUUATITN

Y o d' ° d' Y] a9 Y a v oA Y] a A v Y oA

Tanmuail 2 Muuaisesdannlindntainiey lnedanidenldazdoadainig
WlLsIenafieswenaznumusensanusetaz N ulan1eTinne gz a

nseRNUUUTBLUIABUlN A2ADINIUNITODNLUULAZNAABUAINNUNIUATUG 9|
LU U19TFIUVRITAR WINTFIUNTNAADU fauandluguil 2.28 Fan1snageuinilanudfiy

ian MAgoaiuegsidaiuvestaieuds n1segauNsansotawiiey



1M 331UAUAL US.FDA Food and drug Administration

ASTM F1108
ASTM F1472

ASTM F1580

ASTM F1377
ASTM F1537

ASTM F2384

UINTFINIER UINTFIUMTNAEDY
ASTM F67  ASTM F75 ASTM F1800 ASTM F1814
ASTM F90 ASTM F136 ASTM F1223  ASTM F2722
ASTM F138  ASTM F526 ASTM F2723  ASTM F2724
ASTM F563  ASTM F648 ASTM F2777 150 14243-1
ASTM F745  ASTM F799 PI-17

U7l 2.28 Fetiafuiazannsgiu FDA waadeldiiien (s ASTM and I1SO standards)

2.5.1  WNTFIUNAdaUMIANUTaTRIULTIBY 1SO-14243

32

n1snageumMsanvesianudiudernfion Tnvdui 1 Jumasgiunisda

NSTUFIUTBIILTIBLLaEMBUANITITReIEN 9 Tun1sageu lnenisfimestiulsenauly

MEMIEIIUNIMUA 3 JULUY uazszezmsiAdeunivesduUsznauslnTaunTEgNAIUUY

AIUARIMUTUN 2.29

JUN 2.29 MiAn1evedusslunwIwnumtin-vas AP, usedn uagfianen1sidesvesdudiunsegn

AUYNEIUAN
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VUELAY 1. Ao NAN19N19889Y0FUAIUNTEANAUVIAIUA MUgLaY 2. Ap ussdaifin
Fuiuwdunansegantuds nunea 3. fe Hanievessslukunnunldiuuduinansegn
YUY VULAY 4. 7D LSIUBLILAY Z TIVUIAVDILTILaLAAN19IANTEYINtY 4 AFn19999

w54 lngagiindy 1 sounisiiiu aeuanslugui 2.30 wag 2.31

Y1 Y2

60 | 3000 |

50 |- 2500

40 2000

20l 1500 H

20 1000

10 |- 500

0 L : . 0

0 20 40 60 80 100 X 0 20 40 60 80 100 X

JUN 2.30 (€18) 2aAMIVguUestaid Iy X (¥37) Lseiinaluwnuss

Y1 2
150 |- v
100 |- g
50 |- ! | 5
0 L I f I I 4
500 20 N0 60 80 100 X 3
-100 2
-150 !
200 |- 0 1 1 1 1 Il
- 0
250 |- -1 20 40 60 80 100 X
-300 |- -2
Y1 Y2

JUT 2.31 (419) Uselumnamuminuaenas(v3) 99ensnyuiuILng Y

(ﬁmw ISO standards)

2.5.2  WINTFIUNTNAFBUAMAUSURE PI-17
n1sNAdeUMIAIAILANAURE P17 W unismigluuunisnsganedives
AmNuLAUNAvRsEAse NSRRI RULBUTE STl Tin Aiymse 5 yudedu fe yu 0°,
15°,30°, 60°, 90° filwanwirty 2.9 Aladadiu, 2.9 Aladadiy, 3.267 Alaliafu, 3.626 Ala
Tdu uay 3.267 Alailiu mudiu TasazlfiaieadloifionAanuiuduiandisening
nansestuduiians anunsnlfiadosonaaeulinainuaissuuuy 1wy Tekscan, K-scan
(Harris et al. 1999) fiAmsasrvmarrnuaulawiugazsnsunaoudelisnnum wie

THurudun TR UAANNLAUAIRETIEITIANTIE03L1771 Cheng-Kung Cheng et al. (2003)
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1BN1INAADUILLTUAUAIINTIAIALK U R0 VU B U WHIATEUNTEANAUVIAIUES

¢ A

wazvueusaalnenantuldausanald 2 uiil vdsniiinsnauwaiukuiiduiignnn

W WAANLLALAIEIUTLNTUABUNIABSAUTUN 2.32

MIN
STRESS

MAX
STRESS

[ EEEEEEEEE |

U 232 (de) fuitdudaanny@iilas (1) msdunilriludiedumsd
Radovan Zdero et al. (2017)

2.6 9UINYIUNNYITDY

Tngazuusnuideiiierdotoondu 3 daulvg 9 fe sudduiedtuaddnuas
aaauAnsnanLazTanvesdaiiniion vuideieriueiosilotn snAduiAeatunis
Ainmgielniludiodiuud wazauidelassmiiinasonisesnuuuderiuiien

261 wiTeeIfuasinuaznaseuianderiniiey

§1891UN19@0 A U9 Canadian Institute for Health Information (CIHI).
(2013) Tunqud Alésuniskndadorinisadiuuiomn 16,558 au wudaungvdniiie
AMUAVEINEINTITHIAA LFAF1N Nsvaavaauvesgunsalsesay 27.7 anulifiiadiosam
Yoway 16.9 nsdnvsevesianindiefidusesay 16.2 nsfiadendsnisindniosay 14.9

MABAIUAMADY 9 Fouaz 22.9 Aauanslugun 2.33
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40%

30% 27.7%

20% 16.9% 16.2% 14.9%
9%

68% 6.8%

51% 50% 429% 44%

A . . ] 2 R Q @ 5
& ¢ @\* & o & F S Q,bg\\ %é\& fb(}\)\ N
S N ) g ) K o K N
N NI S - . P\ (\?f( P ¥
) & & 9 ¥ & @ o Gl
oR Ny N (\ @Q » @
¥ & 8 K Y ¢ &
A N

Reason for Revision

JUN 2.33 aavanfiinanuaumamvainisaisinluteriniesd 2553-2554

Canadian Institute for Health Information (CIHI). (2013)

R. Stephen et al. (2007) lafinwiAnuduwmaivesiansestow1 Indeniau
ndeInFunsHdndelisunuInddymnisdnusevesiansesdew Welin1sdnnsely
whindsAemnuldauuns Feihlnineinisuinvestawdn ansldaulilanuungd dn1s

a d’lj % ¥ 1 v 1 v Y 1 ] IS T A:l'
ARLTBDITINIEARTBIVBLYT UEIVINNIUNTINIAAYDLYUNYUTSYSLIAN 8 U @ﬂLLﬁ@QELUEUVI 2.34

JUT 2,38 LARININDNULIEVINGRLATT

ATy Brent A et al. (2011) 1A L9 ANWIANUAULAAINAINITHIR AT BLUN

Wen MAsnnsvaavesiansesdarwuunyulaiianiades adnwily 2 nsdlfie n1s
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Heymeann 1. Tansesdainileunaneenaingiudn 2. Jansedaiiuen Aagun 2.35 uag

SUN 2.36 AUaInU

Y

U 2.36 Jansesdorivaneenang udaiazdnmse

9143389 Sandra Utzschneider et al. (2009) lovinn1sAnuigauseuiiiey
nsdnvsevesiagrueusesteriniivuiiiinsyuiunsndnuazldlulszianguuuuueadeii
Feuuandratuiann 6 sUuuu Tneiinnismageudnedemuuinsgiu IS0 14243 uasidle
vinsmAgeudl 5,000,000 seu lensraaeunisdnusetaguueusestoniion daie
Wisuiudaiisuuuuisiusessudimdnmuldlduasuuuuiusossudwiinuguldidnag
Tanlnd  19MauNNTLUIUNTHEN 2 JULUU AR XPE way UHMWPE wuinteiiniiigy
wuuwsiusessui iy ulilduasinislétanindiefidusuy XPE fnsdnvsogaganiinig

T¥Tanlndiefiduwuy UHMWPE wanainil deiiiuuuiusassudmdnnyulauazldian
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Indlefaunuy XPE uaz UHMWPE azloynian1sdnusenitesianuaziiAilnaieeiu s
wandlugun 2.37

Total Wear Score
80 4

R B et
B0 -—==---- 1 - -
50
aw+-l - F--1 -4 |---1 |---
301

204 -

JUN 2.37 wannsilIeuiiigunisdnnsevesianndiefiau XLPE uag UHMWPE

91197398 A. Wang et al. (1998) lavinn1sAnwinisdnusevestaaglnn

al

a Yo A | o oA = ! = oy = ) {
LNYU Imai%’;ﬁmnmmmmumamLiJi‘&J‘lJmmmiaﬂmE) f\ﬂﬂﬂ’ﬁ%@lﬁ@ﬂﬂiﬂLU?EJ‘ULV]EJ‘U'J@@V]

q

[ A [ a o ¥ 1 = o a a aa
L‘U‘L!Q‘U‘Vliﬂﬂﬁllﬁ@ ’]ﬁ@ﬂﬁ‘U@ﬁIﬂﬁJ, bYINUNIER) NUDUIDIVBLUINIYN UIER Iwamaﬁwmawau

q

1o

tiinlananagedeean, PAN CF-PEEK, Pitch CF-PEEK wuidn f¥ananvsanandeasnniu
Yanuwelasiily uazvnousestardniion Wutag Pitch CF-PEEK axilinsdnvseditesiian

INN13ANYIYRN S. C. Scholes et al. (2009) la@nwmAUTInaNTTdnnTe
vosgTanilflugnanvnssuinisunmdeisiuooudan fio ia Aetan lauealasy uasTan
ﬁm’ﬂuiﬁ@%u \u PEEK, CFR-PEEK PAN, CFR-PEEK pitch t{Judiu wu31 mannaeuveeian
Tavealasuiutan PEEK axdirdulssavsnisdnuseanniian daududseansnisdnuse

tioefianfie Jan CFR-PEEK PAN wuuiiauous dauanslusud 2.38

JUTN 2.38 LATeanageUiuaaudan
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n13AnwI1049 Vesa_Saikko wazany (2022) levinnnsnaaeuiitesufanves
anaesuiln fie UHMWPE waz VEXLPE inaaouiuian CoCr nuin 91nnsmaaeusening
Yan UHMWPE ffu CoCr ifldtimaedulusiulugamndfiunnsaifufle 4, 20, 37 aam wui
pupdfAsuuladudmaredudsyandusadoanu lafigupdilusiuil 4 uas 20
osmndmduszansusadoanuitlndiesiufo egsening 0.10-0.14 udlsuiionmg 37
oanfiednssAviusadoanueyil 0.7-0.1 wardwmesnisinuse nudgugiiilusiud 4
ua 20 p9enTSnsn1sAnnsengd 5-7.1 fiadntu wasflgaunfitlusiud 37 ssm fdns

dnnseilesnii fie 2.2-5 Tadndu dandluguin 2.39

o

)

wn
"
]

UHMWPE

T

UHMWPE . 1

o
N
o

o =]
= [
o v
.
4
Wear (mg)
w e

Coefficient of friction u

4
(=]
e

o
(=3
S
(=)

4°C 20°C 37°C 4°C 20°C 37°C

a v o & ! a =
E‘U‘V] 2.39 ﬂQWNaNWUﬁigﬂjqﬂqmﬁﬂmLLazﬂ'ﬁaﬂ‘Vﬁ@

262 uidEREaiuAIasenadou
113387913 Otto et al. (1999) MfFnwrszuvwnwenIsduasiouvassues
Tnle3Tafivinsiarenuduvesnisduia tngldinisnaassnalnanfimannudusing 9 wuu
asit Tunsdinauuuasiiwuwesfivnwen1snnvesda 0 tisanANRnNaInTa I By ey 16
Auld 83 % uaznsdluvubinsiannsalifeyaifvldifioadrefladtuiomzlsldanm
gnéoaialdl fagudl 2.40

Figure 1 TableJ| P,.. |Leading|Period| A, | A
Actuator MPa) | Type | (sec) | Ao | Aoe
Hydraulic 5 static | 200 [1.19 [1.00

ylinder 10 static | 900 [1.21]1.00

Prssg[jecer 15 static | 900 |1.16 [1.00

- 20 static | 900 | 1.10 [1.00

Nitrile 15 ramp | 100 [1.08 [1.06

Membrane 13 ramp 200 |1.13)1.06

Piezoresistive] 13 ramp 400 | 1.19 | 1.04

Sensor 15 ramp | 800 [1.27 [1.04

13 step 600 | 1.17 | 1.00
13 hybrid | 600 | 1.19 101

Load Cell

JUT 2.40 ANANUAUAUTEEELIINSNAARY
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[

9Mn91U3T8989 DeMarco et al. (2000) ldFnwin1sinArAuLAuLaz AT
duita Tnedszgndlddugunsainisnadn wWisuifiouseiniosdedn 2 wila fe Fduyddu
TEKSCAN 21nN13NAa09faund Identndifiaula 2,510 wnzlraaaifion madeu
TEKSCAN Aldaasfiianulaft 02500 Yeusremsstuldnaaeu Tnsazutaiu TEKSCAN
LUV 3 90 uazuuy 11 90 laglfiadesmaaoy Instron nieutununagunsinszuen 9903
NAADINUINNAIAMULANAINUDY 3 Lwﬂﬁﬂﬁaénﬂﬁﬂaﬁﬁm WANGUTAALRANAIALINNT
14 % TEKSCAN 3 faramufinnatasunnnin 11% was TEKSCAN 11 Sianaruiianatail 4 9%
lnglunisnaaeume Iy dleifieuradsnnuanisnadeutaie SAANLAANEIATIS

91.66 % nnAAiald fdluzu 2.41

[

e =
Ln 3

=

Average % Error
of Applied Pressure
[=}
—

s

FUII TEKSCAN3 TEKSCAN 11

(=T

SUT 2.41 Andasiduanuiinnain

1nN13ANE1Y8 Abdellatif Abdelgaied et al. (2017) laAnwATDINAGDU
YaNAYN IngNISIUSUEULASBINARDUTDLU T ULUUTIUASA WALLAIDINAFDULDLUN
a | ¥ P A & a %
Wignwuusguuliin wudn nsmedeumieasamaaauidussuulnininisnauauaIuns
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1 al.2007 X X X X «
Alison L. Galvin
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Lu Kang et
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John Fisher et
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al.2013
Marzieh M.
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10 al.2015 x x x

)%



AN5197 2.3 SdTeneInUTaiey (70)

- AU o -
ansAnen i . y . Y Tdfumsgu Nuoau
4 ANSANYN L3BYEN LIDIN92BDNLUUY N1INAFDIU N1391894 LAY ANSRNYTD - .
7 v o 1SO-14243 AN
RG]
UHMWPE | Tdn wuy knee | uwuu y f A5 WUy | wuu g
s PS CR . - Abaqus | Fuq R Usuad R .
CoCr au Usuuse sim U duuszans | dnuse Undi | dsudss | wadau
Abdellatif
11 Abdelgaied et X X X
al.2017
S. C. Scholes
12 and A. X X X X
Unsworth 2009
Yong-Gon Koh
13 X X X X X X X X
et al.2019
T. Schwenke
14 and M.A. X X X X X X
Wimmer 2013
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. CoCrMo/ UHMWPE, CoCrMo/ . ansdruwasla AURUIILY Fuuszansuse
No Gl Tupda (GPa) o
PEEK, CoCrMo/ CFR-PEEK Y9 (g/mm?) WHEANIUY
(mm3/N*m)
1 UHMWPE 2.64E-7 99 1.7E-10 0.463 04 1.051 0.43 09 0.47 0.93E-8 014 0.97E-8 0.007 89 0.2
2 PEEK 7.37E-09 30945 0.3 1.3 99 1.43E-6 0.04-0.06
3 CRF-PEEK 0.079E-9 24 0.21E-9 5.9 99 18 0.39 99 0.4 1.42E-06 0.04

‘1‘71lm : Zhenhua Zhang et al.2014, Shariq Najeeb et al. 2015, Volker Altstaedt, et al.2003, Fitria Rahmitasari et al.2017, Ludan Qin et al.2021,
ClaireL.Brockett et al.2017, Joa"o Rodrigo Saro et al.2010, Thomas M. Grupp et al.2010, William Andrew 2019, Steven M. Kurtz 2016, Lucy
A. Knight et al.2007, Xiao-Hong Wang et al.2018, Dong-Wook Kim et al.2011, J. Bayod 2016, Jonathan Netter et al.2015, S. C. Scholes A& A.

Unsworth 2009, Yong-Gon Koh et al.2019, T M McGloughlin et al.2003, ClaireL.Brockett et al. 2017, Abdellatif Abdelgaied et al. 2012
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W—Width of narrow section® 6 (0.25)
L—Length of narrow section 33 (1.30)
WO—Width overall, min© 19 (0.75)

WO—Width overall, min©
115 (4.5)

LO—Length overall, min”

G—Gage length’ o5 (1 .00)
G—Gage length’ 65 (2.5)”
D—Distance between grips 14 (0.56)
R—Radius of fillet 25 (1.00)
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Ultimate Tensile Stress Max True Stress
Modulus
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MPa Mpa Gpa
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Specimen Calc. at Entire Areas Calc. at Entire Areas

MPa MPa GPa
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Standard
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McGloughlin et al. (2003), sc. scholes et al. (2009)

d' | a £ = a a 6
A1519% 4.4 AENUIEENTNITANVTOVDINUBAUAAN

AuUDUREN
el ANSNAEaU ANSNAFDU AnduUsEANsN153NNTe
UL (nSY) UYSuae (uu?) AN IUSHNTUIAD
Inaenauuinn
0.0007 0.74706 9.00E-10
Luianags
INALeMBSLBLNBS ALY 0.0088 6.76793 3.99E-08




e

4.3.2 Wan153189992852 08UAS W ludiafuud

NFUN 4.6 uae 4.7 Ao nan1sdnaesnisanusemelusunsulnludiefiuud

v o

LaZNISNAADUASUTUNITNAABURUDDURAR TILUAAIAIAINNA NNV NSAUTALaY

a1 =

deondnu TuusnaniuiindeedivresTanlndiendudminluanags selidanudnitey

IS =

nintanindewesiowmesalau Fudunaunaniagindieiduuminluanagdinumiledss

Y

wndwihbiinisanusedesndt lnganAsuanIiaia eIt dulaLsNIfuMUT oUW R

lngyunagauaragi 5.5 9er Walllguiuiian1anismagaeu

Cyde Wear Depth

+2.461e+00 \ \
+2.257e+00

+2.053e+00

+1.849e+00

+1.644e+00

+1.440e+00

+1.236e+00

+1.031e+00

+8.270e-01

+6.227e-01

+4.184e-01

+2.141e-01 s
+9.788e-03

) =®f o a ad g £ v o
JUN 4.6 Amnuaniagindiefiaudmidnluanag (E1e) n13daes (¥31) Mnagaey

*@®

JUN 4.7 amnudnindiewesiamesalau (1e) n1331ae4 (131) NMINAdOU

Cycle Wear Depth
+8.379e+00
+7.683e+00
+6.987e+00
+5.291e+00
+5.595e+00
+4.899e+00
+4.203e+00
+3.507e+00
+2.811e+00
+2.115e+00
+1.41%e+00
+7.235e-01
+2.755e-02

1 1
= =

4.4  NANISIATITAMULAUVITD U MREUN18TAN1s AN UAsULUaIRIY

3

= b4 a (3 a (3 a aa
Y31 0 9 90 asrn fesloudsinludedunduasmatiayanay
lwihdetlaziiausnanimmaasamAianurudulawasiunduda ludeiey
2 Ussamuanengiuaesaile fie doriitendssivdnouleivasdaniisuussanaying

Wulvinds nanisiasizviazisznaulumienisnaasiaswaznissnandalelusunsy



78

Inludiediuud msmaaw'%wzLﬁumsmaaqﬁ%’mﬁm\lﬁﬂém THun s uRLAeTiauisn
LLamLLauﬁLﬁaQﬂﬂmﬁuLLazﬁﬂUUizmamaiuiﬂmmmawwmqLﬁam’maaummmmﬁu
Fuifauaziuiduda vdantu Sehundssuiisuiunanissiassdnesadoudsinlug
LOALUUA

4.4.1 MsBATRANNduTastafisndIemAllaNdNEN

Y

NANISNAADUNDNIATAINULAUAUN A LA N UN FURFVDINITNABBDIASINIY

wirdadTidy vududumteusestolisnyssmdndulyindwazeyintouleinds un

Y

YIMNNSNAEDU NENBUNITNAZBUILADUA BN LN U AUTAUNZAUNUTIANAIULAUNILNAFDU
FINITNIV VD ILNUNBUILYIINITNABDINANAADU LK UNR UL AL U UINTIVADUAIAIULAUN
a qy [l 1 1 a6 gj o :’/ = o 1 a) a L2 v

Andu aglugisveusuilauty | nasaintudnhuduilduandesizvnamelusunsuaniy

A ! Y o I ar s A O ' =
NNNFIUITODNUANULAUFVDILLHNUN AL I@IUNaﬂ’]ﬁm@aa‘Umlqlll@Qﬁqﬂqiq@vﬂqm\uuﬂ 0 Uy 90

o A

03 KamsAnYILARsA AL AU LTaLAs uTiduaTuandefuluusazsm Fanandlugud
4.8 (n) wag 4.9 (n)
4.4.2 M5AATITIANUALYasTBLIBuAesEidaudT IWludadIuuA
PNNTIATIZIHANTNIREBY NMsIANALLALEaLAs U dUaTLAnTY
Tudewifiouisaesszinn Ingldssdeorisnlufiodundinszinanissans ey

WudURELIMNIUN 4.8 wag 4.9 mudidu InNanIegeunuInlugun 4.8 (v) uwanedisen

¥ '
A ]

Y o o v o oAy y a ¢ v a aa ¢ a ¢ v oA
AIULAUANNT LA S NUNTUNES Vli@“ﬂ']ﬂﬂ']i'ﬂl;ﬂi’]gw@'QﬂigLU‘EJU'JﬁVLW‘lu@]L@aLllum IUGU@LEU']L‘WEJQJ

wuusinduleivdafiguesrmniseenis o asnudnfufazyunIse AruAuduaLasuT

dudaiiiaduazdvuinlagimuniauansi1aiy wazanuaesUT e undulazaos
WaBNAINIUT 1A 18298 T UTIMAUMULNBIAINITIDTANINTL MINYUIDAANLINTY

WAL F99nyuesafisnTuyibiinnsdulaiuasalnaway Felududiudaseu

v

nszaneun dudaiuIudulnawrnlududum usesla ey viliianmsdudaiuly

o

19 o = v do o a a X PN ] Y
V]’N@WUMa\TQﬂVI'ﬂWWUVIaNNaa@a\‘lm']ml!ll@ﬂﬂf]ﬂL‘Wllll’]ﬂsUu IUEU‘W 4.9 (v) LanIAINNULAL

} '
A ] [ 6

duiauaziunduianliainnisiwvsgimessideuisinudedwuudludeisuwuuaysng

oA

OUlr IS NYyLDAINITIBAN 9 NUINUAAZLNNITID AIAUAUFURALsTUNdUNET

AT uazdvwInLanAaiy Lagdnwaz U0 undulavzeee 9 Wasuanguseeae
HnauNsEeMUsnTuTa ULyt NuINAuAdNe 9 Audeltiiieuwuudndu

lodnds witlosanuueusesderinUssinvillifiinaway vililewdeuyuesluauisyuasen

'
LY a =

#1 90 Aagdusnnndudadiegusinninalemueusestoiiniiey



79

Coutact Prezzure (MP2)

Coutact Preszurs (MPa) 150
Coutact Prezzure (MP2)

30°

Coutact Prezzure (MPa)

60°

(n) (@)

90°

a ! Y o v aa d,( 14 1 = 14 1 a % @ 14
E‘U‘Vl 4.8 F"l’]ﬂ’ﬁiﬂLﬂUﬁNNﬁWLﬂﬂsUuUu‘ViiJ’eJUi’eNsU’s')LGU’]LV]EJNSU@\TGU@L‘UWWIEJZJ‘UigLﬂVlG]@LEJUIGU’J

1Y

NS NYaBIAINITIBKN 0, 15, 30, 60, kag 90 () HaNITIATIEVMEmATAYT

9

Ay (V) NANISTAATIZARUUINADIUULUTHATUADUALADS



80

Contact Prassura (MPz)

l 0°

5'.)

Contact Prassura (MP2) Contact Pressure (MP3)

"
!...‘. i
’ ]
| S i
: o+ )
.. !
. » (- e
42 100m s
+ 10008 +
+1 500e +
- . Lt
36, 0K 428
o3 A0 odx
$OO00 +0X

Contact Prassura (MP3) 30°

Contact Prassure (MP3) 60°
9

(n) (¥)

0(}

d' J Y o w A a & v 1 = v 1 = [ 6 @
E‘U‘Vl 4.9 mmmLﬂuama‘mLﬂmsuuwmauiawaLﬁmmamammesmﬂizmwmgﬂmau

'
v =

londa iyuesrniseewtn 0, 15, 30, 60, waz 90 (1) NaNITIATIEMBATAYT

Ay (V) NANITAATIENBUUINADIUUIUTHATUADUALADS



81

FowFeuifisunanismaaesiionsaaoumarududuiauasiuiduiaiiintuses
Jouiienuwuveyinwdulvindsiunidunassndulivdmwesnisiiassiunaveyifldy
Mnwan1TieTgidssndeuisinludiofiuu wui Aenudududageaanazaiiiud
AufafiAnduiuus  Senemuuansnsiuluutazaliviiy TasaseSuienansiasies

é’wﬂﬁWLwiqé’fmammugUﬁ 4.10, 4.12, 4.12 Az 4.13 eUa1eu

PS L0 18un1141u

©
o
S  40.00
=
T 30.00
et
@
%= 20.00 .
e [ RIEHGH
< 10.00
S 1809
=
g 0.00
— 0 15 30 60 90
&

guaammiﬂalfm

¥ ] = v

PS 29l ngun1UUDN
IS
= 5000
& 40.00
=
=
w?  30.00
= .
% 20.00 | YavEu
G
=
e 1059 d1qed
2000
¥ 0 15 30 60 90
€
&

RN ARG PRI

d' J LAY v 1 = Y [ Yy o A 1
E‘U‘V] 4.10 ﬂ']ﬂ’J'mLﬂUﬁNNﬁ%BQ%BQ‘UBL‘UWL‘VlEJlI“lJiSLﬂ‘VlG]ﬂL’eJ‘L!l‘U’J‘Viﬁﬂﬂﬂ{u@ﬂﬂ’]ﬂ’ﬁﬂ@mﬂﬂ b

NaNISANEY LA DMIAIANUL AUl UNL DU T B LR sL UseLnndaLs uludnds wuqn
ANPNULAUTL AN TUTUUSIURIVBLI W ASU AU LI AIANULANFIIAUTENININITINABILAENA
NAFOUMBUHUNINGUNNNgADEN 34.02 % Tuyuaeldnfl 0 99 uazilArAuuans1atiay
ldl lﬂ' lﬂ' 1 = v 1 = v = 1 1 1
Vigayy 15 891 1 13.24 % Tudiuvesiadaiiiiguauueni mManuwand19e9a1AI1Y

\AUGIanBET 28.78 % Niu 30 8aAN Uay dAteeNianagil 12.57 % 1 YU 60 831 Faan



82

'
[ I

anuauialieglugivesunuiduildanuliAnnuudugnansavenainnudula

[y

AauEITEARuIAkana i AuEsRIANRaIALAARUEEN 14 - 91.66 % DeMarco et al.

(2000)
2 1 ¥
= PS Yot ieuaulu
v
&
= 150.00
(G
o
2 100.00
o
& 5000 CRiEIY
2 91899
A 000
’qg 0 15 30 60 90
&ﬂg 1
= YUBIAINITIO
L2 1 = v
. PS 8L N8UAUUBDN
U’O
=
= 200.00
(G
& 15000
=%
Z
= 100.00 .
& [ RARNEHY
© 5000 O
% 1884
w000
i
= 0 15 30 60 90
&ﬂg .
YUBIANITIB

o ¥

d' & Ao 1 = Y =3 Y o a 1
E‘U‘V] 4.11 ﬂ’]WUVIﬁNNﬁ"U@\W@\W@LGU’WLVI?JZLIUiSLﬂVW]ﬂL@u‘l‘U’J‘Viaﬂﬂﬁ{u@ﬂﬂ’]ﬂ’ﬁ\‘]@lfﬂﬂﬂ b

¥ '
1A )

nanNIsANEIMIAUN dudalunyousesa e uUsEINAaLs Ul nds wuniun

s

dudavemueuTeol Mg Ul UTAIANULANANEINEATENTNN TR0 AL AT AT

1 v

29.64 9% N33 0 93A1 WArdAIANULANATBENARBYT 2 % Y 90 83M1 dIUNUNE U8

o
ra A

oA Y a ' a = 1 v
LUINYUATUUBDA llﬂ']ﬂ’n&lu@ﬂ@'m@%ﬂ n 20.17 % ‘V]l!ll 0 99A1 LAZUAIAINULNNNNUDY

I
K% 1% [ 1

Vianogi 4.24 % Ny 60 vef NuNFUNasaoInuIamtausasdaIiguiiAlndiAgeiu
HANNTINAY FaaTaUDNVUANUNTUNANINAAINULANFUNTIARBET 29.64 BILARIN
fuihdudunenssiinannsidenduaniauaudvunndadunaliiinfiauunnaafiad

131 0 94PN



83

¥ 1 =1 ¥
CR GUE]LGU']LV]EJQJW]HSLH

[cS

&,

Zs 50.00

S 40.00

R ~—~

ag & 30.00
& =2 2000 RO
g 10.00 )

QRN

& 0.00

& 0 15 30 60 90

UHBIAINTTIBLU
} 24 1 = v
CR 9901t NguN1UUDN

©

Q. 50.00

=

< 4000

e,

Z. 3000

[\ aa
Bg 20.00 | vavau
Bl

10.00 .

= 1809
= 0.00

= 0 15 30 60 90

<

€ 13BIAINTTI0LUT

e{' ' Y v v ¥ 1y al v 6 = Y o 1
E‘U‘Vl 4.12 ﬂ']ﬂ’.]']llLﬂu%’iiJNﬁ‘UENGUEN‘UEJL“U']L‘VlEJ@J“UiSLﬂVIE]HSﬂHLE)ubLSU’DVIaQVIHSJ’EJWI’m’WN@HJ’ﬂ,@ 9

nansAny oA adluvssusesteldiisuLuUays s ulyings wudne
Aradugsgafiintumesindernisdulufideuunndsfussnienissiasauas n1s
namage ULy ATSNnTignegl 57.73 % iy 0 e uasiiAtieugaedil 7.64 % 7
111 90 09 AedLdLdAgIERluAwTesimLousestaltisnduuen farfiufienu
uanensugaanae 149.06 9% iy 0 o9 uazdiAntosfignegi 4.29 % fiys 90 a3 91

NaNSANY MU AANUALgIEadinuansiuinn avnnInagnaaveuduludui

a &£ i Y o & | A& | aa s a =% o § Y a
@']ﬂﬂ%l,ﬂﬂ‘ﬂusmﬂﬁ']ﬂ'nllLﬂu‘Vii@LUu’ﬂ'ﬂuwLNW?WJ@\?LLNUWUQWﬁNQﬂ@ﬂ@!ﬂ%ﬂﬂqiﬁl’ﬂﬂﬂﬂﬂsgﬂﬂ

a 1 J n:l' & ada 1 a v 1 = | a a
VIO UE LLG]LLG]ﬂG]N‘\]']ﬂlqliJV]Ej\‘ﬁlUiJVliJﬂ’]ﬂ’J']@JLLG]ﬂG]’]\Wm’eJEJﬂ’J’]Luaﬂﬁ]’]ﬂLUUUﬁL’JﬂJVI‘lﬁJQﬂ‘U@Q

YDINUBUTDIUDLU LY



84

%4 ] a %
CR GUE]LGU'WLW?JM@’]UIU

& 250.00
=%
(@  200.00
i
o7 150.00
~
& 10000 [ RIRRGH
e 5000 1899
=
_;g 0.00
= 0 15 30 60 90
av;

HUDIAINITIDNUN

4 1 a ¥

CR U908 UAUUBDN

__250.00
&
-3 200.00
G
G
& 150.00
z
= 100.00 [ RIBHGH
e
< 50.00 91809
0
S% 000
;-q% 0 15 30 60 90
1= ‘

HUDIAINIIIONT

v v

A X Ao 1 = v 6 @ Y o A 1
E‘U‘Vl 4.13 F’]']WUVIﬁiJNﬁ“U’eNGUEN“UE]LGU’WL‘VI‘EJlI‘Ui%LﬂVlE)Hiﬂ‘UL’eJuvL“U’JVIaQVIS{@JENW]W]N@LGU']IG] i

wan1sAnwmimnuiduialuniousesdoluiisudszinmeydntauluings wun

[ '
A a

Nundulavenuousetaldigua Ul ulA1ALLANA 19 gATENINNTINa0UasY R

4 ]

AN 43.62 % 7yu 0 3 uagdaAnuwansleeiignogi 17.11 % Nyu 90 831 @

q U q
Wuniedaiinieuniuuen daAnuuanegeyi A 44.82 % 7y 0 A1 uazdA1AY

Y

' o
4 I

uanitosiianagil 6.95 % fiuu 60 eam fuiduiaiiaesiuvomuousestoliuiiuna
MnERGuTvueiiun nfindudns feludaifeudssameynidulyindaivwaiiud
dudanTlnddnfuunnsgninsrhasounssgnausdnuiuieusesterduiien fifaiinm
TAsiuuudaduinn ldnisindouiundfdudululdon SoiliRniuidudalndtuge

UL UUSIUNIN VT RAN UN FUN A0 NN ALLANF199INA15I1a0 LD UDE 191N



85

eI AwansliiutisinunaIandeuvesaiaNegT 14 - 91.66 % DeMarco et
al. (2000)

4.5  WNANSAATIZHAINITENNTDVRITBLITIBNAe52i T8 U WU AIuun

NNANTNAFDUNNTANNTDVDINUDUTDIVBLYUAYUNUIN NSENNRTBLANIINNISIEEN
ﬁmaqsﬁalﬂhLﬁsﬂu%u?humﬂmauﬂiz@ﬂéfumLLazﬂT}Judauwmusm%’aLﬂhLﬁﬂm dleafinng
\ApuMANTY Fudiuiidnnse fe Judrunueuseel I isuiiaiauudusdesnin
Judurnaseunszgniuruasyanan faglndlefdudminludnags vietanlndiomes
LamesAlau nsaviunananaisueuliiuesisunea Indiawmesiewesalau Tudiuvesh
ATBUNTERNAUYIIIININTaglaTuealasy dAranuudausann lesniduiagusziom
opfifley Fufnmsdnuseldein mngasiuieidudesinudadovesnsinuselunuey
sosdanflendundn Tunsinuillddnuiadose o fdwaliannsdnnselunueuses
Foruiten Tngldulstadeiidsmanenisdnusevemuousesdoniioudsl

Hadeii 1 Ussunvastorindivasis 2 Ussianie faduluinduareuindiduluivgs

Yasud 2 Yasomesnuaunniidmanenisinusevesdouiioy

Haduil 3 fo Janilivimuousesdeitnuion

lunsfinuniiadedidsuasienisdnuseri 3 tade gReBNUUUNIMAALlEANAIA
iy Taedaded 1 axdunisfinedSeuiivumsdnusevemueusestowiioy 2 Ussiam
Ao Usziandoudiond 1 udemniisnwuudnsulaindadiouiiouiu Ussiandew

a el'

<) v oA v 6§ ® Y o as 25y v oA
Wenn 2 Judewiiisuwuueysngoulvings lnensaliayldianvewneusesdaiiiiey
e Tanlnderiaudivdnluanagunioudu uagldvuinvesinsounsegnauviuas viey
sotainiieuues 4 daduuasund (Normal) Aewanslugun 4.2n uaz 4.2v muadu

n13fnwladedn 2 A U93N19nTUYUIAYRItBll L g IWANA T U NAGBIVINAY

nsdnvse Falunsdill Wudadenuianusenduantimuanisiimaunudewiieausold
Asvuale 1 wes luniseeniuuniimaaesd lanmualiguduiinseunsegnauen 19
YIALUDS 3 (Under size), 4 (Normal size), 5 (Over size) Fuafiuniausestaidiiiguiues
4 (Normal) Famsveaesil 1 agldasaunszgnduaiiues 3 (Upper size) asfiuwinannin

v oA s 2 v = D v s
puseItaIluiiguues 4 Wbntes n1snaaea 2 agldnseunsegnauvLues 4 (Normal
size) FuluvunUsnfnunueusestownilenues 4 n1snaaesi 3 agldliaseunszgneu

U3 5 (Over size) Fudurualvaniusninunteusesteoniisuues 4 lngnsnaass



fagnnaosis dortufisuwvunaunudulvivduasdaifonnuuoysndiduleings &
uanslugufl 4.14 n1, 4.14 n2, 4.14 03 uaz 4.14 91, 4.14 92, 4.14 43 Uiy
nsfinuiiaded 3 Aeidesesiagiuandaturestudumueusester o lu
msfnwil sevanostaniindavmousesdedniienlutiagiuuvhmmesoaiieFoudioy
Tiiiufanisdnnseiifirnuusnsineiu agldian 3 via lummeasseglivunvesdinsey

ﬂi%@ﬂéfu"(ﬂLLa%ﬂUWﬂ%@ﬂﬁN@Uﬁaﬂ‘ﬁaL‘lj’]LﬁEJlIL‘U@% a4

Jouiiienguuuudadulyings Jouiienguuuueysndiduleings

' nl I
 — S
‘ﬂz ‘
e

sE— ]

ﬂ ‘
]

\ap

sUTl 4.14 yuszneuderifleufiffvunauandretussninedudiu dnaseunsegnduaniu
vuausesalt Loy (JUF 4.14 n1 uaz 1 eheseunsegniuaILUes 3 uBuseq
Foriuiteaiuas 4 ) (Under size), (U1 4.14 n2 waz 42 HhAsaUNTEANAUYT
WBS 4 NUaUTIULYLNeNluas 4 ) (Normal size), (gﬂ‘ﬁ 4.14 n3 way ¥3 K1

1% 1 [ oA '3 .
ATBUNSEANAUTILUDS 5 lBUSDITBILBNLUBS 4 ) (Over size)



87

451 Uademedulszsinnitdawananisinusavesdaiiniioy

HAvBINIIIAABITeITITlBL 2 UssiamTiuansfusering dai sy
aaduleindulIsuiisududeiiisuwuuoysndauleings wudn dasinisdnnseves
vieusestoiuisamuudndulyindaindu 110.75 uu. /miaduseu sesnnsdnuseves
viousestalfisnsuluzeguinansinarsuazidnuaznanilosniinisndoudiuas
myuluusinndinn dudenduuen fdnvurnsdnnsaiduuumemluauiumivgs
doLiloetu nadnsuessnIInsAnuTeves vesueusestalfisuuuy ey inidulyings
Wity 86.74 uu */miladuseu vuddenountniisnsinisdnvseogd 13.1 - 79.5 un.¥/
#il9481us0U Saikko et al. (2001), Dowson, D. et al. (1987) So8/@nnsov0IndoUs oL
Weuduluuazduueniidnuagadiofundnn fe dnsdnusenssaeiafiuiiiduanis
dosn denisuuuueyindidulyindsiniseenuuuiaiituirvemueusosdaid oy

[ v oy oA < Y o = o = Y} ~
LJUINIUINAN GUQLGU’]LWHQJLLUUW@LLWUL@UVLGU’JW@Q %Q@Gli’lﬂ’liaﬂﬂiamLLﬁ@ﬂugU‘Vl 4.15

v H = LY v s
°uavu'lmuuﬂs:mmqsnmau‘lmwae

v H = w o v o
darindisuussnnanoulyivas

A\x

b

1

foindnly  davuuen dowanily  dewdruuen

Cycle Wear Depth
+1.097e+01
+1.005e+01
+9.141e+00
+8.227e+00
+7.313e+00
+6.399e+00
+5.485e¢+00
+4.57 le+00
+3.657e+00
+2.743e+00
+1.829e+00
+9.147e-01
+7.261e-04

Cycle Wear Depth
+1.004e+01
+9.199e+00
+8.363e+00
+7.527e+00
+6.690e+00
+5.854e+00
+5.018e+00
+4.182e+00
+3.345e+00
+2.509¢+00
+1.673e+00
+8.367e-01
+4.340e-04

YAl YDUNANUUDN Jar1Anuly YUNANUUDN

JUT 4.15 msdnuseveseusesdaiiiey (F18) JUsuudadulyinduay (131) susnkduld

w83 YernAsEUNIEANAUYIULS 4 WU Normal size idusastowiieuiues 4



88

4.5.2 Uadsnisnuvuafidinasnanisanvisavastawisy
mamiﬁﬂmﬂﬁaé’mmmmaﬁaLszhLﬁsmﬁmeGmﬁ’mzijhmaumz@ﬂ

va v

Furiuvteusesteliiion Jetanuuousosteriuiisuaylinuantian dul walefidu
hwiinlaanags nadwssnanisinusevesdatnieuyssandaduleinds Tnefmuanis
Usenou 3 UkuUFIetu fall sUMUUT 1 dhaseunszgnduriiues 3 (Under size) Bafiuunn
W@nnusniusenauiuntausestaues 4 (Normal size) WUI8RSINSENNTOVRIVILDU
sosdownfioufianvafu 94.73 un >misd1useu druvestaduluidnvasduinay
wazseuNIsanUsstndiuvadlnauay N15annIedeldNiguATULeNTaN YL TOYINATUNAY
Fesuniiuaziisesaiaue ?J‘ULLUU‘ﬁI 2 fie AsounsEANAUILUBS 4 (Normal size) R
WJuruiausnivesd o nfigulsenaudunieuseadatdnues 4 sns1n1sanusaminiu
110.75 W /milsdusou é’ﬂwmgﬁuaﬁaUﬂﬁﬁﬂma%ﬂé’wﬁugﬂl,t,wﬁ 1 T nisuniuly
azfiseaduranay wazdalieuauuen eldnwaruisasdnainaineundsbuaiunti
Lwimmvmmﬂmaﬂmwawmuim%’aLszJ'WLﬁstzmmdngquﬁ 1 uaggUhuuannIeued
Forvuitvuuuunaunudulyivds fie sUuULT 3 Aeraseunszgnduriues 5 (Over size)

1 [

= & o a v oA Y] Y o =
“ZNL‘UUGUU’]ﬂlwmﬂﬁqﬂiﬂ@ﬂﬂﬂmﬁ)wqL‘V]EJ@J‘U’iSﬂE]UﬂU‘VTJJE]L!i@QGUE]L?J']L‘UE]i 4 95151N15dNNTD

1%
aa v =

WU 216.98 1u.*/milsd1useu navesnIsanvseveguuuuiiiisnsinisdnseniuinnii
1 v le/ -d' 1 ¥ d‘d 1 a a

sunuuneunthil esinmisldaunavesinseunsegnauuidvwinivgusanasiinnig

ANNITONUSIUVBUN TUUDNIIADIUINVDINUBUTDITL NeY Tanuldwinnzaulunisly

pe198s fananslugun 4.16



89

Under size

Normal size

Over size -
3
AMFIRATIANMATN nwenAse 2 IR AMWIAAZIATUTN dowwnduly  dawnduuen

JUT 4.16 M3dnusevesnususestadwiienivas 4 Ussiandnduluings (n) dinaseu
NTgANAUYIUBY 3 UWUU Under size (¥) H1NATBUNTEYNAUINUDST 4 WU

Normal size () HINATEUNTEANAUUNUDT 5 WUU Over size

waé’wémsﬁﬂmamaqﬁa%’aéﬁummmaﬁaLszhLﬁamﬂiswau%’ﬂﬁlﬁulﬁwﬁa
TRgNNUANISUSENaU 3 EULL‘U‘ULGduLﬁmﬁ’U%'aLﬁdﬂLﬂamLUUﬁmﬁulﬁwé’q Tugduuui 1 6
% s o a <@ I a [ v 1 s
ATOUNTEANAUILUDT 3 (Under size) Huunannitusni Usenauiunueusestawiues 4
NUIDRTINTANNIDVDINUBUTDIVDUNTNEULANYINU 87.08 UL.>/NIA1UTOU dI1UVDITD
Weululdnwuz U BT I1UNA1I0INLBUSBIU DL M BULAZ IO UNITANNTOAIUUDNA

v

Usgdndimfananaduieniu nsdnnsedeidifisndunen I8nvnesesanndundsi
suvtiuazsesasiiane osanrinasounszgniuvfidnuazidn Sailriaidudani
Aetudnlndgafanansesmousestaiduiios sULUT 2 thasaunszanduniued 4
(Normal size) tHuruinusnAiusenauiuntousoddaltlues 4 Wui1dnsnIsannsoves
veusosalisufidvintu 86.74 uu.>/milsd1useu seenisdnusenseanevhiamuouses
Fortuiiow vafindoinduluwasintarindiuuen Uuuufl 3 daasounsegnduviives 5
(Over size) LAl I1UINAYTENBUAUNNBUTDITBLYILUBS 4 WUIIENTINTTANUTE

YoIMUOUTBITDLWABUTANYINTY 327.95 1u.>/vilsduseu U8nsINsanuseNngnn was



90

$89508MTANVTOIATUTAVEUUONVBIR IR TIEY LTI INTUAIUHNATEUNTEANAUYNS]

wualvgy Ysenaudniulimungariainnisdnuseniunn daandlugun 4.17

Under size

—

=t .
e o i

Over size #

ANARASIAUULN winASs 2 IR ATAAASIATUTI dowguly  dewiehuuen

JUT 4.17 msBnusevesteusesferuiisuiuss 4 Ussuneysnuduluing (n) dnaseu
N3EANANYNUDT 3 WUU Under size () H1nATOUNTEQNAUVNUDT 4 LUY

Normal size (R) H1NATOUNTEANAUVUDS 5 WUU Over size

4.5.3  Uademeinuiaandeadenisinnsevasdaidniiey

Y £4 [ < v A aa = ~ v v
Na%@ﬂﬂﬂiﬂﬂa@\‘]{j"\mEJVINWTN’JE‘W] Wudaden 3 nin1sAnwlALInuensd

'
[y

nsdnusauarergnisiiurestaniien Inedagnidenuveaes iulanfignWauiuway
NARTUAIUNLBUTIT A LTEY Tun1seassilazdiasstainisuwuudne uluinday
o & @ Y o aa L v ¢ .
wuvausnudulyIngs NlvunvesudiulIATauNSERNAUYIULS 4 (Normal size) Useneau
Fugudunteusestauiisnues 4 Fulurwawidulsng wefnwlademesinuian &
Tannvinnsdnaesdsenaulumetanindieiduinvdnluianags (UHMWPE), Jaqlndlenes
owmasAlau (PEEK), Tanmisuaulrivasisunea Indiawmasiowmesalau (CFR-PEEK) Lile
ATRERUIURULLAEUTNSEnVTeluntousesla N gl INNTARRINUT TanmaauTos

YoNALUNG 3 e T9NTINSANNTBNLANANIY



91

nsneaesiladednutanlulueadoifioussandadulaings tuil 1.9y
Sanindiofidutminlianags (UHMWPE) Sandnsinisdnusesgil 110.75 un */miledy
sou djUuuuresmsanusevesdaiisnaulududnuaznauuas dainiisnduuen &
msfnuserfuismandumdslufumt Fufl 2 SaavmousedoriifieadiiuTaglndie

wasiowesAlaw (PEEK) da1dnsin1sdnvsesydl 1,393.24 un.’/milsduseu 1Uuianid

9

AMULTLAT B RIIN1SANNTaNUINAIN Tneldnuwuzvestaineusuluilsesdnuainis
ANN5911N WaTdsYANNTOMIULUIYIIIINAIUNUNDIAIUNEINIADINIVDIRINUDUTDIVDLUN

Wen Fudl 3 Taguueusosderniisuiiduianai suaulnivesisunea Indiowesiowmesa

[y ' I3

lau (CFR-PEEK) fiAdnsinisdnusesydl 21.30 uu.’/milsduseu Ardaniliianainuudenn

q

Tgauaziiseunisdnuseniannindanaus JuibiiAnusnansdnusefidesiign fuandly

'
a

Un 4.18

Cycle Wear Depth
+1.097e+01
+1.005e401
+9.141e+00
+5.227e+00
+7.313e+00
+6.399e+00
+5.485e+00
+4.571e+00
+3.657e+00
+2.743e+00
+1.829e+00
+9.147e-01
+7.261e-04

A =2 £ 1 = Y [ Y o [ a ad S Y
JUN 4.18 msdnnsovemueusastaiiisusuiuudndulyivgs (n) Janlndieiau untn
luanags () Jaglndiewmesiewmesalau (p) Janansvaulnivedisurea Ind

5 6
leesiawmesAlauy



92

Cydle Wear Depth
+1.88%e+02
+1.731e+02
+1.574e+02
+1.417e+02
+1.25%9e+02

+1.102e+02
+9.444e+01
+7.870e401
+6.297e+01
+4.723e+01
+3.149e+01
+1.575e+01
+1.11%e-02

Cycle Wear Depth
+4,288e+00
+3.931e+00
+3.574e+00
+3.216e+00
+2.859e+00
+2.502e+00
+2.144e+00
+1.787e+00
+1.429e+00
+1.072e+00
+7.147e-01
+3.574e-01
+2.618e-06

- = Y 1A v & Y o 1Y) S aa o o
JUN 4.18 mMsnnsevesmususestaifigusUuuuinaulyings (n) Jaalndieidudmin
luanags (v) Tanlndewmesiamasalau (a) Tanarsuvaulnuesisunea Tnd

s 6 X !
leLesiamesAlau (nB)

n1snaaestadesudanlulueadewniisuwuusysndduleinds Tui 1
Duiagindieiduhvinluanags (UHMWPE) Sid18nsin1sdnviseay 86.74 wa.*/nilsdu
59U JdnwaenITENNIaNTEILTINURY V198090 1UYDIMUOUT DI LBy JUTLanuian
el' 1Al a a v A 1% 2 A @ v A Y =
Naneg 1 Tadwns ludawniionsulu 3ui 2 Jaavuenseslarnisuiiduianlniie

o A

wmasiemeiflau (PEEK) fiAdnsinisdnvseed 990.53 uy.>/milsduseu Wulanfidaiy
wiaunifidnsinisdnusediuinni neddnvuzvestaniisnduly dyeefnvenisdn
wsegi 1.6 Tadwnslutadniieunuly waglsesdnvsenuuuiganiuntfenumag
a v Y 1A s Y Y 1A P Y s s
FaypusuuaniusaIlwiiey Ul 3 TaguueusestaisuiiduTanansueulvives
\sunea Indlamesiawesalau (CFR-PEEK) dednsinisdnusesgh 9.29 uu./vilsausey
1w ' <

AfanildAranuudannuazinisdnursentesniniandug JuhlmiaUSuunisdnused

teeianuaziJusosuuidunsion daandlugui 4.19



93

Cydle Wear Depth
+1.004e+01
+9.199e400
+8.363e+00
+7.527e+00
+6.690e400
+5.854e+00
+5.018e+00
+4.182e+00
+3.345e+00
+2.509e+00
+1.673e+00
+8.367e-01

+4.340e-04

Cycle Wear Depth

+1.667e+02
+1.528e+02
+1.38%e+02
+1.250e+02
+1.111le402
+9.724=+01
+8.335e+01
+6,945e+01
+5.557e+01
+4,168e+01
+2.779e+01
+1.3902+01
+6.324e-03

Cycle Wear Depth
+3.106e+00
+2.847e+00
+2.588e+00
+2.328e+00
+2.070e+00
+1.212e+00
+1.5563e+00
+1.294e+00
+1.035e+00
+7.765e-01
+5.177e-01
+2.588e-01
+3.905e-05

el' = 19 A v ¢ & Y ) a  aa
JUA 4.19 nsdnusevesnueusessderiinguuuueusnvduledng (n) YanlndeRiay

Y

uminlauanags (1) Janlndlemesiomesalau (a) Janasusuliiuasisunes

NALeWasionesalau



94

Tadunsdnnsenuian

1600
1400

1200

UIATUTOU

P

1000

3/%

800 | Toufsuuuusinibuluinds

600 B Jonfeuuuulsldndulyings

400

SuunsEnuse uu

il

200
0 [

(UHMWPE) (PEEK) (CFR-PEEK)

JUT 4.20 sUdasnsdnnsevesnsinuladenuian

Y 9

J998NISANNTDAIUVUA

2
&

% 400

=

3G

>

%

& 300

[\a)

=%

E

& 200 Y o o v o

g ] T@LT’]LWSZJLLUUG\@L’SUI"U’JW@Q

G

s Y A o ¢ v o
& 100 .‘U@L“U”ILWEJ@JLLUU?JHiﬂUL@uI’U'J‘WaQ
é -

b

[Uad

- 0

fpseulues 3 eiAseulues 4 ehAseuwues 5

(Under size) (Normal size) (Over size)

JUT 4.21 sUdnsnsdnusetadesuaung

a3unan13INaeINITaNNIOYRITBIINTIEN ANFUN 4.20 UAzd.21 UARIDINA

nsanwdadendamadenisannselunieudaidiiieuninuiaguayiuresvuiniasey

[ 1

nsganau nud Yadensinutan dwarederiniieuluegiann Jnglndienau womes

v s

LomesAlau 16nssdnurseiiuinige wavianarsveulivasisuea Indieniau tewes
lamasalau ddnsnsdnvsenteengausiinaiunauinian Jadenisiuruianuii /
ATOUNTEQNAUNIIWIALUES 3 T8nTINsdnuseninalAesiunisnaaes {1ATEUNTEANAU

WIRLUBS 4 asannuiuiveyaniseaniuuainguanlieeniuulihausaldianuaiula



95

Lwié’wLﬂusuumeuaqmﬂiaumz@ﬂé]’umwmLU@% 5 {9ns1n1sannsenuInIudlumungiu

ALY

4.6  wWAN1INIREBUANNNARIVRSIUIUNIHAAT W LUdLALIUA
4.6.1 n5IUSEUIBUTEHINNITNAGBULAZNNSINaRINNSANTSE ludatuia

nmsssusunadnssesunaduannsinuseseninanisinassine sty
Fallludiediuudua nneasineldnsmaaeud 50,000 50U Nan1sVAABILAASITLSUI
wAnssuansesdatiuiiintuvuiuivueusesteiduiion andumiludunduas
anndostunisdiaes seszilouislnludiodiud 5U 4.22 uansnauTunanisdnse
NUBUTRIVBLY T8N WIsuiiaunisdnananleseliouis bludied wudnuisnismaaes
YUAveIUsUINTNSANNselAeLea 9N IS N1SNAABIRe 2.36 + 0.57 Wy, /nilduseu
TuwasfiUsununsinnsevesnsinsziaesadeuisiiludodwud fe 2.38 uu. /il
&useu FsmAterounthifisammsdnuseedi 0.32 - 3.71 uu >/milsdrusou Treharne
et al.(1981), Rose et al. (1983) ﬁ'\‘lLLamﬂugﬂﬁ 4.23

Cycle Wear Depth
+4,108e-02
+3.766e-02
+3.423e-02
+3.081e-02
+2.73%e-02
+2.396e-02
+2.054e-02
+1.712e-02
+1.36%e-02
+1.027e-02
+6.847e-03
+3.424=-03
+8.27 1e-07

JUN 4.22 (4e) msdnusemesuleuTsinludediuud (131) Nsnnass



96

3

511ASNNSANNTD UL,

U

0 T T

ANSNAADY ANS91984

JUT 4.23 JSunaunsinusenueusastaiiiey (18) Msmageu (¥31) n1531a89

4.6.2  NIUSEUTIBUANGNABITENINNTTNATRUUDANULWAY
AINNSANYINITINADIAIAIA NP UFUN AL NUNAURATEMININTINAUWAE

WS eUMesEleuds INluAleawus faandlusun 4.24 Tasun15n9I9daUAINNONADINIE

Y Y
3 =

nun1sdulaveudInduazn1snaaasueINaN nan1sAnwiuanslun1sen 4.5 wui

[ ' '
A v v i

HAGNEAEN1TINR0ITLTINATUNETFINITITOUMATNUNAUNAAINT Han1sWSeuLieuAIy

Y 1 =3 2/

AUAUN AR NN AU AVDILARZATNUINLANULANANIUEN L0 NAGNSVDINITINADILEAS
= vV U U ‘NI ‘NI o = a0 v U U
feAnuAudulaaann 40.17 MPa TuvasiinanisAuamamg uiasiimanuaududags

Ngauazn1Vnaeemeiaund Ao 37.08, 37.80 MPa mud1iu a3 3 FaliAAuAudula

P! v 1Y)
AlnaLAgany

& 7|
e o °©
»o —~

300 —

40.173 Max

%0 | | 30
& 5
£ a [ | 50
200 — = 15
L] 10
L] s
150 — l I 2.5
——————— 0 Min
0 10 mm

JUN 4.24 wan1svadeuAIANULAY (18) uNuyITEu (131) M3dnaes



971

AN5199 4.5 Nan15USHUMIBUAIANULAUBALNUNFUNAVDY UdanaaaunuLnan

I/N1INAGFDU AULAY (MPa) Hudiguda (mm?)
NWNITAUIN 37.08 2.02
WH LY TR 37.80 2
N19391999 40.17 1.97

o Ao v o

4.7 Naﬂq‘iﬁﬁ?'\]ﬂaﬂﬁ?LLU?VIﬁ']ﬂﬁy‘i/l'éjiﬂ

AINNANITNAABDUNNTANNIDVDINUBUT DIV LN 8ULNA18UILRDNITANNTD WU
Uadeiiddiryiley aesladendn fie suTanuazuunn lngludrunsinsgitdasandunim
ALl TN maiInfgn lnen1380nuuUN1snaewarinaeInsanunssludei ey

° a &1 aa = N o &

WALUINIIATIZINIULUTNTUNGETH FIN1SNAFBUININUA 16 NANISNAADY tnekULTY
ganaaoutowisunuudnduleings 9 deguazdowniisuwuvoysndiduluings

9 F9e19 AILaRIlUANS19N 4.6 LA 4.7

AN 4.6 LAAIHANITANYTOVIT DL ABLLUUGALE Wl

Jordisunuuanuluing
NSNAEY A0 Ussiam | un n158n%se 1 a1usau
1 UHMWPE PS under 94.73
2 nomal 110.75
3 over 216.98
a4 PEEK PS under 1135.4
5 nomal 1393.24
6 over 2295
7 CFR-PEEK PS under 24.44
8 nomal 21.3
9 over 35.66

Wovinsdnaestai uigurisaassuuuiven iU snanseninaianuazuin ag
A1 BATIVHATNEN A0 fauUsuran ANUduTUS sEnieTaguazug Tnunainsves

nstnaesderiiienwuudnduleindslinaduandlugui 4.25, 4.26 uay 4.27 muaau



Wasulsuanidinasenisannselutalisudssinndasulrindsee

98

[

Tan Lo

galunadavesian PEEK (3900 MPa) fA1geninAade TudiuesuuInlnaansuesnsinig

dnvseliiuunnTunnuuuin i umuvwnilngTu daandlug

U7l 4.25 uay 4.26

Pareto Chart of the Standardized Effects
(response is C7, a = 0.05)

Term

2776
T
'

A
B

3
Standardized Effect

2

Factor Name

Young Modulus
Size

JUT 4.25 HaNSHARImILUITaN

Main Effects Plot for C7
Fitted Means

‘Young Modulus N Size

1800

1600

1400

1200

1000

800

Mean of C7

600

685 3500 5900 Under Normal

Cwer

JUT 4.26 suUsnaiuianuazuin

ANduNusveTaniuruIafidanon1sdnuse lanadnsiuandenudunusiy

= % v 6

Wnduaudumeiy Tudmusndan UHMWPE (685) fanudusius

[

WU

Under size kag Normal size w@aglildanudusiusfnvuia Overs

usgnIeTdquasyun

ize duiiaosian PEEK



(3900 MPa) lufimnuduiiussenineiuvemenuuuiauasian wasludiunan

PEEK (5900 MPa) HAnuduiussenI i uian i 1u909uu1aianun kg ian

SU# 4.27

99

[y

o CFR-

[

AR

Mean of C7

2500

2000

1500

1000

500

Interaction Plot for C7
Data Means

Young Modulu * Size

3500.0
Young Modulu

Size
—®— Under
— B - Normal

® - Over

JUN 4.27 Anuduiussendne 2 dauds

AITNT 4.7 Udnsnan1sanvisevestaiiniisuwuuausntouleings

Farinilsuwuuaysnaulyivas
N1INA&HDU W?EW]I UseLan VYUIN A15ANNTD 1 a1UsaU

1 UHMWPE CR under 87.08
2 nomal 86.74
3 over 327.95
4 PEEK CR under 579.64
5 nomal 990.53
6 over 1,773.92
7 CFR-PEEK CR under 8.97

8 nomal 9.29

9 over 29.64




100

edusndnidwmadonisdnuseludaniisnyssianeysndiduleindsdie Jag

IngAdalugadavesian PEEK (3900 MPa) da1aenindade ludiuvesvuininagnsves

'
a

993115 NNTOMALLINTUAINVUIATLANTUA NV T UL Feludrutiianwazaaiey

v

LA UNNTIATIEN GuaLﬁJﬂLﬁamﬂﬁanmﬁmé‘ulﬁué’aﬁaLLamaiu'gUﬁ 4.28 way 4.29

Pareto Chart of the Standardized Effects
(response is C7, o = 0.05)

Term

2.776
T

i Factor Name

! A Young Modulus
B Size

Standardized Effect

JUN 4.28 HaaN5vRIRUIHAN

Main Effects Plot for C7
Fitted Means

Young Modulus Size

1200

1000

800

Mean of C7
3
(=]

200

| T T
685 3500 5900 Under Normal Over

All displayed terms are in the model.

JUN 4.29 fuUsniuiaguazuuin



101

ANNFUSVeTaniuwIa IdnadwsTuansdnnuduiusiuintuaudiu waed
anwazad 1 vt ienuuudns ulainds Ae Tudiuusndan UHMWPE (685) &
Anuduiusfuseninatanuazuuin Under size wag Normal size wagliifinudusiugi
YuA Over size drufiaosiag PEEK (3900 MPa) lifianudusiusseninsinusuiauas an
warludaufianutan CFR-PEEK (5900 MPa) fimnuduiusseninsduianisdiurasauin

o

Vianuauay Tan fauanslugui 4.30

Interaction Plot for C7
Data Means
Young Modulu * Size Size
2000 —®— Under
— B - Normal
! *\ - Over
A
’ v
. v
1500 ’ “
. A
H.
P~ N\
(9] \
5 S \'\\
£ 1000 ’ y .
o £ o X
- )
= . ~ N
~ \
500 i A 5
_“\ A \
< ~ M
\ \\\
S
0 e
685.0 3500.0 5900.0
Young Modulu
Displayed terms are not in the model.

JUN 4.30 ANNENTUSTENIN 2 fauUs



uni 5

unagUuasdatauaunuey

a v
51  dyunanisiag
a o dyd =2 a LY o A J =2 14 1 I ¥ S ad (3
MAptidnvneriuladendwmasonisinuseluteiieumesedeuisinlug
audkarNIegeuAnaNdinIanavesianfldinTuduntouse ol ey Nsnadaey
N138N1I8Y0MUBUTITBLY ULV DR TIVADUAIIUYNABIVDINITNAABULAL AT IZVNA
NSNARDY ANNKANITIFENUI
511 WaveINsANBVENATasuLIATUdILHATOUNSEANAUYILAL TANVLOUTEY
¥ | = ¥ = aa (3 a (3 U le 1 ¥ gj
Tornigumeseleuislnludefiuuinuil aunnvesdudnueATaunTegauwIne 3 Yu1e
- o = Y < IR Y A Ao = o v
Ao uwuunnilshaseunsegniuuianniBudunteusestalLieulisnsn1sanusentes
galuanuwuusaziiiuivesnisiinnisanuseeglndiudiunainaiemueusestatiiiioy
wuuiiagendunisdiasshiaseunsegniuandiswiafeliunteusesderiiisufisnsinig
Annsefiunnniwuuiniadntosuazdinuiivesn1sdnnseogiiaInganinaveineuses

v A a a a A o q' v a '
GUE]LSU']LV]EJ@JI‘U‘U?L')EU‘WLV@J']Bﬁ@JLWﬁ']%@JGUU’WW]L‘V]']ﬂu LLUUV]a'uJNqﬂiaUﬂigamumqﬂJﬁUUq@IW@

NINMNBUTEIURLITIEY IINWANITINABILINTINITENVITONGUNNKAZUSMNNTSIARENTTE

1 a =

‘\]8@EJU%L’JQJGU@UNEJWU@\‘I‘MJJE)U?EN%E]L“UIWLVIEJ?,J‘UQL{J‘Hﬂ”lﬂu‘L‘ViiJ’WﬁiﬁJE]Qﬂ’]iﬂi%ﬂ@“l.ﬁﬂﬁﬂﬁlﬁ@

Y

Y =

nsdanusennign luduvesdantiuianinisnsinisdnseteslufunniignfe Janasuau

9

v
a o v

Inwesisuea Indtaasiowasalay (CFR-PEEK) so9atnAe danindieiauumnluana
49 (UHMWPE) uaggninede fanlndiawaiiainasalau (PEEK)

512 wan1sAnwlIeuiiguAIANgNAeweILuuTIaastasn snaaUiiueay
far wuin nsnaaeunAIduUsEANS nsAnusevesanindlofduiivinluanags

1 v 1

(UHMWPE) fiantdaenindanlndiainasiomasalau (PEEK) wazladnassiiuooudantu
aoufiumed TeflrlndlAgsiuannsaviunensdnmsels

5.1.3  msfnminenssasenaduduiauuiunseusesioriifisanuimssiaes
waznsnaaeuiinadnsilndifsstudsnsmaaeununinsgiu P17 ldnaasudiyusiig o
faust yupadl 0 2ufs yueamd 90 FwmansveaeulutinaiAanisnaduiauesiitiuny
finmsnszaneilndifssiunisdiass usazlidauiunnssiufesmd 0 osm farunaiairdeu

Y a v

L9991NN1SNTUNUABITUFUR AN U AL T d LA UINNBUNITLSUAUNAADY F9VINLAT AN



103

Aa1awadeulugrnsudy lunisdiasswarnisvegeuluyusie 9 N1331a03R38A0UNINOS

anunsavinunele

5.2  UDLEUdLUL

[ d'

521  wansAnwnsdnusesuvuiauazianuanasluderiiieunessdeu
Bllludeduwud Dunsiunelugluuuiiimuadoulaiilndidssiunismaaeuais iilels
nadnsfignioasugdosiinmmeaeulunnnsdiilsdiaesluneufiunesuasmarsngns
dnuseluusaznsdl WiowSsuiiisuaiigndedifnniian

522 miesginuesudadidunmedeunenaiiemeamandinisdnvse
v0s%an TurmAdedldvaaeumadnsdaumsinvsovesd Tagaosiiaitetilusuifioy
funsleseisesadouilnludeduud Wideyanmaaeutanay 3 fu ieldiianu

v I o a X = =~ 2 o a X d' v o a aa
ARBILLAS LN ULTNINYIVU RNmimﬂﬂi%@ﬁa‘usljm?uw@ﬁ@UI‘MMﬂEN“UL! LW@Im@ﬂ’]Laaﬂmﬂ

=b. 2D

a0

523  HanITIATIzRAmueULasundudalutaiey iWun1sAneLies 2
& < P ~ A | 1) ° v a &
JUNSWITY TagidunsiSeuieuiienAAugNAReweInIsinungneaauines Lay
° ~ v oA o ¥ Y A 1 v Ay ~ v o oA
nsviaesmsiinisidinsaananiuvdnaivinduidesnisiiernugneaes sunsadaidiien

aa v v 1% =~ ::ll = &
Vllla'JUIﬂ\‘]lI']ﬂ i G]E]\‘]Isﬁﬂ']r]llsg ﬂigj\ﬂUﬂqi‘VIﬂa@‘ULWiqguﬂqiﬂaqﬂLﬂa@uuqﬂ FauUu

ToINNAVDINITNNdUMEATANINEY



1811991994

wailSanduideuasiaungasenelng ua.na, 2559

dinaulseiuaunmuis® auas, 2560

Rapeepat Narkbunnam, Keerati Chareancholvanich (2012), Causes of Failure in Total
Knee Arthroplasty, J Med Assoc Thai 2012; 95 (5): 667-73.

Bohl JR, Bohl WR, Postak PD, Greenwald AS (1999): The Coventry Award: The effects
of shelf life on clinical outcome for gamma sterilized polyethylene tibial
components. Clin Orthop Relat Res; 367:28-38.

Naudie DD, Ammeen DJ, Engh GA, Rorabeck CH (2007), Wear and osteolysis around
total knee arthroplasty, J Am Acad Orthop Surg; 15: 53-64

Naudie DDR, Rorabeck CH ( 2004) : Sources of osteolysis around total knee
arthroplasty: Wear of the bearing surface. Instr Course Lect; 53:251-259.

R. Stephen J. Burnett, Scott Biggerstaff, Barbara H. Currier, John P. Collier and Robert L.
Barrack (2007). Unilateral Tibial Polyethylene Liner Failure in Bilateral Total
Knee Arthroplasty Bilateral Retrieval Analysis at 8 Years. The Journal of
Arthroplasty, Vol. 22: 5.

Laskin RS. (2001), The Genesis total knee prosthesis: a 10-year followup study. Clin
Orthop Relat Res. 2001 Jul ;( 388):95-102.

James B. Stiehl, Karel J. Hamelynck, Paul E. Voorhorst (2006). International multi-
centre survivorship analysis of mobile bearing total knee arthroplasty.June
2006, Volume 30, Issue 3, pp 190-199.

McEwen HM, Barnett PI, Bell CJ, Farrar R, Auger DD, Stone MH, Fisher J (2005). The
influence of design, materials and kinematics on the in vitro wear of total
knee replacements. J Biomech. Feb; 38(2):357-65.

Ritter MA, Worland R, Saliski J, et al (1995): Flat-on-flat, nonconstrained, compression
molded polyethylene total knee replacement. Clin Orthop Relat Res;
321:79-85.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Naudie%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ammeen%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.ncbi.nlm.nih.gov/pubmed/?term=Engh%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rorabeck%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=17213382
https://www.ncbi.nlm.nih.gov/pubmed/11451138
https://www.ncbi.nlm.nih.gov/pubmed/11451138

105

S. Sathasivam, P. S. Walker (1998), Computer model to predict subsurface damage
in tibial inserts of total knees. J Orthop Res. Sep; 16(5):564-71

Godest A.C., Beaugonin M., Haug E., Taylor M., Gregson P.J (2002). Simulation of a knee
joint replacement during a gait cycle using explicit finite element
analysis. J. Biomech; 35:267-275.

J. F. Archard and W. Hirst (1956). The wear of metals under unlubricated
conditions. Vol. 236, No. 1206 (Aug. 2, 1956), pp. 397-410 P

ISO-14243. Implants for surgery, Wear of total knee-joint prostheses; Part 1: Loading
and displacement parameters for wear-testing machines with load control
and corresponding environmental conditions for test

PI-17: Determination of Total Knee Implant Contact Pressure, Germany Bernhang
AM, Levine SA (1973): Familial absence of the patella. J Bone Joint Surg Am
55:1088.

Wilson PD, Eyre-Brook AL, Francis JD (1938): A clinical and anatomical study of the
semimembranosus bursa in relation to popliteal cyst. J Bone Joint Surg
20:963.

Hodkinson HM (1962): Double patellae in multiple epiphysial dysplasia. J Bone Joint
Surg Br 44:569.

Mandell VS, Jaques PF, Delany DJ, et al: Persistent sciatic artery (1985): clinical,
embryologic, and angiographic features. AJR Am J Roentgenol 144:245.

Hernandez JA, Rius M, Noonan KJ (1996): Snapping knee from anomalous biceps
femoris tendon insertion: a case report. lowa Orthop J 16:161.

Miller TT, Staron RB, Koenigserg T, et al (1996): MR imaging of Baker cysts: association
with internal derangement, effusion and degenerative arthropathy. Radiology
201:247.

Weinberg S: Case report 177 (1981), Duplication of the patella (“double” patella).
Skeletal Radiol 7:223.

Canale. S.T. and Beaty, J. H. (2007): Campbell’s Operative Orthopaedics, 11th edn.
Philadelphia, PA, Mosby Elsevier.

Chapman, M. W. (2001): Chapman’s Orthopaedic Surgery, 3rd edn. Philadelphia, PA,
Lippincott Williams & Wilkins.



106

Hough, AJ. (1997). Pathology in osteoarthritis. In Koopman WJ. Editor. Arthritis and
Allied conditions: A textbook of Rheumatology Volume 2.1 3rd Editions.
Baltimore: Williams & Wilkins.

Hochberg MC, Altman RD, Brandt KD, Moskowitz RW (1997). Design and conduct of
clinical trials in osteoarthritis: preliminary recommendations from a task

force of the Osteoarthritis Research Society. J Rheumatol. Apr; 24(4):792-4

Soloman L. Clinical features of osteoarthritis. In : Kelley WN, Herris ED Jr., Ruddy S,
SledgeCB, editors (1997). Textbook of rheumatology. Vol. 2, 5th ed.
Philadelphia: W.B. Saunders; p. 1383 - 93.

Hochberg MC, Altman RD, Brandt KD, Clark BM, Dieppe PA, Griffin MR, Moskowitz RW,
Schnitzer TJ (1995). Guidelines for the medical management of
osteoarthritis. Part Il. Osteoarthritis of the knee. American College of
Rheumatology. Arthritis Rheum. Nov; 38(11):1541-6.

Jordan KM, Arden NK; Doherty M, Bannwarth B, Bijlsma JW, Dieppe P, et al. EULAR
Recommendations (2003), an evidence based approach to the management
of knee osteoarthritis: Report of a Task Force of the Standing Committee for
International Clinical Studies Including Therapeutic Trials (ESCISIT). Ann Rheum
Dis, 62: 11 45-55.

Carr and Goswami, (2009) .Knee implants - review of models and biomechanics
Mater.Des, 30, pp. 398-413

G.W. Blunn et al. (1997). Wear in retrieved condylar knee arthroplasties; a
comparison of wear in different designs of 280 retrieved condylar knee
prostheses. Volume 12, Issue 3, Pages 281-290

Wright, T., Goodman, S. B. (2001). Implant wear in total joint replacements: clinical
and biologic issues, materials and design considerations. Rosemont, IL:
American Academyof OrthopaedicSurgeons

Kurtz, S. M. (2004). The UHMWPE Handbook: Ultra-High Molecular Weight

Polyethylene in Total Joint Replacement. Academic Press.


https://www.ncbi.nlm.nih.gov/pubmed/9101520
https://www.ncbi.nlm.nih.gov/pubmed/7488273
https://www.sciencedirect.com/science/article/pii/S002192901830438X#bb0025

107

Kazuyoshi Yagishita et al. (2012). Arthroscopic Centralization of an Extruded Lateral
Meniscus. Arthroscopy Techniques,Volume 1, Issue 2, December 2012, Pages
e209-e212.

Long M, Riester, L and Hunter G (1998). Nano-hardness measurements of oxidized
Zr-2.5Nb and various orthopaedic materials. Trans Soc Biomater, 21, 528.

Collier JP, Currier BH, Kennedy FE, Currier JH, Timmins G, Jackson SK and Brewer RL
(2003). Comparison of cross-linked polyethylene materials for orthopedic
applications. Clin Orthop Relat Res, 414, 289-304.

Ratner, BD, Hoffman AS, Schoen FJ and Lemons JE (2004). Biomaterials Science, 2nd
edn. London, Elsevier, pp. 535-6.

Currier BH, Currier JH, Mayor MB, Lyford KA, Van Citters DW and Collier JP (2007). In
vivo oxidation of Y-barrier-sterilized ultra-high-molecular-weight
polyethylene bearings. J Arthroplasty, 22, 721-31.

Kuntz M, Masson B and Pandorf T (2009). Current state of the art of the ceramic
composite material BIOLOX™ delta. In Mendes G and Lago B (eds) Strength
of Materials. Hauppauge, NY, Nova Science Publishers, pp. 133-55.

Bartel DL, Bicknell VL, Wright TM (1986): The effect of conformity, thickness, and
material on stresses in ultra-high molecular weight components for total

joint replacement. J Bone Joint Surg Am; 68:1041-1051.

McEwen, H.M.J. et al. (2001). Wear of fixed bearing and rotating platform mobile
bearing knees subjected to high levels of internal and external tibial
rotation. Journal of Materials Science: Materials in Medicine. 12: 1049-1052.

Bowden, F. P. & Tabor, D. (1950). The friction and lubrication of solids. Oxford:
Clarendon Press.

Archard, J. F. (1952). Research, 5, 395.

ISO 14243-1:2009 Implants for surgery -- Wear of total knee-joint prostheses -- Part 1:
Loading and displacement parameters for wear-testing machines with load
control and corresponding environmental conditions for test ASTM (American
society for testing and materials)

Food and Drug Administration (FDA) Act of 2009 (Republic Act No. 9711 of 2009)


https://www.sciencedirect.com/science/article/pii/S0883540311002452#!
https://www.sciencedirect.com/science/journal/22126287
https://www.sciencedirect.com/science/journal/22126287/1/2

108

Plank GR, Estok Il DM, Muratoglu OK, O’Connor DO, Burroughs BR, Harris WH (2007).
Contact stress assessment of conventional and highly crosslinked ultra
high molecular weight polyethylene acetabular liners with finite element
analysis and pressure sensitive film. Journal of Biomedical Materials Research
Part B: Applied Biomaterials; 80(1):1-10.

Cheng-KungCheng, Chang-HungHuang, Jiann-JonglLiau, Chun-HsiungHuang (2003). The
influence of surgical malalignment on the contact pressures of fixed and
mobile bearing knee prostheses——a biomechanical study. Clinical
Biomechanics, Volume 18, Issue 3, March 2003, Pages 231-236.

Radovan Zdero, Ziauddin Mahboob, Habiba Bougherara (2017). Fufilm Measurements
of Interfacial Contact Area and Stress in Articulating Joints. Experimental
Methods in Orthopaedic Biomechanics, 2017 Elsevier Inc.

Canadian Institute for Health Information (CIHI) (2013), Title Hip and Knee
Replacements in Canada: Canadian Joint Replacement Registry 2013
Annual Report. Technical report, Ottawa: CIHI.

Otto, J.K, Brown, T.D., Heiner, A.D., Callaghan, J.J. (1999), HEREDITY INTEGRAL DRIFT
COMPENSATION IN  PIEZORESISTIVE CONTACT STRESS SENSORS,
Orthopaedic Research Society.

DeMarco, A L; Rust, D A; Bachus, K N (2000), MEASURING CONTACT PRESSURE AND
CONTACT AREA IN ORTHOPEDIC APPLICATIONS: FUJI FILM VS. TEKSCAN,
Orthopaedic Research Society.

Gunti Ranga Srinivas, Anindya Deb, & Malhar N. Kumar (2013), A Study on
Polyethylene Stresses in MobileBearing and Fixed-Bearing Total Knee
Arthroplasty (TKA) using Explicit Finite Element Analysis, Journal of Long-
Term Effects of Medical Implants: 23(4): 275-283.

Tomaso Villa, Francesco Migliavacca, Dario Gastaldi, Maurizio Colombo, Riccardo
Pietrabissa. Contact stresses and fatigue life in a knee prosthesis:
comparison between in vitro measurements and computational

simulations. (2004), Journal of Biomechanics 37: 45-53.


https://www.sciencedirect.com/science/journal/02680033
https://www.sciencedirect.com/science/journal/02680033
https://www.sciencedirect.com/science/journal/02680033/18/3

109

J. Netter, J. Hermida, C. F. Hernandez, N. Steklov, M. Kester, and D. D. D’Lima (2015),
Prediction of Wear in Crosslinked Polyethylene Unicompartmental Knee
Arthroplasty. Lubricants; Vol 3: 381-393.

Lucy A. Knight, Saikat Pal, John C. Coleman, Fred Bronson, Hani Haider, Danny L. Levine,
Mark Taylor, Paul J. Rullkoetter (2007). Comparisons of long-term numerical
and experimental total knee replacement wear during simulated gait
loading, Journal of Biomechanics. 40; 1550-1558.

L M Jennings,CJBell, E Ingham, R D Komistek, M H Stone, and J Fisher (2007). The
influence of femoral condylar lift-off on the wear of artificial knee joints,
J. Engineering in Medicine Proc. IMechE Vol. 221 Part H.

Alison L. Galvin, Lu Kang, Itoro Udofia, Louise M. Jennings, Hannah M.J. McEwen,
Zhongmin Jin, John Fisher (2009). Effect of conformity and contact stress on
wear in fixed-bearing total knee prostheses, Journal of Biomechanics 42,
1898-1902.

Lu Kang, Alison L. Galvin, Thomas D. Brown, Zhongmin Jin, John Fisher (2008).
Quantification of the effect of cross-shear on the wear of conventional
and highly cross-linked UHMWPE, Journal of Biomechanics 41, 340-346.

John Fishe, Louise M. Jennings, Alison L. Galvin, Zhongmin M. Jin, Martin H. Stone,
Eileen Ingham (2009). 2009 Knee Society Presidential Guest Lecture, Clin
Orthop Relat Res, 468:12-18.

Abdellatif Abdelgaied, Feng Liu, Claire Brockett, Louise Jennings, John Fisher, Zhongmin
Jin (2011). Computational wear prediction of artificial knee joints based on
a new wear law and formulation, Journal of Biomechanics 44, 1108-1116.

Abdellatif Abdelgaied, Claire L Brockett, Feng Liu, Louise M Jennings, John Fisher and
Zhongmin Jin (2012). Quantification of the effect of crossshear and applied
nominal contact pressure on the wear of moderately cross- linked
polyethylene, J Engineering in Medicine 227(1) 18-26

Abdellatif Abdelgaied, Claire L Brockett, Feng Liu, Louise M Jennings, Zhongmin Jin and
John Fisher (2014). The effect of insert conformity and material on total

knee replacement wear, J Engineering in Medicine, Vol 228(1) 98-106



110

Marzieh M. Ardestani, Mehran Moazen, Zhongmin Jin (2015). Contribution of
geometric design parameters to knee implant performance: Conflicting
impact of conformity on kinematics and contact mechanics, The Knee 22,
217-224.

Qida Zhang, Zhenxian Chen, Jing Zhanga , Jiayu Hu, Yinghu Peng, Xunjian Fan,
Zhongmin Jin (2019). Insert conformity variation affects kinematics and wear
performance of total knee replacements, Clinical Biomechanics 65, 19-25.

Abdellatif Abdelgaied, John Fisher and Louise M Jennings (2017). A comparison
between electromechanical and pneumatic-controlled knee simulators
for the investigation of wear of total knee replacements, J Engineering in
Medicine, 1-9.

S. C. Scholes A A. Unsworth (2009). Wear studies on the likely performance of CFR-
PEEK/CoCrMo for use as artificial joint bearing materials, J Mater Sci: Mater
Med, 20:163-170.

Yong-Gon Koh, Jin-Ah Lee and Kyoung-Tak Kang (2019). Prediction of Wear on Tibial
Inserts Made of UHMWPE, PEEK, and CFR-PEEK in Total Knee Arthroplasty
Using Finite-Element Analysis, Lubricants, 7, 30.

T. Schwenke, MA. Wimmer (2013). Cross-Shear in Metal-on-Polyethylene
Articulation of Orthopaedic Implants and its Relationship to Wear, Wear
Volume 301, Issues 1-2, Pages 168-174.

Juan C. Baena, Jingping Wu and Zhongxiao Peng (2015). Wear Performance of
UHMWPE and Reinforced UHMWPE Composites in Arthroplasty
Applications: A Review, Lubricants, 3, 413-436.

Yong-Gon Koh, Juhyun Son, Oh-Ryong Kwon, Sae Kwang Kwon, Kyoung-Tak Kang
(2018). Tibiofemoral conformity variation offers changed kinematics and
wear performance of customized posterior-stabilized total knee
arthroplasty, Knee Surgery, Sports Traumatology, Arthroscopy https://
doi.org/10.1007/s00167-018-5045-9.


https://www.sciencedirect.com/journal/wear
https://www.sciencedirect.com/journal/wear/vol/301/issue/1

111

Yong-Gon Koh, Kyoung-Mi Park, Hwa-Yong Lee, Joon-Hee Park and Kyoung-Tak Kang
(2020). Prediction of wear performance in femoral and tibial conformity in
patient-specific cruciate-retaining total knee arthroplasty, Journal of
Orthopaedic Surgery and Research, 15:24.

Yong-Gon Koh, Kyung-Hwan Jung, Hyoung-Taek Hong, Kang-Min Kim and Kyoung-Tak
Kang (2019). Optimal Design of Patient-Specific Total Knee Arthroplasty for
Improvement in Wear Performance, J. Clin. Med. 8, 2023.

He, Z.; Hu, Y.; Zheng, X;Yu, Y., (2022) .A Calculation Method for Tooth Wear Depth
Based on the Finite Element Method That Considers the Dynamic Mesh
Force. Machines, 10, 69.

Magda Rocha, Alexandra Mansur and Herman Mansur, (2009). Characterization and
Accelerated Ageing of UHMWPE Used in Orthopedic Prosthesis by
Peroxide. Materials, 2, 562-576; doi:10.3390/ma2020562.

Rigoberto Antonio Pérez-Reyes, Lazaro Antonio Daquinta-Gradaille, Jorge Douglas
Bonilla-Rocha, Carlos Alexander Recarey-Morfa, Anibal Sanchez-Numa. (2019).
An Approach to the Simulation of Wear by Numerical Methods. Revista

Ciencias Tecnicas Agropecuarias, ISSN -1010-2760, E-ISSN: 2071-0054, Vol. 28.
No. 4.



AMMARNUIN N

ﬂ']iaaﬂLLUU?JﬂVIﬂﬁaUﬂ’J']ﬁJLﬁufﬂ’lﬂLLi\‘iﬂﬂ



113

» = 5o
24 gy
) N
2 S-S
; ! ?y 720 S
= ¢ S o
I o0
& \ / <
el W -
) I \ oo
7.2 @ ~_/ !
¢ - —

15

= o e v
UM N.1 YRIUBAKIATOUNTENNAUYT

o

U7 n.2 YaduBanueusestaiienwuveysnudulyineg



AR

-

O
SVAINI,

[y

U7 n.3 YA

Panuausesta gL uUdaLd Ul

0

2.30

140

90

22

125

30

& 30
¢ 40
| ;
1130
1
op
=
=
=

JUT .4 Yagudneliueee

114



115

130

02

40

5 YAFIUAN

9

<3

NUADNUUDIAN

9

a

sUN N

U7 n.6




116

JUT 1.7 YANARBUMAIANLLALIINGLTING



AANUIN U

UNAMUITINISTNLASUNISANUNLNG NS



118

S18BUNAMUIVUNEASUNITINE NS LUINTAITISAUUIUIYIR

Takian, W., Rooppakhun, S., Ariyarit, A., Sucharitpwatskul, S. (2021). Optimal
Conformity Design of Tibial Insert Component Based on ISO Standard Wear
Test Using Finite Element Analysis and Surrogate Model. Symmetry, 13,
2377.

Takian, W., Rooppakhun, S., BOONPORM, P. (2022). The Study of Tibiofibular Contact
Pressure in Total Knee Arthroplasty Using Finite Element Method: Posterior
Stabilized vs. Cruciate Retaining. International Journal of Mechanical and

Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071.

FI8YDUNANNIFLNLATUNISINEUNT TUNUTYuTEAUYALELUIUIYIR

(Proceeding)

Wisanupong Takian, Supakit Rooppakhun, Bura Sindhupakorn (2017). Numerical
Simulation of Contact Pressure in Fixed- and Mobile-Bearing Total Knee
Arthroplasty, Proceedings of the 5th IIAE International Conference on Industrial
Application Engineering. (ICIAE 2017), Kitakyushu: Japan; PP: 194-198.

Fuaned azlAow, 4aNa JUTUS, wTuyl dvdeimd waz Ludeae wsnuyns (2021).
nsAnedaUssudisungnssuanududuialududunueausestoiioy
szudnsdaradisudsziandn waz luaaduleduay, nsusesguivinisniediy

SmnssuesesnausUsemalneadad 35 (ME-NETT 2021), PP: 515-525.



119

. symmetry

Article

Optimal Conformity Design of Tibial Insert Component Based
on ISO Standard Wear Test Using Finite Element Analysis and
Surrogate Model

Wisanupong Takian !, Supakit Rooppakhun 1*, Atthaphon Ariyarit 1

check for

updates
Citation: Takian, W.; Rooppakhun,
S.; Ariyarit, A.; Sucharitpwatskul, S.
Optimal Conformity Design of Tibial
Insert Component Based on ISO
Standard Wear Test Using Finite
Element Analysis and Surrogate
Model. Synmimetry 2021, 13, 2377.
https:/ /doi.org/10.3390/
sym13122377

Academic Editor: Natalie Baddour

Received: 21 October 2021
Accepted: 3 December 2021
Published: 9 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sedthawatt Sucharitpwatskul 2

School of Mechanical Engineering, Institute of Engineering, Suranaree University of Technology,

Nakhon Ratchasima 30000, Thailand; D5840540@g sut.ac.th (W.T.); ariyarit@sut.ac.th (A.A.)

National Metal and Materials Technology Center (MTEC), National Science and Technology Development
Agency (NSTDA), Pathum Thani 12120, Thailand; sedthaws@mtec.or.th

Correspondence: supakit@sut.ac.th

Abstract: Total knee replacement is a standard surgical treatment used to treat osteoarthritis in the
knee. The implant is complicated, requiring expensive designs and testing as well as a surgical
intervention. This research proposes a technique concerning the optimal conformity design of the
symmetric polyethylene tibial insert component for fixed-bearing total knee arthroplasty. The Latin
Hypercube Sampling (LHS) design of the experiment was used to create 30 cases of the varied tibial
insert conformity that influenced the total knee replacement wear volume. The combination of finite
element analysis and a surrogate model was performed to predict wear volume according to the
standard of 1SO-14243:2014 wear test and to determine the optimal conformity. In the first step, the
results could predict wear volume between 5.50 to 72.92 mm?/10° cycle. The Kriging method of a
surrogate model has then created the increased design based on the efficient global optimization
(EGO) method with improving data 10 design points. The result revealed that the optimum design
of tibial insert conformity in a coronal and sagittal plane was 0.70 and 0.59, respectively, with a
minimizing wear volume of 3.07 mm?/10° cycle. The verification results revealed that the area
surface scrape and wear volume are similar to those predicted by the experiment. The wear behavior
on the tibial insert surface was asymmetry of both sides. From this study it can be concluded that
the optimal conformity design of the tibial insert component can be by using a finite element and
surrogate model combined with the design of conformity to the minimized wear volume.

Keywords: total knee arthroplasty; wear; optimal conformity; finite element analysis; surrogate model

1. Introduction

Knee osteoarthritis is a condition that occurs due to arthritis surface or degenerative
joint disease resulting in loss of function and pain in the knee, which often occurs in the
elderly. Medically, the treatment of osteoarthritis involves medications and injections to
reduce pain, including knee replacement surgery [1]. Joint replacement surgery is the
standard and acceptable treatment for people with severe osteoarthritis. In the statistical
report, a million knee joint replacement surgeries have been performed worldwide [2].
The objective of knee replacement surgery will help reduce pain from osteoarthritis or
accidents and osteoarthritis of the knee and will help restore the knee joint to its original
mobility. Correcting pain in a damaged knee with knee replacement surgery and returning
a typical knee joint depends on the knee implant and surgical technique. Generally, the
total knee arthroplasty (TKA) has consisted of three parts: the femoral component, a tibial
insert, and a tibial tray component, in which the available materials were made from
metal, ceramic, or polyethylene [3]. The anatomical design of symmetric and asymmetric
tibial insert components was introduced in the available commercial usage. Although
knee replacements are widely accepted, there have also been reports of failures involving
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wear between the knee surfaces [4]. According to reports, the most common cause of
postoperative failure is wear and tear on the intervertebral disc surfaces 10 to 15 years after
surgery [5].

Biomechanically, the surface wear failure of TKA depends on multiple factors such
as material, including the manufacturing process, conformity design, and loading from
patient activity [6,7]. The TKA wear involved the mechanical contact and the biological
reaction between the femoral and tibial insert components [8]. The geometric conformity
of the curvature ratio between the femoral and tibia components is a design factor of TKA
that affects the contact mechanism and durability of the knee prosthesis [9]. The knee
conformity values are typically designed to provide movement similar to normal knee joints
and to conform to standard wear tests. The conformity design of commercially available
knee implants ranges from approximately 0.5 to 0.9 depending on the design conditions
of each type [10,11]. Previous studies have found that TKA design with high conformity
in coronal and sagittal planes affected the increased wear in the knee prosthesis [12].
The mechanical wear in TKA is also related to contact stress distribution between the
surface of the femoral and tibial insert components. In previous studies, the contact stress
distribution in TKA during activity depended on the loading activity and flexion angle,
including the geometric conformity design. The low conformity design of TKA revealed
the high contact area between the surface of the femoral and tibial insert components
during the flexion of the knee joint [13]. In addition, the kinematics of contact point sliding
distance during activity also affect the surface wear of the tibial insert component. The
medial pivot knee design typically involves a cruciate-retaining (CR) femoral component
and a highly congruent polyethylene liner [14]. Moreover, the standard wear test of the
knee prosthesis was used as a dedicated test to determine the volume of wear based on
the multidirectional loading. The standard ISO 14243 1/3 of wear test involved the load
and displacement parameters for wear-testing machines based on load and displacement
control corresponding environmental conditions.

The finite element (FE) method is currently widely accepted by biomechanics research,
such as stress determine or wear volume in TKA. The reliability, reduced costs, including
the proposed approach, and expected outcomes before manufacturing for experiments were
the main advantages of FE analysis. Most engineering design situations, in general, require
experiments or simulations to evaluate design objectives and constraint functions as a
function of design variables. A surrogate model is an engineering technique used when the
desired outcome cannot be directly assessed, and a model of the desired outcome is utilized
instead [15]. The objective of surrogate modeling is to construct a surrogate as accurately
as appropriate using the minimum available simulation evaluations. There are usually
three primary steps in the procedure: sample selection (also known as sequential design),
construction of the surrogate model and optimizing parameters, and the evaluation of the
accuracy of the surrogate [16]. According to previous reports, the FE method investigated
total knee arthroplasty designs, leading to improved performance [17]. The study examined
interweaving design optimization between the FE method and a surrogate model, utilizing
simulation-aided design using a surrogate model [18]. The surrogate model is utilized
to reduce contact stress and wear volume employed in the analysis [19]. However, no
studies have used surrogate modeling techniques to investigate the design of tibial insert
conformity that results in minimum prosthesis wear. Therefore, this research has focused
on the conformity of tibial insert design to minimize for wear volume of TKA. The finite
element method was used in association with surrogate modeling techniques to assess
polyethylene wear. The surrogate model is used in the data analysis to evaluate the first
designed group data. Random group data are processed using Latin Hypercube Sampling
(LHS) to obtain a design point that is expected to be suitable. These analytical procedures
are utilized to form a guideline for determining the relationship between femoral curvature
and tibial insert conformity to optimal design.
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2. Materials and Methods
2.1. Modeling of TKA
2.1.1. Finite Element (FE) Model

The three-dimensional (3D) FE femoral and tibial insert models based on anatomical
symmetry design were used and obtained from a previous study [20]. This study used
the explicit dynamics FE analysis solver based on the computationally advanced knee
implant analysis and simulations software called ABAQUS Knee Simulator (ABAQUS, Inc.,
Providence, RI, USA). The solid element type of triangular (R3D3) and hexahedral (C3D8R)
were performed, consisting of 31,776 and 34,102 elements for the femoral and tibial insert
component shown in Figure 1.

X

Axial Load

Anterior
Lateral

Medial = posterior

Flexion Angle

AP Displacement 7
\

IE Torque

Figure 1. The 3D FE model consists of the femoral and tibial insert components and boundary condition.

2.1.2. Material Properties and Boundary Conditions

The FE model of the femoral component was developed as a rigid body, while the
UHMWPE material was used to create a deformable body for the tibial insert component.
According to the mechanical properties, the elastic modulus of UHMWPE was 1048 MPa,
and the Poisson ratio was 0.46 [9,21]. The friction coefficient between the femoral and tibial
insert components is defined by the value of 0.04 and density of 9.34 x 1077 g/mm?. [15,22].
As shown in Figure 1, the FE of the femoral and tibial insert components were virtually
arranged based on the adjusted position of the lowest surface of the femoral articular being
on the tibial insert. For the boundary condition, the applied load were performed based on
the I50-14243-3:2014 standard of knee wear implant test [23], as shown in Figures 1 and 2.
The wear simulation included dynamic loads in various directions and data from a human
walking investigation that led to the TKA standard test. The axial load, the flexion angle, the
displacement of internal-external (IE) torque, and the anterior-posterior (AP) displacement
were the loading conditions for the knee simulator based on ISO-14243:2014, as shown in
Figure 2a-d, respectively.
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Figure 2. Loading conditions of ISO—14243:2014 standards. (a) axial loads; (b) flexion angle; (c) internal /
external (IE) torque; and (d) anterior/posterior (AP) displacement.

2.1.3. Mesh Convergence Test

In this study, the mesh convergent was also performed to confirm that the results do
not change with mesh refinement. Figure 3 shows the result of maximum contact pressure,
which is the variation of mesh refinement between the element size of 2.5 mm to 1 mm.
The results suggested that the maximum contact pressure generated by elements less than
1 mm had very little change. In addition, Figure 4 shows the maximum contact pressure for
the mesh convergence test under dynamic loading for one gait cycle. It can be noticed that
the magnitude of maximum contact pressure generated by using the element of 1.2 mm
and 1.0 mm displayed a slight fluctuation. Therefore, an element size of 1 mm was used
for the simulation in the study.
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Figure 3. The result of mesh convergence test for maximum contact pressure.
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Figure 4. The result of the mesh convergence test for maximum contact pressure over the entire
gait cycle.

2.2. Wear Equation and Computational

According to the wear theory, Archard’s law was applied in the simulation to calculate
the surface wear of the tibial insert component, as shown in Equation (1) [24].

H = Ky pS O

From Equation (1), H represented the wear depth; K, was the wear factor ob-
tained from laboratory testing; p was the magnitude of contact pressure, and S was
the sliding distance during a cycle. In this study, the average wear factor value of
2.643 x 10! mm®/Nmm was used that obtained from the pin-on-plat wear tests in the
multidirectional testing machine [15].

Figure 5 shows the diagram of the wear volume calculation, which is the adaptive
refine mesh technique to simulate the calculating of surface wear carried on a Python script
file. The initial geometry was started and then generated to the FE model. The nodal result
of contact pressure, including sliding distance, was calculated at the first iteration. The
wear depth included wear volume and was evaluated by using Archard’s wear law. At the
same time, the nodal result was used to calculate the normal force on the contact surface
and updated the new positioning of the node by moving it from a calculation of the wear
depth. The calculation of the final wear depth and volume was obtained from each number
of iteration.

2.3. Design of Experiments (DOE)

In this study, the design of experiments was used to explain variance in conformity of
TKA under the hypothesis of minimizing wear volume. Figure 6 showed the conformity
defined as the curvature ratio between the femoral and tibial insert components in the
coronal and sagittal planes, which are in a range of 0.5 to 0.8 and 0.4 to 0.7, respectively.
The articular surface between the femoral and tibial insert components was designed with
symmetry in the anteroposterior and sagittal planes. The initial sampling has 30 design
scenarios for collecting datasets in the experiment design using LHS, as shown in Figure 7.
To perform Latin hypercube sampling, which first decides how many samples points to
use, remember which row and column each sample point was taken in. The result of FE
analysis was then used to search the optimal design point for TKA conformity using the
efficient global optimization (EGO) process.
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Figure 7. The initial LHS design of the experiment.
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2.4. Surrogate Model Methods

Surrogate models are approximations of the target function or constraint of an opti-
mization problem, simple functions, or functions that take less time to calculate. The value
is obtained from the exact random solution of the optimization problem. The surrogate has
applied a range of estimation methods. Then the fundamental functions of those solutions
are determined when the point of the solutions and the values. The Kriging model used
a surrogate model-based engineering design and optimization that predicted interaction
between the input and output for optimum point design calculations.

Kriging Method
The Kriging model to predict unknown functions f)(x) was expressed in the following

formula [25,26]:
9x) = p(x) —¢(x) @

where i(x) and ¢(x) denote the global and local models, respectively. The global model
11(x) is expressed as

_TRF
1R
where R is a matrix denoting the correlation between the sample points, and F is a vector
that contains the evaluation value of each sampling point. The Kriging surrogate model y
denotes a constant global model. The local model &(x) has been expressed as

2 ©)

e(x) = r(x) 'RV (F - 1p1) (4)

The vector r(x) is written in the term of x.r(x), when x.r(x) is a vector of the sampling
points model. The relationship between &(x) and &(x') is the distance from x to x. In
the Kriging surrogate model, the unknown point x in local resources is expressed using
stochastic processes. The many design points are created as sampling points. Then, a
surrogate model is constructed using a Gaussian random function for the relationship
function to estimate the trend using a stochastic process.

2.5. Efficient Global Optimization

The EGO process is one of the optimization techniques combined between the sur-
rogate model and the optimization technique to reduce the optimum cost in the design
process [26]. In this work, the Kriging method was selected as the surrogate model for the
EGO process. The schematic of the EGO process is shown in Figure 8. The first EGO starts
with the creation of initial samples. The LHS was used to design the initial sampling point
of the tibial insert [27]. The initial sample data are assessed, and the data are predicted
using the kriging method. A definitive optimization is used to find an augmentative point
by maximizing the EI. When the EI at a point x can be shown as

E[I(x)] = E[max( fmin — Y,0)] (5)

Bl = (fn = 9)0 (2 =0 )+ sp (fmn=T) ©
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Figure 8. Flowchart of efficient global optimization.

The point x is improved, showing a random variable that Y is a random variable.
The expected improvement is achieved by taking the prospective value. To compute this
expectation the notations § and s are introduced and denote the design and analysis of the
computer experiment predictor and its standard error x, respectively.

In this note, Y is Normal (7, s%). The right-hand side of Equation (5) is an integral, and
applying some integration by parts can improve the closed-form Equation (6).

The average density and distribution functions are represented by ¢ and @, respec-
tively, which predicts the function from a surrogate model, augmentative random sampling
points used on the f} are loop repeated until data and objective function converge, as
illustrated in Figure 9.

= === Single-fidelity function

—wmum= Global model
15~ A Sample of high-fidelity function ,
Real function ot
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./v
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Figure 9. Schematic of a single-fidelity and multi-fidelity surrogate model: ordinary Kriging model.

2.6. Objective Function and Calculation Condition

The objective function is the minimization of the wear volume W on the surface of
the tibial component according to the optimal design of conformity. Furthermore, the
calculation condition was subject to the range of tibial conformity value in the coronal C.
and sagittal Cs planes, as shown in Equation (7).

Minimize : W
Subjectto: 0.5 < C. < 0.8 7)
04 < G <07
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2.7. Experiment Test to Wear Test for Validation with Simulation

According to the validation, the joint simulator machine (ProSim pneumatic six-station
knee simulator, Simulation Solutions, UK) set up the specific wear test between the femoral
and tibial insert components, as shown in Figure 10. The medial size of TKA consisting of
femoral, and tibial insert components were used to evaluate the wear volume and included
wear scar. The loading condition of the joint simulator consisted of a compressive load of
700 N, which included the symmetry anterior-posterior direction with a sliding distance of
20 mm per 1 cycle. The frequency of the simulator was 1 Hz, which used 50,000 cycles per
case. A tibial insert will be ultimately weighed every 10,000 cycles until 50,000 cycles that
have each time per case amount to 14 hr/case. The tibial insert has a label blue color before
testing on the surface to check that the contact area of wear. The tibial inserts have a loss of
weight from wear testing checked by the scales (gram). Conventionally, the tibial insert
will be converted from weight (gram) to the final result as wear volume (mm?®).

Posterior | Anterior

5 mm S— 5 mm

Sliding AP

Figure 10. The machine of joint simulator.

3. Results
3.1. The Result of Simulations

The simulation results estimated the predicted wear of 30 cases with an additional
10 cases, revealing that each tibial insert design affects wear volume due to the variation of
the tibial insert conformity. The different conformity leads to different contact areas and
scratches on the surface of the tibial insert component. Figure 11 shows the FE result of
the wear depth on the surface of the tibial insert component included in six sample cases.
It can be noticed that the wear scar is observed with an oval-shape that occurred on the
region of both sides of the posterior surface on the tibial insert component. Moreover, the
wear behavior on the tibial insert surface was the asymmetry of both sides, caused by
the different contact pressure distribution and multi-direction loading. Table 1 shows the
magnitude of wear volume in 1 million cycles for a typically sample of 6 cases with various
conformity values.
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Figure 11. The FE results of tibial insert wear depth of six samples according to Table 1.

Table 1. The sample result of wear volume for six from thirty cases.

Model Conformity of Coronal Conformity of Sagittal Wear Volume of Million Cycles
A 0.71 041 12.13
B 0.52 049 34.38
¢ 0.79 042 75.58
D 0.79 0.52 5451
E 0.5 0.61 20.63
F 0.55 048 324

3.2. Minimization Problem of the Wear Volume Optimization

This study was used in the tibial insert wear as the objective function to solution
design and calculation conformity for the minimization wear volume (W). Figure 12 shows
the additional sampling of the EGO process. In this figure, the wear volume is defined as W,
and the unit of the W is mm>/10° cycle. The details of ten additional sampling by the EGO
are shown in Table 2. The minimum wear volume by the EGO with the ordinary Kriging
method was found in the ninth iteration with 3.07 mm?/10° cycles. At the optimum point,
it was found that the coronal and sagittal conformity were 0.7 and 0.59, respectively. The
result of wear depth for the optimal conformity design based on the minimized wear
volume using the EGO is shown in Figure 13.




129

Symmetry 2021, 13, 2377 110f17

=074 a -
S | =
3 . .
9; " . .
o6 " (Y
% . W s
2 " 3
E LI
%os i
3 » . o 200 »
o L] L]
- L
l. "
2 4 g 10 o } 07 /
; 05 06 07 08
Iteration

Conformity of coronal (0.5-0.8)

Figure 12. Collateral sampling in each iteration: the wear volume optimization problem (Left) and
additional samples point (Right).

Table 2. The additional sampling by the EGO using the ordinary Kriging model.

Conformity of Coronal Conformity of Sagittal Wear Volume (mm®)
(0.5-0.8) (0.4-0.7) in 1 million Cycles
0.69 0.4 3453
0.68 0.6 15.88
0.66 047 5498
0.7 0.47 6.54
0.62 0.46 9.85
0.69 047 5.93
0.68 045 5.42
0.66 0.56 3.37
0.7 0.59 3.07
0.7 0.4 9.12

Wear Depth (mm)

Figure 13. The result of wear depth for the optimal shape of the tibial insert conformity.

Figure 14 shows the cross-validation results. It was found that the error of value
predicted by the EGO with the Kriging surrogate model is acceptable. The slope of the re-
gression line can maintain a slope close to 1.0 and R? amount 0.9046 for the Kriging method.
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Figure 14. Cross-validation of six-hump camel-back problem based on ordinary Kriging-based EGO.

3.3. The Relationship Contour of the Design Tibial Insert to Wear Volume

Figure 15 shows the surface response of wear volume for the tibial insert conformity of
40 cases, based on FE analysis according to the surrogate model. The contour plots present
the relationship between wear volume and the design parameters consisting of the coronal
and sagittal conformities for the proposed ordinary Kriging-based EGOs. According
to Figure 15, the optimal designs found by the proposed ordinary Kriging-based EGOs
appeared in the blue color that has a wear volume range around 0 to 10 mm?. The optimum
design has model conformity of coronal (0.7) and the conformity of sagittal (0.59) that
minimizes wear volume of 3.07 mm®/10° cycle.

07

085 = 65

D"’ 055

045

Figure 15. The surface response plot of wear volume (mm®/Million cycle) according to the parame-
ters design of the conformity of coronal (Cc) and conformity of sagittal (Cs).

3.4. Result of Validation between Experimental and Simulation

Figure 16 shows the comparison of wear scar results between FE simulation and
experiment under 50,000 cycles. The experimental results showed that the scratch behavior
occurred on the tibial insert surface from anterior to posterior and is consistent with
the FE simulation. Figure 17 displayed the result of wear volume on the tibial insert
component, comparing FE simulation and the experimental method. The magnitude of
average wear volume from the experimental method was 2.36 4 0.57 mm?, whereas the FE
result prediction wear volume was 2.38 mm?.
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Figure 16. The comparative result of wear depth between FE simulation (Left) and experimental (Right).
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Figure 17. Comparisons of wear volume between experiments and FE simulation.

4. Discussion

Total knee arthroplasty (TKA) is a standard orthopedic procedure that includes replac-
ing the articular surfaces of the knee joint (femoral condyles and tibial plateau) with smooth
metal and polyethylene plastic. TKA attempts to improve the quality of a patient’s life with
end-stage osteoarthritis by minimizing pain and improving function [28]. Late infection,
bearing wear, and prosthesis loosening are the most typical long-term complications of
TKA. Most research reported that the wear of the tibial insert was the critical factor for the
limitation of longevity in TKA [4]. Many factors affect the wear of the tibial insert, such
as material, sliding distance, load, shape design, etc. [9,12] Some research studied wear in
the tibial insert, which was made from different materials such as UHMWPE GUR 1020
and 1050, PEEK, and CFR-PEEK [13,19,22,29,30]. These findings revealed that the material
impacted wear volume, with CFR-PEEK outperforming UHMWPE and PEEK. As a result,
CFR-PEEK may be a better option for tibial inserts [31]. Furthermore, sliding distance and
load also affected wear loss of the tibial insert. There was experimental wear loss of tibial
insert using various load conditions and different sliding distances, intermediate and high
kinematic conditions, in an anterior and posterior direction [13,32].

The shape and conformity of the bearing surface are crucial for the interaction between
the metal component and the polyethylene. The conformity design, particularly the tibial
insert and femoral component, affected wear volume. The designed tibial insert with lower
contact stress and a wider contact area is the topic of most investigations [33]. Generally,
TKA conformity was defined as the ratio of the femoral component radius to the tibial
insert radius, which was considered to reduce contact stress [9,11]. Previously, the variation
conformity of TKA was designed to determine the contact stress or contact pressure on
the tibial insert under various load conditions through experiments [34,35]. Optimal
conformity, which resulted in minimal wear volume loss, was potentially difficult and
time-consuming to evaluate. As a result, this study used simulations of knee simulators to
improve the TKA design [9,11,15]. The importance of design in reducing TKA wear has
been highlighted in this paper. The wear was investigated using a finite element re-meshing
technique and subroutine script files [11,15,22,30,31]. There are two factors used to design
conformity of TKA in coronal and sagittal planes based on the ISO-14243 standard test [36].
The ISO-14243 standard test was used widely for TKA testing to inspect the amount of
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wear volume on the implant. The standard has developed and changed parameters until
the last standard was 1SO-14243:2014 [23].

According to previous studies, experiments on the effect of conformity on wear volume
in fixed-bearing TKA by simulator found a high wear volume in the high of conformity [36].
The wear volume showed a significant reduction when conformity was reduced. Previous
studies with similar test conditions for prosthetic knee pillows found reduced wear volume
when conforming to the tibial inserted [37]. Preceding research presented cruciate-retaining
(CR) TKA as having a low conformity and revealed that the backside wear of the tibial
plateau insert was higher than the posterior-stabilized(PS) TKA, which has high constraints
in design [38]. Most of the previous studies have attempted to reduce contact stress to
solve the problem of wear in the tibial insert made from polyethylene material. Other
studies mentioned that low conformity could help reduce wear volume in TKA; however,
the clinical study explained that using a high conforming implant is necessary because
the joint limits natural movement [39]. A previous study used the surrogate model to
calculate contact points between the TKA and prosthetic knee pillow and found that the
initial position of the femoral impacts on the wear volume in an implant. This study
showed the process surrogate model for creation and implementation and found that
the initial position of the femoral cover that is at the superior/interior position, which is
lower than its general position by 10 mm, and at the anterior/posterior by 0 mm, will
have the lowest wear volume [17]. Other studies used a surrogate model to analyze TKA,
which has created the sample analysis process, and the proposed surrogates can be used
with the simulations significantly. The study was performed using simulations with the
surrogate contact models with different load conditions, such as anterior—posterior force,
superior-inferior force, internal-external torque, and flexion—-extension motion. This paper
has shown a surrogate model method in which the parameters can be adjusted for analysis
to calculate the wear volume [18]. The conclusion of the previous study showed the design
process of tibial insert that has low conformity and will have a low wear volume, but
cannot be used for general cases because of the limitations of motion in the knee joint.
Once the TKA has a high conformity, it will induce many contact stresses commonly used
in clinics. Therefore, this research wants to study the conformity of tibial inserts and to
optimize the design in order to minimize wear volume, which can be used in clinics.

For the number of simulations, the design of an experiment (DOE) technique was
utilized to create a starting sample point. DOE approaches use various simulation designs,
such as full factorial, fractional factorial, and LHS. In this study, the LHS method using
random functions was created, the design point of which has been distributed between
a lower and an upper scope because the approach was commonly utilized widely in the
DOE technique of design initial sampling [27]. The simulation is then transferred to a
surrogate model, such as Response surface approximation, a Kriging model, or Radial
basis neural networks, which are used to create a large number of approved simulations
to ensure accuracy [25]. The solution of Kriging is a procedure that requires first Kriging
results to estimate the best parameters based on a linear regression that report the relation
of the residuals between the regression model and the observations. The EGO is a design
optimization process with an algorithm to predict optimum design points, which is the
first step in adjusting a design and analysis of computer experiments (DACE) model to
incorporate it with initial points design, which means space-filling experimental design.
Therefore, the LHS was first used to introduce the initial sampling design and evaluated
it using the EGO. The EGO then adapts to appropriate the parameters of a DACE model
using maximum probability estimation until the result is satisfactory [26].

According to the optimum conformity design, the results revealed that the conformity
value of coronal and sagittal of the tibial insert component are 0.7 and 0.59, respectively,
to minimize the wear volume to 3.07 mm®/10° cycle. Previous studies have analyzed
different conformities of implants in the coronal and sagittal planes that influence wear
volume in each conformity. The result of the wear volumes was approximately 7.8 to
8.5 mm?>/10° cycle [40]. Other studies have been designed to identify implant conformity
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values for three types: a flat, curve, and lipped design. The result showed the lowest
to highest wear volume of flat, lipped, and curve designs. This study has a wear vol-
ume of 2.3 to 6 mm?/10° cycle, where the lowest wear volume was from the flat design
at2.3 mm3/10° cycle, which has a wear volume similar to this research. However, from
previous studies, the flat type implant cannot be used in clinics because the flat implant
cannot support the natural movement of the knee [12].

The previous studies performed experiments to compare the knee simulator using
simulation with the ISO-14243 standard, which has similar wear volume and scrap area
values. The simulation showed wear volume at 1 million cycles for the analysis of wear of
TKA [23]. The conclusion of this study indicated that the finite element method could aid
the design analysis of TKA, which is reliable and accurate. A previous study tested the
new standard, ISO 14243-3:2014, which has a different condition from the initial load’s test.
The new standard incurs wear and scrapes at the backside wear of the tibial insert. This
study experimented using a knee simulator machine that can test standard knee tests. The
condition of the TKA test was an experiment that used two loads: the axial load and the
sliding anterior and posterior to check the accuracy of the experiment. It will be compared
to the simulation that uses 50,000 cycles as the perimeter. The experiment showed an
average wear volume of 2.36 & 0.57 mm?, and the simulation resulted in a wear volume of
2.38 mm®. The result of both methods showed similar wear volumes. The simulation can
predict the wear in the tibial insert with reliability for predictive modeling in this study.
To our knowledge, the influent of tibial conformity on wear performance of TKA was
reported using finite element analysis and experiments; however, there was no concern
in the optimal design of tibial conformity. This study proposes a novel technique for the
optimal conformity design of the tibial insert based on the ISO standard wear test, which
enlarges the field from the current state of knowledge using the finite element analysis
cooperation with a surrogate model. The optimal conformity design of the tibial insert
component will then be further developed into the TKA prototypes for actual testing
according to the ISO standard test and lead to developing a prototype for a clinical study.

There are some limitations in this study that should be noted as follows:

1. In consideration of the conformity of the prosthetic knee under the lowest wear vol-
ume, this research used the wear co-efficient referenced from the preceding research.
It is tested using the ISO-14243 load, where it uses the actual wear coefficient from
actual tests. However, this research had studied and found the wear co-efficient from
a simplified study to recheck the accuracy of the simulation and the actual test using
wear co-efficient trials to achieve the closest value to the actual test.

2. The prosthetic knee tests for this research used the specific testing machine certified
with the ISO-14243. However, the study reduced the perimeters to two conditions: the
axial loads and sliding anterior-posterior to recheck the accuracy of the simulation.

3. The model designed has the conformity value appropriate for production and is used
to test, and the accuracy is validated by comparing it to the ISO-14243 standard.

5. Conclusions

This study proposes a novel technique for the optimal conformity design of the
tibial insert component to minimize wear volume in TKA. The EGO method consisting of
experimental design, FE simulation, surrogate model, and the data improvement with the
Kriging method was used to determine the relationship between the conformity and wear
volume. Using the combination of a finite element and a surrogate model, the optimal
conformity in coronal and sagittal planes were 0.7 and 0.59, respectively, with a minimizing
wear volume of 3.07 mm®/10° cycles. A simple experiment was set up to verify the FE
simulation, and the result of wear volume and surface area scratch tend to be similar. The
application of FE and EGO methods are beneficial in minimizing an unknown function,
including a high convergence rate.
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Abstract - This study aims to compare the biomechanical characteristicof the tibiofibular contact pressure in the total knee
arthroplasty (TKA) between the cruciate retaining-CR and posteriorstabilized-PS type. A three-dimensional finite element
(FE) model consisting of the femur and tibial insert components was constructed to analyze using computer-aided engineering
software. The bearing load in the vertical direction was performed in a range of 4 to 5 times body weight based on the various
flexion angle corresponding to the PI-17 standard loading. The contact stress distribution, including the contact area between
TKA, was evaluated and then verified with the mechanical test using the Fujifilm technique. The results showed that the
maximum contact pressure ofCR-type TKA ranged from 18.55 MPa to 57.00 MPa, and the contact arca was displayed between
275.02mm?” to 602.27 mm? for the increased flexion angle from 0 to 90 degrees. While the maximum values of contact pressure
and contact area ofPS-type TKA were in the range of 27.69 MPa to 76.88 MPa, and 232.64mm” to 266.29 mm?, respectively.
According to the specific design oflibial insert components, the tibiofibular contact area of CR-type TKA exhibited a higher
value than PS-type TKA. The magnitude of contact pressure in the CR-type TKAdisplayed a lowervalue than PS-type
according to the increased flexion angle. For the validation, theresults of contact stress and contact area from numerical
simulations displayed similar to those of Fujifilm mechanical tests. This study explains the differences in the two types of

TKA, which describe the contact mechanism behavior based on the contact knee test.

Keywords - Contact Pressure, Total Knee Arthroplasty, Finite Element Method

L. INTRODUCTION

Knee joint replacement is a standard operation that
involves replacing a damaged, worn, or discased knee
with an artificial joint. Every ycar, a million knee joint
replacement surgeries are operated worldwide [1].
There are two types of knee joint
replacements:unicompartmental knee arthroplasty
(UKA) and total knee arthroplasty (TKA). The
component of TKA has three parts: the femoral
component, the tibial insert, and the tibial component.
Typically, TKA was made from metal, ceramic, or
polyethylene ([2-6]. However, failure of TKA has been
reported [7]. From the previous study, the primary
failure of TKA was polyethylene wear which
influences the lifetime of TKA, with an average
lifetime of about 8-15 years [8-13]. In addition, Vince
[14]reported that the contact areas and contact
pressures of TKA are the essential factors of wear
failure. Generally, wear of TKA occurs in the tibial
insert, which is often made of ultra-high molecular
weight polyethylene (UHMWPE). The tibial insert
can be classified into posteriorstabilized (PS) and
cruciate-retaining (CR) models[15]. There are plenty
of methods for studying the contact arcas and contact
pressures, such as Hertz contact theory which was
used to forecast the stress distribution [16], and the
finite element method that is available to predict
contact pressure [17-19], and experimental by Fujifilm
technique [20-23].

Concerning patient satisfaction in the medium and
long term of TKA in terms of durability, our study

goal is to investigate the contact area and contact
pressure characteristics of tibial insert using the finite
element method and validate the results of the Fujifilm
experimental technique.

II. FINITE ELEMENT ANALYSIS OF TKA

A. Geometrical and FE model

The two types of knee prostheses, the
posterior-cruciate substituting (PS) and
posterior-cruciate retaining (CR) from implant cast
(IC) were used as simulation models to study the
contact area and contact pressure. The CR model is a
large surface of contact area; consequently, load
distribution is higher than the PS. On the contrary, the
PS one has smaller contact areas than the CR model
since it loses surface area from the post-cam. In our
study, four-part are used, including two femoral
components and two tibial inserts (both PS model and
CR model), as shown in Figures 1 and2. The 3D
models of femoral components and tibial inserts were
created using reverse engineer techniques, and the cad
model was reconstructed using SOLIDWORKS
software (Dassault, USA). All 3D models were
discretized into finite clement models by applying
ABAQUS Knee Simulator (ABAQUS, Inc,
Providence, RI, USA). According to the specified
I-millimeter mesh size, the femoral component of the
PS model has 31,776 elements, the CR model has
30546 elements (Figure 1), and the tibial inserts have
34102 elements and 31154 elements for PS and CR,
respectively (as shown in Figure 2).
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B. Materials Properties

In our finite element models, the femoral component is
defined as a rigid body, while the material of the tibial
insert is Ultra-high molecular weight polyethylene
(UHMWPE). The linear isotropic elastic modulus is
approximately 685 MPa, and the Poisson ratio is 0.46
[3-6], [24].

Anterior Lateral Anterior Lateral

Medial Posterior Medial Posterior

Figure 1. The femoral component;
CR (left),and PS model (right).

Aanterior Lateral

Anterior Lateral

Medial Posterior

Media Posterior

Figure2: The tibial inserts component;
CR (left) and PS model (right).

Body

Weight Load (N) Flexion angle | Rotation
4 2901 0 0
4 2901 15 0
4.5 3267 30 0
5 3626 60 0
4.5 3267 90 0

Table 1. The five configurations of experimental testing
according to PI-17standard

C. Loads and Boundary Conditions

The bearing loads were applied to the finite element
model in a vertical directionaccompanied by different
values at 0, 15, 30, 60, and 90 degrees of flexion
angles, as specified in Table 1. The load is four to five
times the average body weight of 74 kilograms /25/.
Figure 3 shows five configurations in this simulation.
The boundary conditions were assigned according to
the PI-17 standard. The bottom surfaces of the tibial
insert were fixed in all directions. A friction
coefficient between femoral and tibial insert is 0.04,
which is used in this simulation /11/.

Fixed all Fixed all

Figure3: The five configurations testedfor 0, 15, 30, 60, and 90
degrees of flexion angles

III. EXPERIMENT METHOD BY FUJIFILM
TECHNIQUE

Both femoral and tibial insert made of polyethylene
plate. Our validation experiment consulted the
Fujifilm technique. The universal testing machine
(UTM) was used in this experiment for contact
pressure and contact area determination. The tibial
insertwas under the compressive load generated from
UTM and suppressed from a compressive load of 2901
N through the femoral hold for 2 minutes. This UTM,
the femoral and tibial arrangement, is demonstrated in
Figure 4.

|

Figure4: Experiment with Fujifilm

A medium pressure range Fujifilm from 10 to 50 MPa
was used to investigate the contact pressure and
contact area between the femoral and tibial insert [21].
After testing, the red color appeared on Fujifilm, as
demonstrated in figure 8(a), at the contact position
between a femoral and a tibial insert. The dark red
shows high compression, while light red means low
compression. The Fujifilm from the contact test was
sent to a scanner for preparing data, and then they were
analyzed in the value of contact pressure and contact
arca by FPD8020win software. The results of contact
pressure and contact area from the Fujifilm technique
were compared to the simulation.

IV.RESULT

A. Result of Simulation of Contact Area and
Contact Pressure of TKA

Contact pressure and contact area of CR model

The contact pressures of the CR model are presented
in Figure5.The maximum contact pressure values
range in all flexion angles is 18.55 to 57.00 MPa. The
average maximum contact pressure results in each
flexion angle have values of 18.55, 20.37, 22.18,
32.50, and 57.00 MPa, at 0, 15, 30, 60, and 90 degrees,
respectively. At 0 degrees, the high contact pressure
appears at the edge of the anterior and posterior of the
medial side, whereas at 15 and 30 degrees, the contact

The study of Tibiofibular Contact Pressure in Total Knee Arthroplasty Using Finite Element Mcthod: Posterior Stabilized vs. Cruciate Retaining
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pressure is distributed more than the lateral side in the
middle of the medial and medial. At 60 and 90
degrees, it seems to be distributed more in the middle
and lateral than on the medial side. In the aspect of
contact arca, the range of maximum values in all
flexion angles is 275.02 to 602.27 mm’. The average
maximum contact area results in each flexion angle
have values of 602.27, 483.33, 374.85, 275.02, and
286.73 mm’ at 0, 15, 30, 60, and 90 degrees,
respectively. At 0 degrees, the most contact area
occurs at the rim of the posterior of the medial side,
and the small contact area is the lateral side. At 15 as
well as 30 degrees, there is the exact position of the
contact area that distributed in the midway of the
medial and lateral sides. Morcover,the exact position
of the contact area at 60 and 90 degrees averages in the
middle of the lateral and medial sides.

Contact pressure and contact arca of PS model

The contact pressures of the PS model are also
presented in Figure5. The range of maximum contact
pressure in all flexion angles is 27.69 to 76.88 MPa.
The average maximum contact pressure results in
cach flexion angle are 28.32, 27.69, 33.70, 41.46, and
76.88 MPa, at 0, 15, 30, 60, and 90 degrees,
respectively. At 0 degree and 30 degree, the high
contact pressure appears at the edge of the medial
side, while it shows the same for the two sides at 15
degree. At 60, the high contact pressure appears at
the edge of the lateral side and it shows at 90 degree
that the high contact pressurc is at the edge of the
posterior of the two sides. The range of maximum
values of contact area in all flexion angles is 275.02
to 602.27 mm’. The average maximum contact arca
results in cach flexion angle have values of 602.27,
483.33, 374.85, 275.02, and 286.73 mm” at 0, 15, 30,
60, and 90 degrees, respectively. The most contact
area is shown at the rim of the posterior of the medial
side at 0 degree, and the small contact area is the
lateral side. At 15 and 30 degrees, there are the exact
position of the contact arca that is distributed in the
midway of the medial and lateral sides. And theyhave
the exact position of contact area, which averages in
the middle of the lateral and medial side at 60 and 90
degrees.

Figurc6showed a correlation between flexion angle
and contact areas in the PS and CR models. The
contact area of the PS model is in the range of 223.12
and 266.29 mm?, while the CR model has them
between 275.02 and 602.27 mm’ The average
contact area of the CR model is approximately
38.80% higher than the PS model all flexion angles.

Contact Pressure

Contact Pressure

+a '
l +4 125401
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Figure5: Contact pressure of CR model (A)
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FigureS (next): Contact pressure of PS model (B)

Type Fujifilm Finite element
Max contact stress 36.34+2.5 30.55
(MPa)

Contact area (mm°) 133.20+6.4 196.13

Table 2. Max contact pressure TKA at 0 degrees

[ ]CR Type|
| |PS Type|

0 60 90

0 15 3
Flexion angle (degrees)
Figure6. The comparison of contact area between CR and Ps
type

Contact area (mm?)

The comparison of contact pressure in Figure 7
showed a correlation between flexion angle and
contact pressure in the PS model and CR model. The
contact pressure of the PS model wasbetween 27.69
and 76.88 MPa, and it was in the range of 18.55 and
57.00 Mpa in CR model. The contact pressure of the
PS model is approximately 27.61% higher than the CR
model in all-flexion angle. In addition, contact
pressure has an inverse relation to the contact area. It
means that a low contact pressure appeared at a
position with a large contact area, consistent in the CR
model, which had a surface area of tibial insert more
than in the PS model. Conversely, at flexion angle,
which had a small contact arca, had high contact
pressure (H.M.J. McEwen et al, 2005), (Gunti Ranga
Srinivas et al, 2013).

100 -
CR Type
PS Type
© 80
o
=
2 6o
0
o
d
a4
i __
8
s
'S, 20 A
0 T T T T
0 15 30 60 90

Flexion angle (degrees)

Figure7. The comparison of contact pressure between CR and
Ps type

B. Validation of Contact Pressure and Contact
Area

The finite element simulations investigated the
contact pressure and area between the femoral and
tibial insert and it was validated by the Fujifilm
experiment. Figure 8 compares the contact area
between the finite element simulation (Fig 8(b)) and
the Fujifilm test (Fig 8(a) and Fig8(c)) at the 0-degree
flexion angle. The contact area occurred in the middle
zone of the medial and lateral size of the tibial insert
component, which agree with each other. The results
from both methods were summarized and compared
in table 2. The numerical results had higher contact
pressure than the experiment but it had a lower
contact area than the test investigation. A comparison
results of contact pressure and contact area from each
method showed a non-significant difference.

For complicated shapes such as total knee
arthroplasty, the finite element method and Fujifilm
technique were used to study contact pressure and
contact area. According to the comparison in this, the
simulation technique applied in our study satisfied the
prediction of the contact pressure and contact area in
total knee arthroplasty.
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Figure8: Contact area of Fujifilm with finite element analysis
V. DISCUSSIONS

The CR model has multidirectional sliding movements
while the PS model has a limitation by a post-cam that
is allowed for one-directional stability [19]. For this
reason, the PS model has higher contact pressure than
CR model but inversely, the contact area of the CR
model is higher than the PS model because of a large
curve of the tibial insert in CR model which increases
the contact surface between the femoral component
and tibial insert [18],s0 that contact arca affects
contact pressure; or in summary, a higher contact area
has a lower contact pressure while a lower contact area
has higher contact pressure [19].

Figure 9 shows the contact area of the PS model,
which differs from the CR model. At 60 and 90
degrees, the contact area of the PS model occurred in

the medial, lateral, and tibial insert post. However, the
contact area of the CR model appeared on the medial
and lateral sides. The PS model post-cam can use a
high flexion angle, range of 0-135 degrees [26-28].

The results of this study which analyzed the contact
pressure and contact area of TKA, both PS model and
CR model subjected to compressive loads on five
flexion angles, used primary information data for knee
prosthesis design [7, 8, 11, 15, 17, 18, 20]. From
validation of contact pressure and contact area using
the Fujifilm experiment, the results from both methods
satisfied each other. The contact pressure from the
experiment was slightly higher than the simulation
analysis as 15.93% and the contact area from the
simulation was 32.08% more than the Fujifilm.

Contact Pressure (MPa)

- il

Figure9: The contact area of the PS model at 60 degrees of
flexion angle

VI. CONCLUSION

Using finite element analysis, the contact stress
distribution on the surface of the tibial insert between
PS- and CR-type of TKA was evaluated based on the
PI-17 standard determination of the total knee implant
contact pressurc. The study showed that the contact
pressure of the CR model displayed a lower level than
the PS model. Meanwhile, the magnitude of the
contact area of the CR model exhibits higher than the
PS model, which decreases contact pressure in the
tibial insert that can be reduced wear. The simulation
method can predict contact pressure and contact area
in TKA. In addition, the finite element method
validation of contact pressure and contact area using
the Fujifilm experiment and simulation.
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Abstract

In this paper, a comparative study of total knee
arthroplasty (TKA) between fixed- and mobile-bearing
implants is presented. Reverse engineering techniques
including [inite element analysis were used (o evaluate the

mechanical characteristics in terms of the stress distribution.

A virtually bearing load based on four different stages of
gait cycle (0° to 60 ° flexion) was performed. The maximum
inserted
component were evaluated. According to the results, the
magnitude of maximum contact pressure in fixed-bearing

contact pressure and contact arca of tibial

implant increased significantly when compared to a
mobile-bearing implant from 0° to 60 ° flexion. The contact
arca of mobile-bearing implant tended to decrcased from 0°
to 60° flexion of gait cycle. However, the contact arca of the
tibial inscrted component in a mobile-bearing implant was
significantly higher than those of a fixed-bearing implant.
The body bearing weight had less influence on the
maximum contact pressure as well as contact area in the
mobile-bearing implant than fixed-bearing implant.

Keywords: Total Knee Arthroplasty, Tibial inserted

component, Contact pressure, Finite element analysis.

1. Introduction

Total knee arthroplasty (TKA) has become a widely
accepted surgical procedure in which parts of the knee joint
are replaced with artificial parts. However, the failure of
TKA has been widely reported, for example therc are
common failures related to polyethylene wear and aseptic
loosening.

DOT: 10.12792/iciac2017.036
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First wear of the polyethylene is aflected by the abutting
surfaces, the thickness of the polyethylenc insert and the
mechanical properties of the polyethylene™. It is also a
of
Multidirectional motions on the insert-femoral joint cause

result loads, contact friction and kincmatics®.
to more polyethylene wear. The mechanical wear of
polyethylene is also related (o contact areas and to the
dimension of contact pressure. The contact pressure and
contact areas lie to the flexion of according and operative
techniques. It is found that aseptic loosening usually results
from malalignment®. A set of TKA components include: an
anatomically shaped distal femoral, a nearby tibial inserted
component, That is usually made of ultra high molecular
weight polyethylene (UHMWPE).

Commercially, TKA devices can be classified into two
groups: fixed- and mobile-bearing®.  According to design
principals, fixed-bearing concept was designed bascd on the
snapped insertion or press fitted into the tibial component.
As, the design concept of mobile-bearing knees was uscd
the motion of the knee at two articulating surfaces. Such
designs vary according to the kinematics and cause axis of
rotation of the knee®.

The finite element method was used to forecast the
stress distribution in TKA during the gait cycle®. This
study is based on the assumption that the form of contact
pressure at the tibial insert component of TKA at each step
of the gait cycle maybe descriptor of the wear of tibial
inserted component. The knowledge of contact pressures
and contact areas in TKA are deem a dependable tool for
predicting the wear of insert.

© 2017 The Institute of Industrial Applications Engineers, Japan.
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2. Finite Element Modeling of TKA

2.1 TKA Modeling

Fig.1. Mobile-bearing (left) Fixed-bearing (right).

The mobile-bearing system is characterized by a large
surface contact of the articulating components. The high
congruency allows for optimal load distribution resulting in
an increased longevity of the implant. There are
UHMWPE-inserts of different congruency available.

The fixed-bearing is used for the functional replacement
of the posterior cruciate ligament. The presence of the
femoral spindle and the UHMWPE-peg results in a
posterior stabilization of the knee joint during articulation
between femoral and tibial component.

Fig. 2. Reversc engincering.

Posterior
Lateral

Medial
Antcrior

Posterior
Latcral

Medial
Anterior

Fig. 3. The insert fixed-and mobile-bearing component.
Reverse engineering techniques were used to create the
models seem as prototypes. There are uses of the principles
of reverse engineering to simulate the finite element method

of total knee arthroplasty (as shown in fig 2 and fig 3.).

2.2 FE Modecling

K Base Force

/ Femoral

& Insert

«— tibial

/ Base

Fig. 4. Composition of TKA tests.
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Fig. 5. Composition of TKA tests.

Finite element models of fixed- and mobile-bearing
knee implants were developed in ANSYS Workbench as
shown in figure 4 and figure 5.

2.3  Material properties

The material for the femoral component, tibial insert
component and tibial order are Cr-Co alloy, UHMWPE and
Cr-Co alloy®. (Table 1. and Fig.6.)

Table 1. Mechanical properties of TKA materials.
E(MPa) v

240,000

Materials

Co Cr 0.3

UHMWPE 550 0.46

Steel 200,000 0.3

—_ N N W W
wn © Wn C W
L J

True Stress (MPa)
=

0 0.05 0.1-0.15 02 025 03 0.35

S W

True Strain

Fig. 6. Non-linear true stress—strain behavior of UHMWPE.
2.4  Boundary conditions
This is research the mesh topology used for the model is

the shell element type defined for the solid force and the
solid element type femoral, insert and tibial for the TKA.

196

The total number of eclements in the model is 42,639
elements, which yield stability of the computational result
in terms of thc contact pressurc and contact arca. A
coefficient of friction between Cr-Co femoral and
polycthylenc insert of 0.04 was chosen to be consistent
with the literature ). Four different stages of the gait
cycle (0°,15°, 45°, 60° flexion) were simulated (fig. 7). At
each load stage, the tibial was fixed to the ground and a
vertical axial load was applied at the femoral component.
The vertical loads were 2000 N, 2200 N, 3200 N and 2800
N at 0°, 15°, 45° and 60° flexion, respectively as shown in
fig. 7.

Fig. 7. The four configurations tested.

3. Results and Discussion

The results of the contact pressure distribution of
the neutral and malalignment positions are shown in fig.
8 and fig. 9. The position of knee joint 0 to 60 flexion.
The maximum contact pressurce (IC) of fixed-bearing
was 28.7 MPa and mobile-bearing was 12.85 MPa. The
contact pressurc of the fixed-bearing was found to be
greater than the mobile-bearing. Contact area is
important to the wear rate of the insert UHMWPE. The
mobile-bearing contact area was found to be greater
than the fixed-bearing. Therefore, the mobile-bearing
has a longer lifetime than the fixed-bearing.
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Values in MPa.

197

66.305 Max A
6

55385
5.0769
L] 26154
L] 41538

28.719 Max
6

5.4545
4.9091
4.3636
3.8182
32727
27273
21818
1.6364
1.0909
0.54545
0 Min

20.491 Max 60°
55385 A

5.0769
26154
41538
3,6923

3.2308
2769

23077

1.8462

1.3846
0.92308
046154
0Min

P
L M

Fig. 9. Contact pressure of fixed-bearing TKA.
Values in MPa.




146

7| == Mobile-bearing

Fixed-bearing

-

0 15

contact pressure (MPa)

45 60

Flexion

Fig. 10. Contact pressure of tibia inserted component.
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Fig. 11. Contact area of tibia inserted component.

4. Conclusions

This research has compared mobile- and fixed-bearing
contact pressures using numerical simulation method. It
found that the contact pressure of a fixed- bearing was
greater than that of a mobile-bearing. The mobile-bearing
system is characterized by a large surface contact of the
The
mobile-bearing spread around, however, in terms of

articulating  components. contact pressure of
fixed-bearing is the concentration in narrow area. The
mobile-bearing design has lower maximum contact pressure
than the fixed-bearing design. The mobile-bearing presents
the benefit of stance over the fixed-bearing. The cvaluation
of contact areas and contact pressures in total knee
replacement is important to prevent carly failure. This is
contact area of insert UHMWPE of fixed- and
mobile-bearing. It is important to add lifetime the
UHMWPE inserts. A result of mobile-bearing contact area is
more than fixed-bearing. It is also a result of fixed-bearing

contact area is relatively constant.
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Abstract

The objective of the research is a comparative study of contact stress distribution and the contact
area between posterior-stabilized and cruciate retaining total knee arthroplasty by finite element method and
mechanical testing. The 3D models of a femoral component and tibial insert were reconstructed. Loads were
applied variation according to knee flexion angle as PI 17 standard in a range of 0 to 90 degrees by Abaqus

knee simulator (Dassault systems). The result found that contact stress and contact area of the tibial insert
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vary according to knee flexion angle. In the case of cruciate-retaining (CR) total knee arthroplasty had a range
of contact stress 18.55 MPa to 57.00 MPa and contact area had 275.02 mm” to 602.28 mm’ while posterior
stabilized (PS) total knee arthroplasty had a range of contact stress 28.32 MPa to 76.88 MPa and contact area
had 223.12 mm” to 266.26 mm". The tibial insert of PS had a contact area on a post-cam at 60 degrees which
affected contact stress on the tibial insert decreasing compared to CR. Finally, contact stress and contact area
value were compared with mechanical testing using the Fujifilm technique. The result revealed that the finite
element method tends to similarly test.

Keywords: Contact stress, Total Knee Arthroplasty (TKA), Posterior Stabilization, Finite Element Method
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