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Abstract

A normalising loading parameter useful in summagsithe
mechanical response of plane, pin in plate-liketacts is extended
to axisymmetric, ball in socket-like contacts. \éas diagrams
reporting mechanically relevant dry frictionlessntact parameters
versus the loading parameter in compliant layergficaal hip joints
and in metal-on-metal hip replacements are predemtel assessed
versus several literature results, Finally, thefulsess of the
normalising loading parameter is expounded.
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1 Introduction

The contact between a sphere and a spherical davibe presence
of an initial clearance is classified as a proguessontact, since the
contact area increases with loaglg. Dundurs and Stippesl]f
Consequently, such a contact problem is nonliregaat, nonlinearity
makes it difficult to normalise its mechanical respe with respect
to the initial gap and applied load effects foremeral configuration.

Ciavarellaet al. [2] have recently defined a loading parameter
normalising the nonlinear effects of load and @eae for plane, pin
in plate-like problems. A brief historical reviewf gioneering
developments of aormalising loading parameter is presentedsijn [
to which the interested reader is referred. An resitn of the
normalising loading parameter to axisymmetric, lralsocket-type
problems is proposed in this work, having in miricess analysis
problems encountered in hip replacements.

The outline of this paper is as follows. Sectioprasents a
simple graphical explanation of the loading parametoncept
applied to axisymmetric ball in socket-type probsen$Section 3
addresses the application of the loading parametspft cushion-
type hip replacements for a range of soft layerkimesses. Various
comparisons with literature results are preserded, the merits of
this normalising approach are expounded. Finakcti®n 4 reports
a preliminary study of metal-on-metal hip replacatsgeinterpreted
in the light of the loading parameter.



2 The normalising loading parameter ® in ball in socket-like
contacts

The grouping of variables defining the correct logdparameterd
for axisymmetric geometries in frictionless, clgsebnforming, ball
In socket-type progressive contacts, is here détexarby essentially
resorting to graphical explanations rather than fimrmal
mathematics, in order to render this treatment ssibke to non
specialists. (A formal approach could be develdpedbllowing the
same guidelines of Ciavareklaal. [2].)

In the interest of simplicity, in the following ebgmation the
assumption is made that the socket is deformablereds the
indenting sphere is rigid. The proposed graphing&trpretation is
based upon four points; the first point considerly the socket and
ignores the presence of the ball; the remaininghtpogradually
include various aspects of the contact problem éetwball and
socket. More precisely, the four points are: 1)\ysis of the effects
of dimensions and pressure intensity on the sadfetrmability, see
Figure 1; 2) determination of the variation of ttlearance profile
between ball and socket for a generic angular ijposivhen the
initial clearance is altered with respect to a mrefiee situation, see
Figure 2; 3) examination of the role of the Youngisdulus in
contact problems, see equation (4); 4) evaluatlmased on the
results already achieved in 1), of the variation tbé socket
deformability as a result of a change of the canpaessure or of the
socket dimensions and, above all, determinatiothefalteration of
the sphere dimension that renders the sphere temswgith the two
above socket modifications, see Figure 3. These pwints are
discussed in more detail below.

1) Some simple observations are presented withrdegathe
deformability of an axisymmetric body, having in nadi ball in
socket-like contact problems. In particular, théodmability of the
socket as a result of an imposed pressure prsfixplored when a)
the socket shape and dimensions are kept equatashére imposed
pressure is doubled with respect to a referenasat&in; b) the
socket shape and imposed pressure profile arefixeut, whereas
the socket dimensions are doubled.
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Figure 1

Figure 1 (a) presents a deformable axisymmetridketoof
inner radiusk and angular extert, loaded by an axisymmetrically
distributed pressure acting within a region defined by the an@le
firmly bonded to a rigid substrate along its lovgenface. (In the
interest of simplicity, in Figure 1 only a meridalrncross section of
the cup is represented.) The vertical resultantthed pressure
distribution is namedrF. This pressure profile causes deflections of
the socket loaded face which are inversely propodti to the socket
Young's modulugk. Figure 1 (b) displays an equal cup loaded by a
doubled pressure profilegpZacting on the same circular region. The
resultant of the pressure distribution is theref@€ and the
deflection of the cup loaded surface is doubledhwéspect to that
of Figure 2 (a). Finally, Figure 1 (c) shows a afghe same shape
but of doubled dimensions with respect to Figur@)l The inner
radius thus becomed$R2the cup radial thickness is doubled, whereas
the cup angular extewt remains unaltered. This cup is loaded by a
pressurgp acting within an axisymmetric zone defined by saene
angle. This pressure profile and its maximum value areltered
with respect to Figure 1 (a). The resultant ofghessure distribution
is 4F, whereas the cup deflections are only doubled vatipect to
those of Figure 1 (agg. Johnson4], p. 56.

2) Some observations are presented in the followwaritdp
regard to the initial clearance between ball antkasb In particular,
the variation of the clearance profile between balll socket for a
generic angular position is examined when the ahitiadial
clearance is doubled with respect to a refererncaatgin. Figure 2
(a) shows a meridional cross section of a balloickst-like contact
problem, which evidences the initial g&pbetween sphere and
spherical cavity as a function of the angular cowatt 4, due to an



initial radial clearanceAR. (In the interest of clarity, an
unrealistically large clearance has been repredentEigure 2.) The
classical approximation of the initial gap validr fcclosely
conforming contacts i®.g. Ciavarella and Decuzzbl:

3(9) = AR(1- cos?) (1)

This description of the initial gap is very accerdbr any
angular coordinated for realistic initial clearances. Therefore,
contrary to a Hertzian-type approach, the restlthie study remain
accurate even in the situation of large contacegon

Figure 2 (b) shows the initial gap versus the angular
coordinate in the presence of a doubled initial radial cleam2\

R. The initial gap becomes:

5(9) = 2AR(1- cos9) )

It is clearly seen
that, if the initial

2AR 4AR . .

radial clearance is

s o | O\ doubled, the initial
o o | 9ap is also doubled

for any angular
socket socket position 4. In other

(@ ) words, since in (2) the

term (l€osd) of the
Figure 2 initial gap expression
remains unaltered
with respect to (1), the distribution éfin the ® direction remains
unchanged.

It is noted at this stage that the above propeftythe
approximate expression of the initial clearancabisent in the exact
expression, which exhibits a nonlinear charactéh wnespect to the
initial radial clearancege.g. formula (46) of Strozzi §]. As a
consequence of nonlinearity, in the exact expresthie gap profile
would be (slightly) altered by a change in theiahitlearance.



Since the Iloading parameter® is based upon the
approximation (1), the contacting surfaces must desely
conforming.

3) The following observations address the rolehef Young's
modulus in contact problems where the two contgchbodies are
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Figure 3

made of the same material, or when one of the badiggid. Figure
3 (a) illustrates a meridional cross section ofadl m socket-like
contact problem in the deformed configuration. Therect contact
pressure distributiop activated by the contact ford¢e within the

contact region is the pressure profile that produdeflections of
ball and socket capable of annulling the initi@acbnce within the

whole embedding region defined by the an@e The contact
pressure will therefore be the solution of an irkégquation of the
form:

[ pw)k(9,00)Rdeo=5(3) (3)

where the angldd defines the contact regiolRR is the curvature
radius of the two mating surfaces before deformmati® is the

angular coordinatew is a dummy variable, anll is the kernel
constituting the influence function that expressle combined
deformability of socket and sphere. (Siddeis small,R defines the
radius of curvature of both socket inner surfacag sjphere surface.)
Limiting ourselves to the situation in which theotveontacting

bodies exhibit the same Young's modulijr to the case in which
one of the contacting bodies is rigid, the kerkels inversely

proportional toE, so that equation (3) may be rewritten as:

f p(w)@mw: 55) = [ KB RI0=ESE) (@)



where k is an influence function computed fdf=1, that is,
normalised with respect 6. Equation (4) shows that the grouping
of variables & O in the following the groupingeAR will be
employed normalises the Young's modulus effects.

4) Some observations on the correct distributiothefcontact
pressure are developed in the following. These rebfens rely
mainly upon the results already obtained in po)ntAk in Figure 1,
the socket deformability as a result of the sphiaedentation is
explored when a) the socket shape and dimensien&egpt equal
whereas the contact pressure is doubled with respex reference
situation; b) the socket shape and contact pregaafde are kept
constant, whereas the socket dimensions are daulileel main aim
is to clarify which alterations of the sphere disiem are consistent
with the two socket modifications a) and b).

Figure 3 (a) illustrates a meridional cross secbbm ball in
socket-like contact problem in the deformed confagion. As
already observed, the correct contact pressurerilbdison p
originated by the contact forde within the contact region is the
pressure profile that produces deflections of aall socked capable
of annulling the initial clearancé within the whole embedding
region defined by the ang[e In Figure 3 (b) the same dimensions
are considered for ball and socket and for the langaxtent of the
contact zone; the contact pressure is assumed tobleled with
respect to Figure 3 (a), which implies that thealtdbad F is
doubled. (In Figure 3 (b) the ball diameter is parably smaller
than that of Figure 3 (a). This is due to the amstance that, in the
interest of clarity, a high value of the initialdial clearanc&R has
been adopted. If a value &R in the region of a fraction of a
millimetre had been employed, the difference innditer of the
spheres of Figures 3 (a) and (b) would have beerdlyha
appreciable.) According to the comments referrimg-igure 1 (b),
the deflections of the mating surfaces of ball sodket will be
doubled. Taking account of the comments to equat®nand to
Figure 2 (b), the spherical cavity in the sockee da the doubled
deflections may be interpreted to have been caogeth indentation
of a sphere whose diameter is consistent with alday of the
initial radial clearanceAR. Consequently, for fixed shape and
dimensions of a ball in socket-like contact probléhe parameter
F/(EAR) is an indicator of the contact extent and of #ieess
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concentration-like parametersed. the peak contact pressure
normalised with respect to the a proper referemcgact pressure).
It may be concluded that, for fixed shape and dsiars this
parameter summarises the initial clearance, toid land Young's
modulus effects on the dry contact stress paraseter

The above parameter, valid for axisymmetric contact
problems, is formally equal to its analogue in plaocontacts,
Ciavarellaet al. [2]. In plane contact& represents a force per unit
thickness, whereas in axisymmetric contd€tsndicates the total
load. Consequently, in axisymmetric contact prolsletime above
parameter is dimensiondl its dimension is a lengthl and,
therefore, it is not suitable for describing a sla$ axisymmetric
contact problems exhibiting the same shape but erdifit
dimensions. To overcome this problem, it is neagssaintroduce a
term expressing a length at the denominator ofath@ve grouping
of variables, as noted in Ciavarediaal. [2]. The observations which
follow determine the correct variable to be addethe above factor.

In Figure 3 (c) the same shape but doubled values a
considered for the dimensions of ball and sockbe hner radius
thus becomes R The contact pressurg acts within an
axisymmetric zone defined by the same afigl€he pressure profile
and its maximum value are unaltered with respedtigure 3 (a).
This implies that the total loa# becomes four times as much,
whereas the ball and socket deflections are onlybkal with
respect to those of Figure 3 (a) (see the comnmmefesing to Figure
1 (c)). The doubling of deflections indicates thais contact
problem is consistent with a doubling of the iditedial clearancé
R, as already commentedt is also evident that the grouping of
variables® = F/(ERAR), whereR is the curvature radius of the
mating surfaces before deformation, remains uretdtéor the cases
of Figure 3 (a) and (c). In fact, passing from Feg@ (a) to (c)F is
quadrupled, whereas bohandAR are doubled. Consequently, the
above loading paramet&@ remains constant for a whole class of
ball in socket-like axisymmetric contact problents fwhich the
geometry is the same but the dimensions are vaaied,for which
the combination of total loadr and initial radial clearancAR
produce the same angular extent of the contact Zdrexefore, for a
specific ball in socket-like geometry but for gealedimensions,
initial clearance, total load and Young's moduliiss possible to
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compile diagrams reporting along tk@xis the loading parameteér
and along theg-axis the normalised peak dry contact problem, the
normalised shear stress at the interface betwgeamd support, the
angular exten of the contact zone, and so on.

It is finally noted that for the axisymmetric coataf a sphere
inside a complete spherical cavity=t in Figure 1 (a)), the same
asymptotic conclusions valid for the correspondpigne contact,
Ciavarellaet al. [2], hold true. In particular, as the load is incexhs
in the presence of an initial clearance, both thess concentration
factor and the contact arc extent approach theesponding values
referring to a neat fit. It is expected that thesult approximately
holds even if the spherical cavity is not complébe,example if the
socket is hemispherical, as it occurs in practyglications.



3 Application of the loading parameter @ to soft cushion hip
replacements

The prospect of replacing arthritic joints with l@pements that
mimic the natural lubrication mechanism was suggkest 1981 by
Unsworthet al. [7]. The principle is that a soft elastomeric layer i
attached to a harder backing material to simulatglage on bone.

A variety of studies are available in which theeefs are
addressed of modifications in layer thickness,iahitlearance,
applied load, and elastic constants, on the mechbnesponse of
joints whose cup is covered with a deformable lagey. Bartel et
al. [8] (referring to a metal-backed plastic layer), Uonstivet al. [9]
(referring to softer layers), StrozA(] (which contains a thorough
literature review on contact stresses in soft aushiip replacements
up to 1992), Strozzi and Unsworthl], Jin et al. [12], Yao et al.
[13], Unsworth and Strozzilfl], Strozzi ], Jin [15], Wang et al.
[16]. In such studies the effects of variations of Himove-listed
parameters have been examined individually, so @haextensive
parametric analysis had to be undertaken, and #levant
mechanical information was inevitably scatteredtghout several
design charts. For instance, in Strozzi and Undwii] and in
Unsworth and Strozzilll], four basic configurations of a soft-
layered joint were examined, and two major sepasat@sitivity
analyses were carried out with regard to layerktiess and initial
clearance. In Jimt al. [12] an extensive parametric stress analysis
was undertaken, where the parameters investigaigependently
included the radius of the femoral head, the radiadrance, the
elastic modulus, and the layer thickness. In Yaal. [13] the
separate effects of initial clearance, materiatl Eyer thickness on
the maximum interface shear stress and on the doexéent were
investigated. Finally, in Wangt al. [16] a thorough parametric
appraisal of a perturbation of the initial clearamas carried out.

The loading paramete®® may conveniently summarise the
interrelatedeffects of initial clearance, applied load, headnukter,
and Young's modulus, on the dry contact stressnpeteas in soft
cushion hip replacements. In particular, condendegrams can
promptly be compiled in which various relevant strgparameters
are reported versus the unifying loading parametek very limited
number of curves can thereforentmdy a comprehensive and
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systematised account of the combined effectsleérance, load, head
diameter, and Young's modulus, on normalised peaktact
pressure, normalised maximum interface shear shaiween layer
and backing, contact angle, and angle definingpibstion of the
maximum interface shear stress. Such curves ameme in this
paper in Figures 4 to 7. Sindecannot normalise the layer thickness
effects, each diagram curve is valid for a spedayer inner to outer
radii ratio.

The diagrams presented in this work refer to a rdedble
layer possessing a perfectly hemispherical geometng being
firmly bonded to a rigid substrate and compressea Ibigid head.
Although during walking the force applied to thehspe deviates
from the direction of the socket symmetry axis,doppting a usual
simplifying assumption this force is here consideras axial.
Finally, due to the presence of the synovial fldiee head-layer dry
contact is considered as frictionless.

The essentials of the soft cushion hip replacemam
illustrated in the insets of Figures 4 to 7, whatarify the meaning
of the main symbols adopted. In particular, theus& employed in
the definition of the loading paramet®rhas been chosen to be the
inner radius of the deformable layer. The load i@pplo the head is
denoted by-.

To compile the diagrams reporting the above lishbgdcontact
stress parameters verstds it is convenient to refer to specific
dimensions for the hip replacement, and to altee ai the
parameters defining, so that a wideb interval is explored. In a
finite element analysis it is particularly convettieto vary the
applied load-.

The following dimensions for the elastomeric lapave been
extracted from Strozzi and Unswortti]: the layer inner radiug is
16.125 mm; the radial clearan®R is 0.25 mm, so that the head
radius is 15.875 mm; four values of the layer oussliusry have
been considered, namely 16.625 , 17.125 , 18. 126125 mm, so
that the four layer thicknesses are 0.5, 1 , 2nn3, and the four
inner to outer radii ratiog/rg are 0.9699 , 0.9416 , 0.8897 , 0.8431.
The Young's modulus is 8.506 MPa, and the Poissaiie is
0.49942. A neo-Hookean constitutive relationships hbeen
employede.g. Prati and Strozzil[7].

11



/Omdx//oref

Tmox//oref

5,r0d

Jﬁ U =0.4994)

[ R N N N S R =2 T I 7= S e NC R SR U S

7/m =800 | 7 m=8887 |

0 50 100 150 200 250 300 350 400 450 500

1.0
09
08
0.7
0.6
05
0.4
03
02
0.1
0.0

0.9
08
0.7
0.6
05
04
0.3
0.2
0.1
0.0

P
Figure 4

| [v=049942
|| 7./7 =.9688
\{’7: /7, =.9416

A

7 Ry e gy
L] %
— —]

1/7 =8431]| 7/71,=58897 |

0 50 100 150 200 250 300 350 400 450 500

P
Figure 5

B

7/ T =.9699

v =0.49942
0 50 100 150 200 250 300 350 400 450 500

P
Figure 6

Several finite element
calculations have been performed
with the commercial package MSC
Marc 2005, and the stress field has
been expressed in terms of Cauchy
stresses. The above layer
dimensions, initial clearance and
material constants have been
adopted, and a load ramp from O to
about 13 kN has been imposed.
(Higher values of the load produced
noticeable distortions within the
elastomeric layer and caused
convergence difficulties.)

For each load value, the
loading parameter® has been
reported along thex-axis of the
diagrams of Figures 4 to 7, and the
following four mechanically relevant
parameters have been reported along
the y-axis of the four diagrams: a)
the peak dry frictionless contact
pressurepmax Normalised over the
reference contact pressur@yef,
defined asF/(TR2), whereF is the
total load andR is the inner radius of
the layer, see Figure 4; b) the
maximum interfacial shear stress
max between layer and backing,
normalised ovempef, See Figure 5;
c) the contact angl@ expressed in
radians, see Figure 6; d) the angle
defining the position of the
maximum interfacial shear stress,
expressed in radians, see Figure 7.
Every diagram includes four curves,
each referring to one of the four
above detailed layer outer to inner
radii ratios.
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The range adopted fap covers extreme situations of low load
or of large initial clearance (low values) and of high load or of
small initial clearance (higtp values).

The normalising capabilities of the loading paramedb
clearly emerge from the following observation. Altlyh the above
curves have been derived for specific head andr ldymensions,
initial clearance and Young's modulus, they describe main
mechanical features of the dry contact stress fay hAollow
hemispherical layer shape defined by one of the iimoer to outer
radii ratios 0.9699 , 0.9416 , 0.8897 , 0.8431 d &y any head
radius, initial radial clearance, applied load afmlng's modulus.
An example is reported in detail at the end of ®extion, which
shows that the four diagrams of Figures 4 to 7lmamemployed for
examining the mechanical response of hip replacesmexhibiting
dimensions, initial clearance, and applied load @etely different
from those adopted in the compilation of the diatga
0 Instead, the above

L

08 A diagrams are theoretically

| ——

L

08 T inapplicable if the Poisson's

= /T =, ) : i
07 : ratio differs from the figure
0-6/ =1 \r/7- employed in the finite element
v study. It is, however, observed
that in soft cushion hip
replacements, in which the load
o (and not the indentation depth)
oo LY =0:49942 ' is imposed, the numerical
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Figure 7 dependence of the mechanical

response of the replacement on
the Poisson's ratio in the vicinity of the incongsibility value. It
may therefore be concluded that the above diageamsechnically
applicable when the Poisson's ratio is sufficientlpse to the
incompressibility value 0.5, although it would biidult to define

the validity range of this assumption.

It may additionally be observed that the finite nedmt
packages, when involving a contact problem, addp finite
elasticity theory, whereas the loading parameétehnolds in linear
elasticity. Consequently, the validity of the diagus of Figure 4 to
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7, based upon both the finite element predictiomd #e loading
parameter normalisation, may be questionable. Heweit has
numerically been shown by Strozzi and Unswoij fhat the finite
elasticity effects are negligible in this kind afitact problems.

It is also noted that the loading paramederrefers to dry
contacts, and it cannot incorporate the lubricatedfects. It is,
however, known that in soft contacts the dry artibated pressure
profiles are very similae.g. Strozzi and Unsworthl]].

Selected comparisons between the numerical fosecakt
Figures 4 to 7 and various literature results amsegnted in the
following. Comparisons are carried out between peak contact
pressure reported in Figure 3 of Strozzi and Undw¢tl] and
Figure 4 of this work, between the maximum integfabear stress
of Figure 3 of 1] and Figure 5 of this work, between the contact
angle of Figure 4 of1[l] and Figure 6 of this work and, finally,
between the angle defining the position of the maxn interfacial
shear stress, extracted from Figure 4 ][ and Figure 7 of this
work.

The considered layer inner and outer radii are 25%.and
16.625 mm, respectively; the initial radial clearamns 0.25 mm and
the Young's modulus is 8.506 MPa. For an indemtadepth of 351
m, Figure 2 of 11] indicates a load of 4000 N, Figure 3 dfi]
displays a peak contact pressure of 34 MPa and @&nmum
interface shear stress of 2 MPa, whereas Figure[41) shows a
contact angle of 0.65 rad and an angle definingptbstion of the
maximum interfacial shear stress of 0.39 rad.

Since the reference pressiymgs is 4000/x16.12%) = 4.90
MPa, the normalised peak contact pressure is 314 R.94 , whilst
the normalised maximum interface shear stressti9@/~= 0.41 .

The loading paramete® is 4000/(8.50816.12%0.25) =
116.65 . From Figure 4 of this paper the normalipedk contact
pressure referring t@@ = 116.65 and taij/rg = 16.125/16.625 =
0.9699 is about 7; from Figure 5 the normalised imarn interface
shear stress is about 0.37; from Figure 6 the cobmatagle is 0.65;
from Figure 7 the angle defining the position ot tmaximum
interfacial shear stress is 0.38 .

The above numerical comparisons indicate that tinechsts
extracted from Figures 4 to 7 closely agree witk tlumerical
predictions of Strozzi and Unsworthll]. In particular, the
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maximum interface shear stress has been confirmedoetof the
order of one tenth the peak contact pressure. tioiever, observed
that, although Figures 4 to 7 of this paper sumseaall the stress
oriented diagrams of Strozzi and Unsworfli][and of Unsworth
and Strozzi 14], they cannot substitute the diagrams addressiag t
indentation depth, available in the above quotgeemm

A comparison between the peak contact pressureteshm
Figure 7 (a) of Bartedt al. [8] and Figure 4 of this work is carried
out in the following. A head radius of 14 mm, adaynner radius of
14.05 mm, a layer thickness of 2.615 mm, a Youngsiulus of
1400 MPa, and a force of 2100 N are considered.ififial radial
clearance is therefore 0.05 mm. The value gfry is
14.05/(14.05+2.615) = 0.8431 . From Figure 7 (apaftelet al. [8]
the peak contact pressure is about 18 MPa. Irtiaddd,es = 2100/(
™14.0%) = 3.39 MPa, so that the normalised peak contastspire
Is 18/3.39 = 5.32 . The loading parameters 2100/(140814.05«
0.05) = 2.135 . For the above value and forrj/ro = 0.8431 ,
diagram 4 of this paper indicates a normalised peakact pressure
of about 6, which reasonably agrees with the val32 of Bartelet
al. [8], the error being about 13 per cent.

It is frankly admitted that it is difficult to exdct the above
finite element prediction of the normalised peaktect pressure
from the diagram Figure 4, as a result of the lggidients occurring
for low @ values. In fact, the diagrams of this study haeenb
conceived for elastomeric materials exhibiting Ygtn moduli
lower that those encountered in the study of Bagtehl. [§],
addressing a metal-backed plastic layer. The agtpic of diagrams
based upon tha&b parameter to relatively high Young's moduli
would require the compilation of diagrams particiyléocused upon
low @ values.

It is also observed that, while Figures 4 to 7 mréfealmost
incompressible elastomers characterised by a Russsatio of
nearly 0.5, the plastic material employed by Bastel. [8] exhibits
v = 0.3 , where such difference in this elastic tamis may be
responsible for the above noted error of 13 pet.cen

A comparison between the maximum interface sheasst
reported in Figure 5 (b) of Yaa al. [13] and Figure 5 of this work
is presented hereinafter. For an equivalent radfud m, since the
head radius is 16 mm, the layer inner radius isl/16-
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1/2000)=16.129 mm, so that the initial radial céae is 16.129 -
16 = 0.129 mm. A layer thickness of 2 mm, a Youmg&dulus of
30 MPa and a force of 3000 N are considered. Hhgevofri/rg is
therefore 16.129/(16.129+2) = 0.8897 . From Fidud Yaoet al.
[13] the maximum interfacial shear stress is aboub MMPa. In
addition, pref = 3000/(x16.12%¥) = 3.67 MPa, so that the
normalised maximum interface shear stress is 1.85/3 0.313 .
The loading parameteb is 3000/(3¢:16.12%0.129) = 48.05 . For
this @ value, and for;/ro = 0.8897 , Figure 5 of this paper indicates
a normalised maximum interface shear stress o20\8Bich closely
agrees with the value 0.313 of Yabal. [13], the error being less
than 6 per cent.

A final numerical example is presented to clarifyther the
normalising capabilities of the loading parameterA mechanical
analysis of two different hip replacements, namadeCl and Case 2
in Table 1, has been carried out with finite eleteeffhe head
radius, layer inner and outer radii, radial cleagrayer thickness,
Young's modulus, and applied load, are differenthim two Cases,
but the layer inner to outer radii ratio and thadimg paramete®
are the same. Table 1 fully confirm the analytieapectations
according to which, for different hip replacememhensions, initial
clearance and applied load, but for a fixed lapeer to outer radii
ratio, the normalised dry contact pressure, thenabsed interfacial
shear stress, the contact angle, and the anglamethe position of
the maximum interface shear stress remain the daméhe two
Cases 1 and 2 provided that the loading parardeteithe same.

16



Table 1

Case 1 Case 2
head radius 15.875 mm 17.763 mm
layer inner radius 16.125 mm 18.0 mm
layer outer radius 18.125 mm 20.23 mm
layer inner to outer 0.8897 0.8897
radii ratio
initial radial clearance 0.25 mm 0.237 mm
elastomeric layer thicknegs 2 mm 2.23 mm
Young's modulus 8.506 MPa 5.0 MPa
Poisson's ratio 0.49942 0.49942
applied load 8044 N 5000 N
loading parameteb 234.6 234.6
normalised peak contact 2.05 2.05
pressure
normalised maximum 0.182 0.182
interface shear stress
contact angle 1.27 rad 1.27 rad
angle defining the positign 0.80 rad 0.80 rad
of the maximum interface
shear stress

As an example of the potentials df in the design and
optimisation of soft cushion hip replacements, inng/at al. [16]
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the wear factor was found to be highly correlaedhie maximum
contact stress, a parameter which can immediatexkracted from
Figure 4 for any applied load, initial clearanceatl radius, and
Young's modulus, provided that the layer inner tbeo radii ratio
rilro falls within the interval 0.8431 - 0.9699.

Geometries have been proposed in which the layekréss is
higher than that covered by the above interval,espeBartel et al.
[8]; such hip replacement geometries would requirglitexhal
diagrams to be compiled. It may however be noted thvhen the
thickness is large, the contact stress becomes dessitive to
changes in thickness", Bargtlal. [8].

A second example illustrating the usefulnesga$ presented
in the following. It is well known that, during wahg, the force
applied to the head deviates from the directiothefacetabular cup
symmetry axise.g. Unsworth and Strozzil[l]. As a consequence of
this angular deviation, the undesired situation ragur in which
the contact zone reaches the rim of the hemispieelastomeric
cup, thus causing edge loading.

It may be surmised that the diagrams of Figureso 47t
compiled for axisymmetric situations, are provigty applicable
even when the force imposed to the head is notl. aXiais
assumption is corroborated by the fact that, insyaximetric
situations, the mechanical responses of a hemisjhe&lastomeric
cup or of a fully spherical cup remain very simi@aren when the
contact zone approaches the rim of the hemispheriga Unsworth
and Strozzi 11].

Within the above approximations, from Figure 6 ip@ssible
to guess if the contact area reaches the layer. éaeinstance, if
the maximum angular deviation of the applied folt@en the cup
axis is, say, 40° and if the cup is perfectly henesical, the
maximum allowed contact angl@ preventing the unfavourable
circumstance that the contact region reaches ther lam is 90°-
40° = 50° = 0.8727 rad. H/rgis 0.9416 , from Figure 6 the value of
® = F/(ERAR) corresponding t@ = 0.8727 rad is about 115. If the
values of the applied lod€, of the Young's modulus, of the inner
radius of the elastomeric layBr and of the initial radial clearange
R, are such tha® is lower than 115, the contact region will not
reach the layer rim. This example shows tfaaccounts for the
simultaneous effects of various parameters.

18



It is finally observed that several normalisinggraeters have
been proposed in connection with the mechanicalysisaof soft
cushion hip replacementsg. Strozzi [L0], Jinet al. [12], Yao et al.
[13], Strozzi B]. Anyway, no proposed parameter explicitly congain
the initial clearance.
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4 Application of the loading parameter ® to metal-on-metal hip

replacements

As a result of its normalising and unifying propest the loading
paramete® may prove to be fruitful in the mechanical optiatisn
process of metal-on-metal hip prostheses, charseteby closely
conforming mating surfaces, Isagal. [19].
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An axisymmetric model
has been adopted for compiling
the diagrams of Figures 8 to
10, which  explore the
dependence on® of three
relevant dry frictionless contact
stress parameters: a) the
normalised maximum  dry
contact pressur@maxPref, See
Figure 8; b) the normalised
maximum von Mises
equivalent stressoeq,matPref
in the cup, see Figure 9; c¢) the
contact anglg, see Figure 10.

With regard to Figure 8, it
Is observed that, when the
contact extent is small, the
maximum  contact pressure
occurs at the contact centre, as
shown in the inset, but for
larger contact areas the
maximum  contact pressure
moves laterally, as it appears
from Figure 6 of Yewet al.
[20]. With respect to Figure 9,
the maximum equivalent stress
often occurs at the pole of the

cup outer surface, as shown in the inset. Onlywé&sy small contact
areas the maximum equivalent stress occurs at ¢h&ec of the
contact zone, just below the contact surface, reegent with the

Hertzian theory.
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. o] L] The finite element model
05 ——— adopted in this study closely
7/ 7%=08333 —1  follows that of Yewet al. [20],
{ 1 and it includes a solid metal head,
3 a metal cup, a layer of cement 6
D mm thick, and an axisymmetric
. model of the pelvic region, where
a uniform thickness of 1 mm was
assumed for the cortical stratum.
o s o oo o2 o The pelvic bone was clamped in a
P region sufficiently far from the
zones of major interest. (The
cement layer and the pelvic bone
region have not been represented in the insetsgofrés 8 to 10.)
The elastic constants adopted for the cobalt-chrattzg, for the
cement, and for the cortical and cancellous boregxdracted from
Yew et al. [20].

As already noted in Section 3, to compile the dats
reporting the dry contact stress parameters vebsuisis convenient
to refer to specific dimensions for the hip prostegand to vary the
applied loadr within a suitable intervalThe following dimensions
for the metal-on-metal hip replacement have bedraeted from
Yew et al. [20]; the head radius is 17.4385 mm; the radial cleaga
AR s 0.079 mm, so that the cup inner radius 17.5175 mm; three
values of the cup radial thickness have been cereil namely
1.506 , 3.012 , 4.518 mm, which correspond to tbreer radiir of
19.0235 , 20.5295 , 22.0355 mm, and to three coprimo outer
radii ratiosr;/ro of 0.9208 , 0.8533, 0.7950 . The Young's modulus
of the cobalt-chrome alloy is 210000 MPa, and tbes$dn's ratio is
0.3. The imposed load ramp is similar to that erygdbin Section 3.

A selected comparison is presented below between th
maximum contact pressure and contact angle extrafrtam in
Figure 6 of Yewet al. [20], and Figures 8 and 10 of this work. For a
head radius of 17.4385 mm, for a cup radial thisknef 4.518 mm,
and for an initial radial clearance of 0.079 mng tup inner radius
riis 17.4385+0.079 = 17.5175 mm, whereas the ctgr oadiusrg
is 17.5175+4.518 = 22.0355 mm. Consequentlyir, =
17.5175/22.0355 = 0.7950 . The applied load is 29060 thatp,ef

= 2500/f=17.517%) = 2.593 MPa. The Young's modulus is 210000

04

6,r0d

7./ 15=0.7950

Figure 10
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. From Figure 6 of Yewet al. [20] the peak contact pressure is 56.33
MPa, and the contact angle is #6728 rad. The normalised peak
contact pressure is therefore 56.33/2.593 = 21.72 .

The loading parametap is 2500/(210008017.517%0.079) =
0.0086 . For suckb value, and forj/ro = 0.7950 , Figure 8 of this
work indicates a normalised peak contact pressf@ireloand a
contact angle of 0.255 rad, where such valuesnageaod agreement
with those of Yewet al. [20].

As already noted in Section 3, the loading parantteefers
to dry contacts, and it cannot incorporate theitaion effects. It
has, however, been found that in metal-on-metalrBpacements
the dry and lubricated pressure profiles remairy g@nilar, e.g. Liu
et al. [21].

Aspects that have not been examined in this stucyde the
maximum tensile stress within the cement layer,nloglification of
the initial clearance due to wear process, andetdmmensional
effects, Yewet al. [20].

5 Conclusions

A normalising loading paramete® useful in describing the
mechanical response of plane, pin in plate-liketacts, has been
extended to axisymmetric, ball in socket-like catgaThis loading
parameter® is F/(ERAR), whereF is the applied load per unit
thickness,E the Young's modulusR the curvature radius of the
mating surfaces before deformation, adfR the initial radial
clearance. Four diagrams summarising mechanicalgvant dry
frictionless contact parameters in compliant lagieegtificial hip
joints have been compiled with the aid of finiteeraknts. Such
diagrams report the normalised peak dry contactspme, the
normalised maximum interfacial shear stress betweger and
backing, the contact angle, and the angle defithegposition of the
maximum interfacial shear stress, versus the lgagarameterd,
for a selection of four inner to outer radii ratiosthe elastomeric
layer. Similarly, three diagrams addressing metalx@tal hip
replacements have been prepared, which reportdimeatised peak
dry contact pressure, the normalised maximum etpnvastress
within the cup, and the contact angle, versus dadihg parameter
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®, for a selection of three inner to outer radiiagatof the acetabular
cup. The above values have been assessed versral dggrature

results. The usefulness of the loading param@teén normalising

the effects of initial clearance, head radius, Ygsimodulus, and
applied load has been illustrated with selectedrges.
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