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Finite element study on total knee prosthesis wear during stair

ascent
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Laboratory for Biomechanics and Mechanobiology of the Ministry of Education, School of Biological Science and
Medical Engineering, Beihang University, Beijing 100191, China; 2. State Key Laboratory of Transducer
Technology, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Objective To study the effect of stair ascent on insert wear of total knee replacement ( TKR) by finite
element model, which is of great theoretical and practical significance for improvement of wear evaluation method
and guidance of artificial knee joint prosthesis design. Methods A finite element model of TKR wear based on
Archard’ s law was established and validated. The model was applied with loads under normal level walking
(1S014243) and stair ascent, respectively, to compare and analyze the influence of stair ascent on TKR wear.
Results The predicted wear during level walking was consistent with experimental results reported in the litera-
ture. The volumetric wear rate during stair ascent was 37. 10 mm® per million cycle (MC) , which was significantly
higher than that during level walking (16.94 mm®/MC). The linear wear during stair ascent was significantly high-
er than that during level walking as well. Wear during stair ascent was mainly distributed in the backward area of
the medial platform, which was obviously different from that during level walking. Conclusions As a common dai-
ly activity with high loads and high flexion angles, stair ascent has a significant effect on TKR wear, and more at-
tention should be paid to the testing and evaluation of TKR wear.

Key words: Total knee replacement ( TKR) ; Stair ascent; Wear; Finite element analysis

W #& B E3:2016-04-07; 1&[8] H #4:2016-05-09

EEWE WK A RRER 4T H (11072021,31200725,31470942) |, 6 KA 32 30130 (2012BAI22B02 ) |, {4 8 B AR [ 5% 8 o5 552 96 5 il 3
45 (NSFC31470942) ,,

BEMEE B, 2%, 054 50, Tel : (010) 82339428 ; E-mail ; yubofan@ buaa. edu. cn,

R RRREE 1R



EREYMANFE H32% F2H 2017548

110

Journal of Medical Biomechanics, Vol. 32 No.2, Apr. 2017

LS5 B R (total knee replacement, TKR)
ST MR ST R DL AN REF R i R A
MR 4> T 7 B 4% (ultra-high molecular weight
polyethylene, UHMWPE ) 4 $ 5% 4 2= 5| 2 F Joi %
FNTCTEPERA S, 3 1T BB AR A s 1 2 38, 2 PR il Al
RAEMYFEEFRHRZ " B, RAZ H b ¥ %
SR AR IR ML A N T DG4 B 4 S 0 S R s 4
FRURITRFE 00000 25 02 23 TN A R 075 B9 B B VP Ak 7
VR (B B S 06 A I [ N R AR A B AR, f
B XA AT 4 T Y 2 AR 58 2 R
it A PR TTEE A TR T B DG, O B
I — R b e s

1996 4, Maxian 25" gt 57 — A~ 3L F Archard B
PRI A BRICE AL, B YT 1 A 0GB e h
UHMWPE #H B E , Bl S A BRITR 5 234 W
iz B TIEOCT wef B BE AR 0 vp o © A SCHRBIF
FE T A SUHT ) BEAR | 07 AR B Ak 0 AR A [N 3 o
RN, IEXF Archard RS AT Rl ™

SR, B AT 5 3 BN TG
TTEIEH K47 E AP 25 (150 14243 F5 i R H Y 2
far ) N BB, M AT 25 R A H Rz sh e & (an
B RRESE) NG OB . ARk, A G ELSE
H 5 iz Sh a3 far A TR 19 B2 Wi A I 5 ok
ZHN e, Benson % KEATE LB RMH T
ERR AT LA 70: 119 B BITE G 288 N TG 19 S
PHRIEHL I, #4733 500 J7 YR AEFR (million cycles,
MC) BEfi S, T 5 B K A7 8 2 28 800 1
PRI THS L s 25 R R, AT S TS
HATIR A ARG 20 5 Fm b A8 8 i vt B2
MIEE BERBURIE AN T 5 45, Jaber 25" 2547 T

120, 6

100 *ﬁégﬁk . a4
= %0 ) £ KFATE
& 60— L B o ks
& X /7 "\ m o ,
= 4 N ye = -~

20 N S/ . N

Z e .
0 20 40 60 80 100 "0 20 40 60 80 100
B % BERW%

(a) JEMBEAEL (b) HifEHiRe

B 1 KFETEMEEBNEHSRETEE
Fig.1 Kinematics and load data of level walking and stair ascent
(IE) rotation, (d) Axial force

P HE-S b £ )

2 MO AT A5 25 R0 A B 2l i 189 N T T O 1Y
P, 45 2R R W, b R S0 00 4 B MR B A R
[(22£3) mm'/MC] J& 7K F 45 5E & 25 % 18 41
[(10.68 +0.5) mm’/MC] 2 fif, AR T
AT H 3 3 h 1 S 45, Popoola SR T —
AN i Y H R A2 ST S AT R, AL
KPAT AR (89.2% ) ALk (4. 5% ) . EAERS
(5.4% ) FITREE(0.9% ) , 45 R kB, 255 H Wiz 3l
TAHESIR] (19.9 £4.9) mm’/MC ] 8.3 & T K
PATELSEBAE] (14.9 £3.2) mm’/MC],
RS KA B b R L A E By UL
P AT e A R H R s B, g R TG
R () HBTRT IR ARAN TE 00, A % LR
XA ) BAASE R W AN . DA, A SCRESE T —A
N TERATAT HES I 1 FROCEY , 78 150 FrifE
AZSH N AT A BERAIES A BRI R B Sz
SN TN, 743 EREBR IS L T ROAT AL, JF
ST E R AT BT SR B T X e AT

1 RS 7%

1.1 EZhInFHErEE

IKPATHE A RN A0 1 Jn 280 SR BB A 45 1
Jr=te Wil 1 FR , AKFAT E 93B3 5 2 far Bl R
FH IS0 14243-3 brife, £ 5 Jm M AA B2 L N E-2h 5% f
Ji B A LR A I At o R G S B A R AT P
JE-A1EE ff BEE I F SCRR[ 14 ], B A2 R8 BE [ SCHk
(15-16 ], i) Jy BE B SCHER[ 17 1. BT A 4z 3l Al
2 fr 5 2R 0 2 40 R 100 ANBCHE S5 R AT, g
B e 1al B Sl N %N IE

KFATIE

8
6 — KPATIE — 3.0 &
5 202 = \ z 25
o > ~ <20
of < 2,
ot/ X N\ A | g 15 :‘ / /
‘2 N S 1.0¢
= 0.5 \
1% 20 40 60 80 100 0 20 40 60 80 100
BERB% BASIWI%
(¢) WIE-FIiE B2 (d) Hhra

(a) Flexion, (b) Anterior-posterior ( AP) translation, (c) Internal-external



E )IL%E EEENA TRV REERZMNERITHR

WANG Chuan, et al. Finite element study on total knee prosthesis wear during stair ascent 111

1.2 ARTER

W 2 Fros, B 22 N TG B ( NexGen-
RR LPS-Flex Fixed Bearing Knee, Zimmer Inc. ) #£47
=Yk JUAar A, T RS AU A0 5 IS A R AR R
IR, 7E ABAQUS/Standard 6. 11 W 237 A7 PR JGAR
A, BT A% 32 2 X 8 5 a5 /S TH AR R T
(C3D8R) & 43, 2 i SAKB) 95% , & 43 i1 V& I
Cam X3 DU 55T (C3IDIOM ) ) 43 BB R TR
E AR, 527% S E T RIAHG, A e
FATT(S4) Koo R ERTRHE PEBCE S 2 e, s
LI N 463 MPa, JFIHA A 0. 461 o JBER BRI £
Pl T I8 ) R A A, RS B R BN 0,071

B2 AIBXTHRTEERMBEHZG
Fig. 2  Finite element model of TKR and displacement control

conditions

Ji IR A 2 R A i) 388 e 2 2 it 3 B R
b B 8RS 2 A L R L OF ELAR s
ISO 14243-3[a) (NI fAS 5 mmo Jii 8- T (Y 4 A
HHEBOE LA NE-SMEE A1 3 AR 385 38
e s V)| ESIES M R B e ol i B R R
BRSSO WIS E SR NSNS )
SNEINEN 3 > B BB SE e YR, A ER Rl e
TITIE BT
1.3 EEHRTN

UHMWPE 4ot #3515 18 9 28 P B AR - Archard
PEAR e HEA T, U Rk =

H = KpS

o H D92k AR, RS SIERIEL , B0 mm;p O 2

fil A7, B; MPas S Sk A G EE 48 IE 25, B0 mm; K
NN AR LK =2.64 x10 7 [ mm’
< (N-m) '],

SR FH 3 R RS H AR A 7, BE T FOR-
TRAN i F %5 1T H P F# ¥ UMESHMOTION, i
] 3T TN = SO ) O 2 B s 2 N A o
HATABRITIHHA, A0 B 1 5 20 4R Ok SR SR T Ty
SRS AR T R R R SRR . AR S AR
Archard B4 25 STH 3R> 3R 190 AP B
Knight 2 BIFFE T [ 240 18] Bl % A 45 SR i Sl
A2, 0.5 MC 2B A B AR . AR S
WHAT Sk, 25 R k9, A H FE R 0.5.0.25,
0.125 MCHEER 45 R B A AR HZR/NTF 5%,
TELEE 25 e TH 0K 3 A e 1] pAS i JERE |, B 4%
0.5 MCAE ML, 7E55 1 AR AREE T, A4l
THE PR EEI, UE vk 4 T B8 Bl B — AT 3R IHT
WAELHSER T 1A 0.5 MC RYERA I, KRG
HEAT — %A, BB 8 10 k35 MC iy
PRI

FRBUT s B0 (e
K7 BEEEREESE)

T LR B
H=KpS

[ 1 A

R BNKERKEL

E 3 F#8/F UMESHMOTION 78 &
Fig.3 Flowchart of user defined subroutine UMESHMOTION

2 #R

2.1 #&HBVLHIF

T Bk AR A S, X S MC R AT
AT A PR i R i R 2 1 B 451 A7 T, O
5B SRR R BT R E . A 4 s, R



EREMAE #3245 F2H 20174£4RA
112 Journal of Medical Biomechanics, Vol. 32 No.2, Apr. 2017

(Y RFREE S 16. 94 mm’/MC, 5 3CHk[ 19-21 ]
ITE B S AR S A 2 o AR B % R PR
BN SR, IR Knight 2 19905

FATBRICER—EL

SCHR[19] SCHR[20] SCHR[20] SCHR[21] SCRR[21] AsAsRY

392
N
1

33
(=]
T

—_
n
T

N
T

A AT BEHZR/(mm3 . MC)

(=]

B4 BTG SO 14243 FREKFITES S THERERES
SCHkHRIE SR 45 RAI T LE
Fig.4 Comparison between predicted volumetric wear rate and

reported experimental results for gait of ISO 14243

R T ) K P47 58 20 25 de R E R B 45 5 hy
0.053 mm/MC, AZAALERNMF-5 . 185 (a) P A
AR T (1 5 KR AE S 1 15 Kmight 2510 (1 45248125
SRR L AERE AR 3 AR A B i) — B 2P
BUE T BT BRI F) A R

e e e
E 057 =K PAT - 3CHR[4)
R 041 EE- AR

% 0.3
¥ 02

]].@0,1- %

0 05 1.0 1.5 2.0 25 3.0 35 40 45 5.0

IR/ MC
(a) FRZR MR i
1801
160} .
“= 1400 o IKPAT AR
E 120r = BREBE-AAERY
= 100F
x 80r
X 60
# 4or
201 ,/o/ o
0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0

TEFRREL/MC

(b) ARUER &
B 5 KFTESSHLBEHERERTE
Fig.5 Comparison of wear between level walking and stair ascent

(a) Maximum linear wear, (b) Volumetric wear

2.2 KETESSH LB ERT

PR 28 3 B UE I, Wb A i S P R A T A AT
BRI OLE S (b) Jo 720 ~1 MC, _EREES IR
PRI 18, S R R AR 7E 1 ~ 5 MC,
EARRS B PR B IR O 3710 mm®/MC., S K- AT
LS (16.94 mm’/MC) [ 2. 19 £%,

5 (a) Wi 7n 17K PATAE 2P AT B e R
NEBE A B FR B A . RS 1Y B R
PEEER Y W2 KR TACPATE LA, 5 MC J5 , K FAT
LB R R LS 0.265 mm, B R K
MBI 0. 522 mm, Z KA E LB T L.97

(~7
Ho

5 MC J& , 2K VAT A AT 9 B4 B 0 A5 P4 S
FiTJ 75 1) R EUR A AR B 15 1 r )R AL, A
PR T AMI o T R IR A 7 1) P S
(4 PR B R [ IR A% T PR A B A PR e T
M B e A i, DX 4 v 5 A ) B 45 £ B
R TFAIMIN 5 A 14 73 A TGI8 MR I 38 S A A1 T
i) 7, AR K VA7 A I A BB 453 7 A SEOIAS X Bk (L
Kle).

(a) HKFATEL

.

HEH

(b) hHE#E
6 500 7 R{EIREHERRENfE
Fig.6 Wear depth contours after 5 million cycles

(a) Level walking, (b) Stair ascent

3 itig

FRIR 2N T O I SE IR i T AR



E )IL%E EEENA TRV REERZMNERITHR

WANG Chuan, et al. Finite element study on total knee prosthesis wear during stair ascent 113

FHISO 14243 /)20 25 iy, 1M 20 7 HoAth H %323,
UEAESK , i il H 8 3z st N TR AR 72 I
PR ) S MR TR 5 AT 9T 2 A S 1 R A
SRy LI v 2 o A B Y H R B, i S
N TIRIEAT BB A 5%, ] ok N T 5G4 8 4 it —
H M SR it s% .

A5 8 1o A PR TS AR B TN TGy
TE_EARBEEAT T RYEER ., 760 ~1 MC, LAEBE R
PUERKAEDE ;1 ~5 MC, R B, AR 4
RN 37.10 mm’/MC, 538 T K478 4 AR ik
BB (16. 94 mm®/MC) o 447 1 BB T 9 1R 3%
fRIG (0 ~1 MC) (BB = B R B, 769 AMIE &34
LT 2 A S 0 R 451 X 3, 2% I 00 e -
TP BRI AN AT, ] AR 2 5 ORI S I K 2
MR, I, e 1 ~5 MC B8 157 1 s
R, Jaber 51 AYBER S S B, b RS FIK T
TS R 24 53 31 R (22 +£3) F1(10. 68 +
0.5) mm’/MC, #J/NFACEE R, XAl fEZK K
Jaber%E ! SR F A4 16 St SR 0N TS, o
(I 7KTATAE 25 2 R R BB 238 /N T — 18] 2 Ao 2478
FEIAR BB R RAG N, A< SCH Jaber 251 1y
R, B FE2 A5 TKFATE AR TKR (£
FREEI . BR T BE 4t o (A RRUBS 40t | 2 1tk s 458 5 AH i
() S R ) A 0 22 AN, LR B shakfar T
TKR fef #1030 04 5K PAT B A IR K25,
PR LR 0 B 5 0 15 | A T A 408 1) T AR AR

AR TAERAEAEAN T 1 — 28 J5y FRAE:

(1) Archard JE45 B8 S — > 2 M 110 85 45 33 00
A LR R - R B, 3T R S B AR A 4% )
R (AN AR A AL, A8 S AE) T . 4, H
TR T P s 8 T 0 X 2 R A S RS R e DA A
0L S 56w R [l Ao 2 LR B 1) 3 )2 ol SRS R
HEHAMERIER

(2) BRI g iz sh i ek A F
2 SCHR, (R 5 S B A R LA R — Bk, A
SCRAT A 25 285 110 JB 453 45 S 5 HL Al Sk i) 41 38 &5
SR 2UA el B R — Bk

(3) wIERRERHE T R 3, IR % IR AL
PEFNIGAR 520, LA A AR M 5 R HE B
JUHF5Y — FF £ X 1L 52 UHMWPE, K 2% 18 15 58 Bk

UHMWPE,, 11} J5 # 8 A A BE 8 20 N TR 5GBS 3t
Few) A

(4) ARITJRRBE i S 06, WA 780 3 00 2% SR kA7 1
PERE , OB AR A N — 2 TAEZ —.

4 5iE

TKR 2% WL ATGR YT Mo W0 OG5 R 4B
A, BBV RO R, EEB X6, A
UHMWPEAF 4 (14 J85 153 B ] 7 38 W0 77 76 =%, o,
Xif FoAe BB () PEAL T or b B, BT, K2 H B
POVEAS HAHL T 1SO FR U K P47 28 2 25 8,
20 T HAL B # 2 8. AT Archard B LIS
HEST T — A N TR B A BR e A5, 76 180
BRI A fr T S0 T 455 AL (1A A, B JE 6T
ST AE BB T A BRI AT O . B X L
TKPATHE AR MR A T AT SR S B R 3, b
PR 0 B 100 5 7K AT 5 25T AR S 4B0 A P 45 o A
oA A AR K 22 5%, B BAXT TKR AR5 A
PR i B T B 0, WO AE LU 9N TR
T ST R T LU S B, AR
2 AT LA FB AR TR PR N TR OG5 e 48 ) Js
PAPEA

SE Lk

(1] BF), e, BEE, & PRy ERAREM T
WEZ AR MR [J]. EHAEY 1%, 2015, 30
(1): 89-93.
MA QC, XIAO LY, LI ZC, et al. Factors affecting asym-
metrical lower extremity loading after unilateral total knee
arthroplasty [J]. J Med Biomech, 2015, 30(1) : 89-93.

[2] BREEWE, £3, Zkd, % 2B BERAMRLRE 5
AEMEMEHI i a L] BENAY )%, 2015, 30
(5):397-403.
CHEN ZX, WANG L, LI DC, et al. Musculoskeletal multi-
body dynamic simulation on patient-specific total knee re-
placement during right-turn gait [ J]. J Med Biomech,
2015, 30(5) : 397-403.

(3] B, ENI, B 2O BRI LI 45
TR J]. hEBESFEIE, 2015, 39(1) : 3942.

[4] KNIGHT LA, PAL S, COLEMAN JC, et al. Comparison of
long-term numerical and experimental total knee replace-
ment wear during simulated gait loading [J]. J Biomech,
2007, 40(7) : 1550-1558.

[5] ABDELGAIED A, LIU F, BROCKETT C, et al. Computa-



114

EREMAFE $32% $28 2017F4A
Journal of Medical Biomechanics, Vol. 32 No.2, Apr. 2017

(6]

[7]

[8]

[9]

tional wear prediction of artificial knee joints based on a new
wear law and formulation [ J]. J Biomech, 2011, 44(6) :
1108-1116.

WILLING R, KIM IY. A holistic numerical model to predict
strain hardening and damage of UHMWPE under multiple
total knee replacement kinematics and experimental valida-
tion [J]. J Biomech, 2009, 42(15) ; 2520-2527.
STRICKLAND MA, DRESSLER MR, TAYLOR M. Predic-
ting implant UHMWPE wear in-silico. A robust, adaptable
computational-numerical framework for future theoretical
models [ J]. Wear, 2012, 274-275: 100-108.

OBRIEN S, LUO Y, WU C, et al. Computational develop-
ment of a polyethylene wear model for the articular and
backside surfaces in modular total knee replacements [ J].
Tribol Int, 2013, 59. 284-291.

MAXIAN TA, BROWN TD, PEDERSEN DR, et al. The
Frank Stinchfield Award.
computational simulation of total hip wear [ J]. Clin Orthop
Relat Res, 1996, 333 41-50.

BENSON LC, DESJARDINS JD, HARMAN MK, et al.
Effect of stair descent loading on ultra-high molecular

3-dimensional sliding/contact

weight polyethylene wear in a force-controlled knee simula-
tor [J]. Proc Inst Mech Eng H, 2002, 216(6) : 409-418.
JABER SA, TADDEI P, TOZZI S, et al. In vitro effects on
mobile polyethylene insert under highly demanding daily ac-
tivities; Stair climbing [J]. Int Orthop, 2015, 39(7) : 1433-
1440.

POPOOLA OO, YAO JQ, JOHNSON TS, et al. Wear,
delamination, and fatigue resistance of melt-annealed high-
ly crosslinked UHMWPE cruciate-retaining knee inserts un-
der activities of daily living [J]. J Orthop Res, 2010, 28
(9): 1120-1126.

International Organization for Standardization. 1SO 14234-3
Implants for surgery: Wear of total knee-joint prostheses.
Part 1. Loading and displacement parameters for wear-tes-
ting machines with displacement control and corresponding

[14]

[15]

[16]

[17]

[18]

[19]

[21]

[22]

environmental conditions for test [ S]. 2009.

GAO B, CORDOVA ML, ZHENG N. Three-dimensional
joint kinematics of ACL-deficient and ACL-reconstructed
knees during stair ascent and descent [ J]. Hum Mov Sci,
2012, 31(1) . 222-235.

SILVIA F, MARIA GRAZIA B, ALBERTO L, et al. Fluoro-
scopic and gait analysis of the functional performance in
stair ascent of two total knee replacement designs [ J].
Gait Posture, 2003, 17(3) : 225-34.

NORIMASA S, TETSUYA T, TAKAHARU Y, et al. Poste-
rior sliding of the femur during stair ascending and descend-
ing in a high-flex posterior stabilized total knee arthroplasty
[J]. J Arthroplasty, 2013, 28(10) ; 1707-1711.
BERGMANN G, BENDER A, GRAICHEN F, et al. Stand-
ardized loads acting in knee implants [ J]. PloS One,
2014, 9(1) . e86035-e86046.

ARCHARD JF. Contact and rubbing of flat surfaces [J]. J
Appl Phys, 1953, 24(8) : 981-988.

STOLLER AP, JOHNSON TS, POPOOLA OO, et al
Highly crosslinked polyethylene in posterior-stabilized total
knee arthroplasty . In vitro performance evaluation of wear,
delamination, and tibial post durability [ J]. J Arthroplasty,
2011, 26(3) ; 483-491.

HAIDER H, ALBERTS LR, LAURENT MP, et al. Compar-
ison between force-controlled and displacement-controlled
in-vitro wear testing on a widely used TKR implant [ C]//
Proceedings of Transactions of the 48th Annual Meeting of
the Orthopaedic Research Society. Dallas: [s.n. ], 2002.
JOHNSON TS, LAURENT MP, YAO JQ, et al. Compari-
son of wear of mobile and fixed bearing knees tested in a
knee simulator [ J]. Wear, 2003, 255(s7-12) : 1107-1112.
FFEE, XIEA. PR N ROCT # AR E S A )
U R(J]. BERIEY )%, 2013, 28(2) ; 240-244.

QI W, LIU YJ. Advance in biomechanics researches of
major knee ligaments at high flexion angles [J]. J Med
Biomech, 2013, 28(2) ; 240-244.





