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A Three-Dimensional Finite Element Study of Interface
Micromotion in a Non-Cement Total Hip stem

Sung Kon Kim, M.D.*, Hyung Yun Choi, Ph D., Soo Won Chae, Ph. D.

In cementless total hip arthroplasty(THA), an initial stability of the femoral component is mandatory
to achieve bony ingrowth and secondary long term fixation. Primary stability of the femoral compo-
nent can be obtained by minimizing the magnitude of relative micromotions at bone stem interface. An
accurate evaluation of interface micromotion and stress/strain fields in the bone-implant system may be
relevant for better understanding of clinical situations and improving THA design.

Recently finite element method(FEM)was introduced in orthopaedic research field due to its unique
capacity to evaluate stress in structure of complex shape, loading and material behavior. )

The authors developed the 3-dimensional finite element model of proximal femur with Multilock™
stem of 1179 blick elements to analyse the micromotions and mechanical behaviors at the bone—stem
inteface in early post-operative period for the load simulating single leg stance.

The results indicates that the values of relative motion for this well fit stem were 150/m in maxi-
mum, 82/m in minimum and the largest relative motion was developed in medial region of proximal
femur and in anterior—posterior direction.

The motion in the proximal bone was much greater than in the distal bone and the stress pattern .
showed high stress concentration on the cortex near the tip of the stem.

These findings indicate that the loading on the hip joint in the early postoperative situation before
achieving bony ingrowth could produce large micromotion of 150#m and clinicaly non-cemented THA
patient should not be allowed weight bearing strictly early in the postoperative period.

Key words : A Three-dimensional finite element model, Micromotion at bone -stem interface, Non—-cemented,
Post-operative period.
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Fig. 1. Sectional view of the proximal femur
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Number of Elements: 1179 Elastic modulus: 110 GPa
Number of nodal points:1714 Poisson's ratio; 0.3
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Elastic modulus: 324 MPa

Poisson's ratio: 0.29

Elastic modulus: 17.26 GPa
Poisson’s ratio: 0.29
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Fig. 2. Finite element models of proximal femur with

Multilock™ stem(a), stem(b), cortex of proximal femur{c)
and cancellous bone(d)
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Fig. 4. Loading and boundary conditions

A Wand

0

0.2

e
—
«»

Relative displacements

(Ustem-Ubone, mm)
o

=
R

(i
] 60 120 180 240 300
S (peripheral angle, degree)

%l 5. 5 stemt ZAAIHL Eaiof WS Mojigar|
Fig. 5. Relative displacement on the interface between
stem and bone vs. peripheral angle along the stem

A9 FE ek stF AL Davyd]5o] AHa uls}
o] gEriel® A gl Aol Jx = —495N, Jy = —
400N, Jz = —9945N-g Al&slgdow, xZsFor
18 49} zro] Mx = 319N, Mz = 552N, 18lx Tz =

A 13, 1996

0.2

R N g

Tt T T e e

—a— Uz
—e— Utotal

=3
[

(=)

(Ustem-Ubone, mm)
=4

Relative displacements

—-o-——‘ Ux
—e— Uy

120 180 240 300 360

S (pcripher:\l angle, degree)
18l 6. ThE| stemZ A Ho| Sajiol w2 Mo 3x18 M
= 37|
Fig. 6. Each comporent of the relative displacement on
the interface between stem and bone vs. peripheral angle
dong the stem

0 60

0.2
4

=3
Fad -
- o

Relative displacements
(Ustem-Ubone, mm)
&

& 80 100 120 140

S (axial line, mm)
12 7. tHE stemZA|Ho) Sgtatol WE ATHHS 7|
Fig. 7. Relative displacements on the stem and bone in-
terface vs. axial ‘line along the stem

0 20 40

0.2

o
-

(Ustem-Ubone, mm)
4
1 w

Relative displacements

—a— Uz
—e—— Utotal

—+— Ux
—o— Uy

0 20 40 60 80 100 120 140

S (axial line, mm)
T8l 8. ChE| stemA| Mo Sutsol mE AHeigle) 34
NE 37|
Fig. 8. Each component of the relative displacement on
the interface vs. axial line along the stem

—159N-&- 7}3} 9t} (Fig. 4).



o
=

A 9] FEM 3219 mdg o4

Nike3D problem
time = @.10800€+31
fringes of tot. displacement

mine @,487E-@2 In e'w
max® B.265E+d1 in ely

¢fringe levels

I4.

ment 11
rent 1175

dlep. scele factor = 0.300£+02

I8 9. SIERSHA MeUso 2ol vigd (300 o)
Fig. 9. Antero-posteriorly deformed configuration
loading(x30 magnification).

after

ntue3D preblem

time +  0.13000C+01 fringe levels

fringes of tot. dlsplacement ;~ :g}

mine 8.487E-82 |n element i} 1.

mect BI265€+@1 in element 1175 88 { :g
2. 2486+

dlsp. scele factor +« 2,3QQ€+02

a3 10. SHEESA| W-21= dgo 29| Y (300 &)
Fig. 10. Medio-lateral deformation after loading( x30 mag-
nification)

2. s{MH=

#) o= NIKE3D(LLNL)= 2 Z2alo] 14 glem o
% stem¥ AT slfA= 8FE 10709] stepoz
v}3o], vl step wlth equilibrium iterationg- #8812 Z
A oy, HE25 vy FAE AsiAdct

1% 5% ¥ stem?| collar o}ef ¢f 7.6mm WolA
Zoj 4] steme] =3 wWidke] wE )HIFF steme] Aol
WeE e itk 2¥ 5EFE HdAD Hele
collar Bell 4] oF 150mA = Y& ¢ o =7 HA44
o Hele stemo] Z#E ol v H(S=180") oA °F

odE %

A
s

d e Stem AAWe wAEF &

Nike3D problem
time = ©.1@000E+a1
fringes of eff. stress (v-m)

mins D, 119E+A1 in element
max= B.281E+02 in element

éringe levels
§.250c+00

H $.930E
i

dlep. scale factor » 0.100E+01 (default)

3 1. iEE nEE9 SYEX

Fig. 11. Stress distribution on the cortex of femur. Much
higher stress was concentrated on the cortex near the
level of stem tip

82:n7) H 45 ck(Fig. 5). 1% 6& ¥ steme]
o el whE gHEe) APEE Wsugoln, Y
o) AHA7L HE (medial) F5lol 4 #u)F o] v
Z(lateral) 312 25F Xg%] FHAASL A
&4 gleh(Fig. 6). 9% steme] 4P e AP
steme] 4L 1 734 8olA) vheh glewd, ef7]
A A9 (distal) FA2 F5E AL 277} Fol
St A% B4 Ack(Fig 7, 8). B3 29 82HE, =
9l (proximal) #1143 Ykl ezl 2913%9)
oAl Zupe) AEesh AA Aol dee )
Be 45 k. |

23 994 1% 11& s stemo] ArJ® 3344
o WY B3} olu B AAe] $UREE W
o B3t wliste] HelFy grh FHAelAL,
stem®] collarsh H&eh: ol ¥} AAEAC] Fol
A F44 $HPFe] FEAAS B4 ook B2
A= 3943 b2 collarske] AERSlol4 3
A%ol o, AAe HAATI) 2 ) stemol 4

=
=
H

3
9
A&

¥

i)

It

Z

ot o

=

¢

=
i

£ SE 4ol $HPF V4 Bolm glen, BT
AAe e W2 HE stem A9 95 22

o $¥AF dHabe] Alsle(Fig. 9-11).

Aol g A= A
Heoll DA HE vAEF
ghEofgtrbore. 2y

H



EEEEE

o)

Moz FARMEY thE stemE ©]-§3 <
Fo] ool wet HTEe] thE steme] w4l
@ 33440 mdo] A=y Adea slen, 2 o
AAFZ70] A (linear) o & 7}A7 AF2 4 A
QA AT i Aolr} glad ek, 1993
W Keaveny®} Bartel'”e #¥]43(non-liner) 3%
FEM md& Agste] ZARS) oldess disan
199313 Rubin5? & qzr xgxnemu 25 A v
A8 AA 279 3a4 98- 7)uks) o).
ﬂ%é—ﬂdﬁ ARE ] AT A At
< FEM =2 d$ s\usla 2
2517, s
DEAS] #]47) %8 A}L4-3}o] AAs)%
4 A9e FATezA 44T 290 7
ﬁﬂﬁ<iwﬂ-ﬁ%%~§ﬂﬂﬁ4.ﬁﬂ-mﬂ
A% d923} EA ), FEALE A3
Spob o)% abdskA717] $15}e} stemsl o}l
o Azl Jee wAA s ARe] B v
4 s VN Frheld 1 dFEs aAAA
czH QA mde A5 sk ol 9
o 339 SFe Aehel AA2) AA dx
& AR A3E YES s
& s SAe 9 £ e
2317 ¢ porous coating¥ 2] W ¥ stem
vg olgste] 4B WBE WASF 2719
N e AgelAe] dETel A ulAeE
5 A stz sl
F 27] Aelel sl o}2 F wlao) ¥
A A w A5 FE = stem@ porous coating
| 2 S AATAS ) stem 245 cal
el HE Fod dFe vAA Do,
B GAEA A TAHE 2o @

21 nggd o#= 34 (oading) o)
stem®] BFAA S, 79 —4 Fo|u} stem
2 thE stemE oH ¥ o ==
vke] A Hbyel ulet Z-ﬂl A, =t
Mo g gl¥std FEM2 ol2idh
o}\‘:}_l,3,]2,13)
o) vz

3L
o

4
>E

o

_'_il

o

plA
u)

o 3lA)

H B
T

X EES
o] g &
A Z7

ni

ol €

"1‘_

=
=

A

L“H z]-o]

3}

A A

A
°]
9]
qrEe
e RERPS

o) Abej A
w

[=]

car

o

o %
o

o

a0

H

—

2

H

¢

o

XL
C

-

o
03(‘-1(

o

N
s

S

MEXE
i

iC)

i

Ao g

N

KD
£

=
Ir

2

o o,

=

Am
ook

tlo

o 12 = I U

0%
ox
il
ML

|
v

EN
T
a3

2

AL
op
e

>
3 e %

i

o

B /‘éﬁé—J A& ¥ Multilock™ ¥ stem ¢ A%
7.6mm 3ol A stem o E#E uwel LAEHE sHET
7} steme] AFthA vl AEFo AZ7= Hd 150 mm, F

A 17

Multilock™

A, A13E, 1996

& 82 umedth. 13) 5% w YET 23] W =
calcar® &}2-2] Hulolx 7} Z u|Al$Fo] WSy
I EF YN YSe 2 A4E YR A7 oA W
A ek 160% whakoll A 2 4xE My, ofA] HE stem
&l HEZT ZHF-F WS W R g5 gal o)
Al-52 Z717F oA %7]'%3 =5 Uk
5| stem o A7) QFE PASFS 334 YU
'Hi“ﬂ YHleE = z$4}sk(anterior-posterior) 2] W]

& WHE W wsleld A AN ol o
2o 721-_/;:; X-utsko] olA&%F = },}].__gz_ul-ﬁc}:
(med10 —lateral) 9] o]d| S50 3L A=A 245 9l

& stem ¢ A= (longitudinal) ¥Hekel
o BT F3RolA UYFE FoE Uy
w5 2717 FHaE Ao 3x4 7—. %
e ofEF TFelAE Y S
T80l dFolMe AEuake U]f‘ﬂ—?:
Ao mj el ddE A dedch

o252 &3 tsle] Walkers®2- thE stem<]
28E 24 (extrapolated)e] 9}3te] A% 2
AP 3R S5 AL B3 S1TS LS 5

Brbe o% 44 AT ARstanh et XY.Z
3ko) 9] (displacement)E A FHo|Ae] 2x]A )
kel

L

Me

A
A4
A
=

b
=

<3
AL

=)
4
=] 4
SEER!

oL

o u

A

.t..

H} H
At HAskdcke &AZE Aot oleid A7t tiE
stem %59 ¢4 olsstdl we AME AT 3
t}. Gilbert5®S o5 steme| AAo] AR +AF 33
Aol FARE EAE 5] FREE Moz 59
2wy g pdated 3xd +F5E &As gl customd
g stem& A%} cadaverel] 2000Ne] K-3}E 7}gk
ejoll 4 transducerd o]&3led vlAEEFE =

<
W steme AR AL JALES e AL B

(o]
LR

stg=dl AA, AF F3E L4E JE stemS subside
51017}‘34 =4, 5 steme] A& FUo R s
= okao g Zulgkel A FE st oo A, -

% uleFo] togglingo] Eai¥cti dtglow, o]ehzhe
$9 =71 193 gan A4 50 n Abolsiek saich.
ARl AFAA}E 37FA ] EAEE nlAl¢FE 3
sleh= Aol A Gilbert S Asksh 22)5hsich
AEse Z7|AME 2 Az wAdEEe] 271
150 /meof| 4] 80 m Alolet fFARGE FFHHE Hodch
e} B Qe e A rAlEelA S5 wEe R
9] 3 AEFo] WS AujAolgirts Ho] Aol ol sirt.
Keaveny$} Bartel'& AML ¥ stem$ 7|20 &
g FEM 24e)| 4 porous coating AE % th=H stem?)
collar®] -§%-of weli] 1-550 mme] w|A-$E-o] wkals}
Aoty Bastdrt. ulAlEEo A9 AV]E g ARE

L)

EHF}EHOAQF



3

2
o] A7AFet wlwsrl= wi¢ ook e, 1
ol-fr 2= 7tz AHF hEF ] A} (geometry)o] t}E
A, A= iH steme] tiedA, transducers 9] 344
28] Ao, ¥tz Eo AAZZL zeo|Po2 ]I}
o] A=k (quantitatively) .2 o)Al $5& vl@s}7|= of
Fota ik

a2y 258 A A" FAWEY ofF stemol A=
5ol 7t Fo37 vAEoldrk Easd)
2 AAEY] AFAANE 2 A SAREY] 2o} b
@3t7] oJeislent & mAEEe =7|F dFFo] Ay
N Furoge] 5ol A TFoleh= HE ¢
AdA FHa Qe

19943 Hua$} Walker'V= cadaver t]EFe| ojzjr}
Age] dE stemE AYF wbEAA RINE IS
transducerg o]&3ted wAL-EF AV|E A3 A
o)Al &l 4 3] A $F2 symmetrical thE stemo] 100 u
m, customd thE stemo] ¢F 120 san, asymmetrical tj
¥ steme] 50 mm2] =7|E R, Sk 5L A
cycle®] ¥-3loll 4] 37} 3 2] ofE stem wit} ofzhe] 2
o)7} glglevt 2 WeE 70 m-90 m o Wt
skodch. & AAtE2] A3E Huast Walkere] Z3}s} u
w2 AT QoA AEAY ANeEL 3
] ¢F 130 mn o2 custem¥ W5 stemd} AR S
o, ZWgke] 5x B o4 80 mn®E Huae}
Walkere] Z3o} #¢] dAslgch wepr] £ AzLE9)
A7 Az}e} AR F2] AFANE FHIE AT A
FH3 = 5 steme W-22 toggling, subsidence ¥
Afukare] HAg-Fo] Al By, 53 FAHE
H 5 stemel 4= steme] Foll BAGle] 25 HHA
el W Bt Aol e 279 AL FALS &
g oldch webs FF Fweld] iy kgAHe] L&
tjzlele) sike] wl-g- Fo¥ EA & 5 odch

1—

i

¥ A7 Az Mjobergs'Po] Hugh <lFadd
AeF FAAAA SWFY vHeTS AAY 7 9

AeeldE FAEAHGLE S A A E
Ao 2 HArEglond, ik 1989 Sugiyama® 7} ¢l
234 dxeF A 72 Fag Ade A EH
Al sl 2] (rotational loosening)e}s B8k AT =LA

% o off e e &

HAZE e o5 ATt
B e} 93 Multilock™ EHQ stem 2] A& @] 4]
TE9] grol A AWM B EHE od-FY 27

of wngue] YRS HAARY ¥ VG AL FE
3 2719 2HAe] ) FUAA Gt A 5 Aoz

AA " #FEs= 34533 (compressive stress) o] gl
A1efjol| 4] ©FA] porous coatingell 2J&F Adeh A u)A]L-F 2

& 9] :FEM 324 =g o]&¢ <z d s Stem AAHS a5 A

2715 FAHIE Aolnz AA AAEAY A9 mAE
59 27 FeF AAEL] o} ARzaF ¢
glof mpabAl e FeFE Sria JAslE # A &4
grr S5 glon, Wt E gkl $ga] AA Wl %
AE g}ESHo) & A¢ Ko} & wpaEe] wAd 5 9l
onzg o]RL AztEo| &3 R} porous coating
o] 395 vhh F7HAE 7 & Aol Hua ¥ Walk-
er''= AMEE AMS3LA] o AJESE 317 (biologic
fixation) 7]l 23 F-A|HEd E steme AL
F=F WAl o]F A7 728 Z7]gkA A (initial
stability)e] wi-¢- Fg3}m, 53] FAIHEY AFuHd

A e AMEd A vste oS dF stem3} F
Apele] AAWE AefmAlEEe] A AFI 2L
BAE 7R vk sl =@ A WS §
g A nAo] FAHE AV And nAYE F
A g Qlew, webA vjHdEEE s eslel T
Wages #ugd 5 de 7M T8 274 o=k

5‘;}3":_ 9\11:'_18,24).

1986 Pillarg'e FAAE wasts AA R 7
A£E W9E 100-150 wm 1 F243ch. ahela A
e A7AR FEF 2714FeNA 3o 150 o]

ol AEEL EFWARE B 5 gle 2712 BdE
o, weta] FeF FlA] o]FHR7] A= 5

N &
=]

=% 27] A9717Ed AFH-E dlojol & Ao
Atz ®ch

e stemy} oA Al k5o dFgo dEF
< Ad ez FYP(bending) WA RFe Hi o
o17]14 ¥ stemell 7}al 2= 3HF] whdke] 3709 AR
o2 vxelA deomn, o]Fe X ez ZwF 4¥o]
- Zol 7}l A= 357 23 (coupling) S FAste] F
PP F23t ok 9H EF D ofF stemo] 3
Aol A & SRl F AL WA &5 (medi-
al-lateral) W3é ®ri= A $F(anterior-posterior) s o]
FokstA Hel ik o2k dE stemell hsjAE Y
F s AF W] HE & HYS X, ozl

(=]

o] o A WYHE A ovldlka, ol 2

H 9-119] FoHy BielA A HelF 1 gir}
Multilock™&- o]-&3t AFHA AL AlxwlM o
5] stem 3 W v $HEELE ZIAGHE
5 stem 3}=te] 9]F R-9)o] FAAANM 22 &
T& Balow, fEE TAFANM= HE steme] -9}
HEFda gle =T caleard] FHL] HEF-9 oA

4 3

£9 29HF] FEelA ANk APBeAE T
3 ehbAE s steme] ZARshe] HE FelA

HATol Hlen, Aoz &AL & HE stem



BECEEE

A F2F F-sjolA SHel HAF U ol SHE
F o] okate %@Eﬂ‘é.(bending monent) 2] <38ko] 2]
F o2 o stem 3t 2|5, of
= ;ﬂg%.ﬂsﬂ SHAFY Y YA REY
EEol} 4ol WE5 o slgle] B & o2 BEe,

porous coating AEel W& HEF F5L& UXFA
orouw, 1990 Engh®®%5& d¥ steme] <943 po-
rous coatingdt A-$-¥r} AML % stem ZHo] AAE
porous coating®&t 73-$-ol hEF FF& o WAt
& dr}. ~zelv} porous coatinge] E4F whEF 9
-2-23u}sf (stress shielding) @42 t]S AlstA A=

HHE FEFE OIS AAAE FA) drpe,
< | =
—_

AAE-& T AWl E porous coating® W& stem& o]
43 AT IHA A eF F WAAHe] o)FYAA W2

*kghol] A porous coatinge| 9%k F-ol ¥ steme] AW
o} A 10 5 RSN 2 u]/q]_,‘%»]_ oa:]o]:/q_o Zéz‘;]—jr,_x}

=2 HA57) 8709 39 EE it 117902 F4%
Agl 32449 v A ¥-skdg=%2] Multilock™ th= stem

o] Atqd® o EF F¢¥-° FEM mdlg sjubstqict.

B Ao Axt djEF T Al A uAEEe 3
o] 150 m, A 82 pm gom, TYF e AF
Holl 4] b 2 vlAlEEol MAEAL, Sl B
5 stem-e AFulsFo @ w|Ag-Eo]| 7} =A LAYF
Jomn, ¢ee] Bz xF WS}l i stem U]
BoolE Fo A SHAZF @] Adkdch webA F
% 3ol e kA o] = tixtle] o] a3t
7}ﬂo

o)Al A o 2= porous coating® NE stem& o]&3F
F wwd WAEE TWARo] o F A7 Aeel 4
o 7] AF F-sl F-ohE stem AA WL A v
o] 78 ZWAA S a3 A HER

bd o 2 ofedal FH3 71kl 654 30
7AxE AFFeHE FASAk F AR Alm

1. 7143
stemol| ©) &= 5ol *‘Jf‘?_

A, THEhe)-8-A A F3 ) #), 15:183-188, 1994.

2. 14 FEME | 4% "L%"i’%"é HAeF SHY
@ AR FEF A ddn_AHI A, 6!

172-180, 1994.

A 17 4

, Al &, 1996

10.

11.

12.

13.

14.

15.

16.

. Haddad RJ, Cook SD

7143 : Finite Element Method(FEM)2] # & 2|5}
dole) 54 (F4). HAlelet, 37:11-18, 1994.

Davy DT, Kotzar GM, Brown RH, Heiple KG,
Berilia J and Burstein AH : Telemetric force mea
surement across the hip after total arthroplasty. J

Bone Joint Surg, 70-A:45-50, 1988.

. Engh CA, Glasman AH and Suthers KE: The

The femoral

case for porous coaled hip implants.
side. Clin Orthop, 261:63-81, 1990.

. Engh CA, Massin P and Suthers KE : Roentgenog-

raphic assessment of the biologic fixation of porous
surfaced femoral components. Clin Orthop, 257:

107-128, 1990.

. Finlay JB, Chess DG, Hardie WR, Rorabeck CH

and Bourne RB: An evaluation of three loading
configuration for the in wvitro testing of femoral
strains in total hip arthroplasty, J Orthop Res, 9:
749-759, 1991.

. Gilbert JL, Bloomfield RS, Lautenschlager EP and

Wixcon RL : A computer-based biomechanical analy
sis of the three-dimensional motion of cementless
hip prosthesis. J Biomechanics, 25:329-340, 1992.

and Brinker MR : A
comparision of three uvarieties of noncemenied po-
rous—coated hip replacemeni. J Bone Joint Surg,
72-B: 2-8, 1990.

Harrigan. TP and Harris WH : A three-dimensio-
nal non-linear finite element study of the effect of
cemented femoral
24:1047-

cement-prosthesis debonding in
total hip components. J Biomechanics,
1058, 1991.

Hua J and Walker PS : Relative motion of hip
stem under load. J Bone Joint Surg. 76-A:95-103,
1994.

Huiskes R : The wvarious stress patterns of press—
fit, ingrown, and cemenied femoral stems. Clin
Orthop, 261:27-38, 1990.

Huiskes R, weinans H, and van Rietbergen B :
The relationship between stress shielding and bone
resorption around total hip stems and the effects of
flexible materials. Clin Orthop, 274:124-134, 1992.
Keaveny TM and Bartel DL : Mechanical conse
quences of bone ingrowth and fibrous tissue encapsu-
lation  for a cementless hip prosthesis in the
long—term. Trans 38th ORS, 17:73, 1992.

Keaveny TM and Bartel DL : Effects of porous
coating and collar support on early load transfer
for a cementless hip prosthesis. J Biomechanics(in
press), 1993.

McCarthy CK Steinberg GG, Agren MLeahey D,



17.

18.

19.

20.

21.

7143 ¢ : FEM 339 =dg o]&3

Wyman E and Baran DT : Quantifying bone loss
from the proximal femur after total hip arthro
plasty. J Bone Joint Surg, 73-B:774-778, 1991.
Mjoberg B, Hansson LI and Selvik G : Instability
of total hip prostheses at rotational stress. A
ronigeno stereophotogrammetric study. Acta Orthop
Scand 55:504, 1984.

Pilliar RM, Cameron HU, Welsh RP, Binnington
AG : Radiographic and morphologic studies of
load-bearing porous-surgaced structured implants.
Clin Orthop 156:249-57, 1981.

Pilliar RM, Lee JM and Manitopolous C : Obser
vations on the effect of movement on bone ingrowth
into porous—surgaced implants. Clin Orthop Rel Res
208:108, 1986.

Rohlmann A, Cheal EJ, Hayes WC and Bergmann
GA : Nonlinear finite element analysis of interface
conditions in porous coaled hip endoprostheses. J
Biomechanics, 21:605-11, 1988.

Rubin PJ, Rakotomanana RL, Leyvraz PF, Zysset
PK, Curnier A and Heegard JH : Frictional inter-
face micromotions and anisoiropic siress distribution

A oiE Stem AAEe vAEE 4

in a femoral total hip component. J Biome-chanics,
26:725-38, 1993.

. Sugiyama H, Whiteside LA and Kaiser AD : Ex-

amination of rotational fixation of the femoral com-
ponent in total hip arthroplasty. A mechanical study
of micromovemenl and acoustic emission, Clin
Orthop 249:122-128, 1989. 21

. Walker PS and Robertson DD : Design and fabri

cation of cementless hip stems. Clin Orthop, 235:
25-34, 1988.

. Walker PS, Schneeweis D, Murphy S and Nelson

P : Strains and micromotions of press-fit femoral
stem prostheses. J Biomechanics, 20:693-702,
1987.

. Weinans M, Huiskes R, van Rietbergen B, Sum-

mer DR, Turner TM and Galante JO : Adaptive
bone remodeling around bonded noncemented THA :
a comparison between animal experiments and com-
puter simulation. J orthop Res(in press), 1992.

. Whiteside LA : The effect of stem fit on bone

hypertrophy and pain relief in cementless total hip
arthroplasty. Clin QOrthop, 247:138-147, 1989.



