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Abstract

In this paper a sendtivity analysis is performed on a finite element model previously
developed to study the fatigue behaviour of cemented hip prostheses. The proposed method is
based on a “ smeared-crack” technique to simulate the evaluation of the fatigue damage
process in the cement mantle. The non-linear and anisotropic behaviour of the material after
it is locally cracked is simulated by the finite element code ABAQUS". In this paper the
sengitivity of the stem subsidence and damage level in the mantle is studied as function of the
cement Young modulus, the stem-cement friction coefficient and the stem Young modulus.
Numerical results show a significant sensitivity to variations of the cement Young modulus
and stem-cement friction coefficient and a moderate sensitivity to the stem Young modul us.

Sommario

In questa memoria viene effettuato uno studio di sensitivita su un modello ad elementi finiti
precedentemente sviluppato per I’analisi a fatica di un impianto di protesi d’anca cementato.
La metodologia sviluppata si basa su di una tecnica di tipo “smeared-crack” per la
simulazione della evoluzione del processo di danneggiamento nel mantello in cemento. Il
comportamento non-lineare ed anisotropico del materiale una volta fessurato viene simulato
mediante il codice ad elementi finiti ABAQUS. Nel lavoro viene valutata la sensitivita del
valore di abbassamento dello stelo e del livello di danneggiamento del mantello al variare di
alcuni parametri del modello quali modulo elastico del cemento, il coefficiente di attrito stelo-
cemento ed il modulo elastico dello stelo. | risultati mostrano una significativa sensibilita al
variare del modulo elastico del cemento e del coefficiente di attrito ed una modestasensbilita
al variare del modulo elastico dello stelo.



1. Introduction

A fatigue sengtivity andyss of cemented hip prosthesis is performed in this paper. Human activities
generate complex multiaxia dresses varying in time and resulting in the accumulation of mechanica
damage in materids and interfaces.

To smulate the fatigue of the cement mantle, a quas-3D modd of the bone-cement implant system is
implemented in the finite dement code ABAQUSO. The finite dement computations provide the
principa dresses and directions in every integration points within the cement dements and it is
assumed that tendle principa stresses produce a damage perpendicular to that plane [5]. A standard
linear damage accumulation rule was showed in a previous paper [1] to predict a strong damage
accumulation and a sudden fatigue falure of the cement mantlg6]. A nonlinear damage
accumulation rule is then introduced to update the tensor which describes the damage produced in
the materia. A macro-crack is assumed to occur when the damage in a given direction is grester
than a threshold value. In that case, a crack is introduced in the materid and a standard smeared
crack gpproach is employed [5]. It results in a nontlinear, anisotropic behaviour of the locdly
cracked cement materia.

This paper sudies the influence of some modd parameters such as the cement Y oung modulus, the
sem Y oung modulus and the bone-cement friction coefficient on the fatigue behaviour of the mantle.
In particular the damage distribution and the stem subsidence are investigated.

2. Fatigue damage accumulation mode

In the finite dement analysis a tensorid damage, D', is introduced to describe the amount of damage
accumulation in the cement mantle in multiple directions in every integation point, ip. The bone
cement is consdered to be dagtic and initid isotropic and in the following dl the quantities are
referred to agiven integration points, ip.

The presence of the damage implicates some anisotropy of the initidly undamaged isotropic cement
elements. The principa directions of D determine the directions of the materid orthotropy and its
principd vaues, d, d,, afect the initid diffness, S, and compliance, C, tensors. The dress-drain
relationship between the Cauchy stress, s, and the strain, e tensorsin the damaged materid ise=
C:s or s = S:eand involves the compliance, C, and siiffness, S, tensors of the damaged

material. The Gauchy stress tensor is aso related to the effective stress tensor s,s = Ms,
through the damage effect tensor M [2] [4]. The complementary dadtic energy equivalence
hypothesis, W(s,D) = WA(s ), is then invoked to define, after replacing the Cauchy stress by the
effective one, the dastic compliance tensor C = M™:C:M. Findly, the stiffness matrix, S ,of the
damaged materid is evauated as the inverse of the compliance tensor, S=C . Mai ng use of the
undamaged isotropic dadtic siffness matrix for the plane stress stuation, the stiffness matrix for the
damaged materid can be caculated as.
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where E and u dencote the Y oung modulus and the Poisson coefficient of the initidly undamaged
isotropic meterid.

It is assumed that the current damage due to a load cycle is governed by the amplitudes, s, of the
principal dress, s = [s, Si], generated by the loading in amaterid dement [5]. The damage induced
anisotropy is described by the compliance, C, or siffness, S, tensors that have to be taken into
account while looking for the stresses generated by a maximum and minimum of the loading cyde.
Assuming the principd directions of the sress tensor to be unchanged during the following load
cycles [2], the amplitudes of the Cauchy principa stresses, Ds = [Ds, , Dy, ], in every integration
point are evauated. The evauation law of the damage tensor in the principa stresses co-ordinate
system iswritten as follows [2]:
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where ¢, and m are the materiad parameters of the SN curve and the time derivative is referred to
the number of cycles, N, by assuming one cycle as time unit. Integrating EQ. (3), with reference for
example to the first diagond term dy; of the damage tensor, over the interval N T [O,n] provided

that d,, =d2%a n=0and d,, = d®a N=n, one obtains the number of stress cycles n=N; which
augments the damage intensity upto d,;, =d;™:

new (o] m+. B ;
1 =1- m*J(l- d1|1d t- — N @)
C0
m L& A-drvgu
n=c, x> X1-d3')""él- L (5)
é 1- 11 9 é

Similar expressions hold for the other principal stress direction while d" = d? . These relations are
used to update the damage tensor in the principal stress co-ordinate system after the gpplication of a
given number, n, of duty cycles. Note tha by inserting in Eq. (5) d{® =0 and d,;f =1 one
recovers the sandard one dimension SN law with reference to the firgt principal stress direction.

The number of cycdesto falure, n}?, inthe ip integration points is then computed by requiring that
one of the principad vaue of the updated damage tensor is equa to one. The same anayss as
described above is performed for al integration points involved in the finite dement analyss. The
number of cycles to falure in the current increment, NCF, is then computed [5] as
NCF = niipn{nig’} . The corresponding direction is assumed to be critical and a crack isintroduced in

the plane perpendicular to such a direction. The updated components of the damage tensor at the
end of the increment a each integration points are then computed according to Egs. (4) by
subdgtituting n by NCF. In order to proceed with finite eement calculaion the stiffness matrix of the
damaged elements is updated according to Eq. (2).



3. Implant finite eement model

A quas-3D finite dement modd (fig. 1a) of a cemented hip prosthesis was created to reduce the
computationd efforts. The “standardised femur” used in this paper is the computer geometry mode!

of a femord bone andogue developed by the Laboratory for Biomaterids Technology of I<tituti

Ortopedici Rizzoli, Itay, within the frame of the Prometeo Project. The femord andogue is
produced by the Pacific Research Labs (Vashon Idand, Washington, USA). The modd includes a
stem-cement interface and a fibrous tissue layer dong the cement bone interface with a siffness
reduction by a factor 100 [5]. The sde-plate concept [1] is used in order to account for the three-
dimensond sructurd integrity of the cement and cortica bone. The circumferentia Stresses are
recovered by the model as membrane stresses in the corresponding side plate and produce radialy
directed longitudind cracks in the cement. The unknown geometric parameters to be caibrated are
the cement mantle and cortica bone thickness and the cement and cortica bone side plate thickness
(seefig. 1b). These parameters are selected by the following criteria @) the moment of inertia of the
cortical bone and cement section must be equd to those of the red structure; b) the circumferentia
stresses produced by the smplified eagtic theory mode reported in fig. 1¢ must be equd to the
membrane stresses in the corresponding sde-plate. The internad pressure, p, in Fig. 1b comes from
the finite dement andyss as norma stresses in the stem-cement interface.
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Fig. 1. 8 front plane of the finite eement mesh; b) the non-uniform thickness section of the
model; c) dastic theory model used to calibrate cortical and cement thickness.






4. Resaults

The finite element caculaions involved in the fatigue damage evauation were performed by the finite
element code ABAQUSP. A custom made procedure was developed to read the stresses at the
integration points at the end of each increment and to evauate the number of cycles to create a new
fracture in the cement mantle (see section 2). Findly, a user subroutine was inserted to evauate the
element gtiffness matrix of the damaged dements. The mode contains 2384 4 nodes plane stress
elements and 2824 nodal points. The smulated loading case (see fig. 1a) was the one generated
during the stance phase of waking & 6 Knvh [1] with aforce P of 3250 N acting on the prosthetic
head, with an angle of 12° on the vertica axis. Muscles forces Q were assumed acting on the greater
trochanter with atotd intengty of 2250 N and an inclination on the verticd axis equd to 12°. This
load was assumed to be gpplied to structure repeatedly, in cycles from zero to the maximum vaue.
In this paper the SN relationship proposed in [3] is adopted:

log(n. ) =-mxog P +logc (6)

with materid parametersm = 4.68 and log ¢ = 8.77 (MPaunits).
The sengtivity andyss is performed with reference to the sem subsidence and the damage level in
the cement mantle, Di(N):
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The andyses take place changing one modd parameter each time while keeping the other ones
unchanged. The consdered model parameters are the cement Young modulus, the stem-cement
friction coefficient and the femora component Y oung modulus (see tab. 1). Moreover, two different
meaterials are considered for the femora component: titanium Ti-6Al-4V dloy (Y oung modulus equa
to 110 GPa) and sted Cr-Co-Mo dloy (Young modulus equa to 205 GPd). The base vaue
consdered for each parameter is the central value of the interva in tab. 1 and titanium stem. The
Y oung modulus of the cortica bone is equd to 18.6 GPais not taken into account in the sengtivity
anaysis. The bone was assumed to be linear eastic and isotropic with congtant in time mechanica
properties.

The results of the sengtivity analys's are reported in figs. 2-3 and 4. In these figures the black circles
indicate the failure point on the corresponding curve. The fatigue fallure of the implant is defined as
the complete development of a crack, from the distal to the proximal end, in the cement sde plate.

Table 1. Numerical values of the parameters considered in the sensitivity analysis.
Parameter Numerical vaues
Bone cement Young modulus 20-22-24GPa
Stem Y oung modulus 110 — 205 GPa
Stem-cement friction coefficient 0.2-0.3-0.35

Congder firg the variation of the total damage and stem subsidence as function of the cement Y oung
modulus. The fatigue lifetime corresponding to a cement Y oung modulus of 2.2 Gpa (the base vaue



in tab. 1) is eguad to 69640° duty cycles A reduction of the bone cement
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Figure 2. Total damage and stem subsidence vs. cement Young modul us.
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Figure 3. Total damage and stem subsidence vs. stem cement friction coefficient m
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Figure 4. Total damage and stem subsidence vs. different stem Young modulus.




modulus produces an increment (44%) of the fatigue lifetime (see fig. 2) up to 10.07X10° duty cycles.
In fact, due to the stiffness reduction corresponding to a lower modulus, the circumferentia stress
levd in the cement mantle is reduced while the cortica bone one isincreased and, as a consequence,
a lower damage leve is achieved in the cement. On the contrary, an increment of the bone cement
modulus leads to an increment of the gtiffness and then to lower stresses and damage level. As a
consequence a reduction (30%) of the fatigue lifetime is achieved up to 4.853.0° duty cycles. On the
other hand, the variation of the bone cement Y oung modulus produces only margind variaionsto the
sem subsidence (see fig. 2) with vaues ranging from -0.406 mm to -0.414 mm. Note that a very
amd| vaidion of the sem subsdence produces a sgnificant variation of the fatigue lifetime,

Condder second the variation of the total damage and stem subsidence as function of the stem:
cement friction coefficient. The fatigue lifetime corresponding to a friction coefficient equd to 0.3 (the
base vaue in tab. 1) is again equa to 6.96X0° duty cydes. An increment of the friction coefficient
produces a significant increment (55%) of the fatigue lifetime (see fig. 3) up to 10.8540° duty cycles.
In fact, an increment of the bonding between the femora component and the cement reduces the
circumferentid stresses and then the damage level and gives rise to a greeter fatigue lifetime. On the
contrary a reduction of the friction coefficient leads to an increment of the stress and damage leve

and then a sgnificant reduction (32%) of the faigue lifetime. This effect is dso evident from the point
of view of the sem subsidence. The reduction of the friction coefficient leads to an increment (9%)
from -0.408 mm to -0.446 mm of the stem subsidence. On the contrary, an increment of the friction
coefficient produces a reduction (7%) from -0.408 mm to -0.381 mm of the sem subsidence. This
clearly shows the very high sengtivity of the fatigue lifetime to sem subsidence.

Congder findly the variation of the total damage and stem subsidence & function of the femord

component Y oung modulus. The shear stresses at the stem-cement interface are postively correated
with the ratio between the sem and cement Y oung modulus. A sted femoral component gives rise
then to higher shear dresses at the stem-cement interface compared to the titanium stem (the base
casein tab. 1). This produces a reduction of the stem subsidence (see fig. 4) and then alower stress
and damage leve in the cement mantle (remember that an increment of the sem subsidence gvesrise
to an increment of the circumferential stresses which are responsible of micro-cracks development
and growth). The titanium femord component subsdence is equd to -0.408 mm while the stedl

femora component subsidence is equd to -0.398 with then a small decrement (2.5%). The fatigue
lifetime (see fig. 4) is again equa to 6.96:10° duty cyclesin the titanium stem case and it incresses to
8.24x10° duty cycles in the sted case with a significant increment (18%). This shows again that the
faigue lifetime is very sendtive to sem subsidence.

5. Discussion

A quasi-3D modd isintroduced in this paper to study the damage evauation in the cement mantle of
a prosthesis implant. This study addresses the damage accumulation failure scenario with respect to
the cement mantle [6]. However, the long term lifetime is governed by biologicd factor such as
debris effects and particulate reactions.

The damage accumulation [1] is governed by the bending stresses in the bounded stemcement
interface case and by the circumferential stresses in the unbounded case. The unbounded stem+
cement case was found [1] to produce a larger damage level compared to the bounded one. Thisis
because the circumferential stresses in the unbounded Situation are greater than bending Siressesin
the bounded case. In this paper only the more redigstic and conservative Stuation of unbounded



stem-cement interface is then congdered. In this paper a more redigtic continuous damage mode

compared to the one in [1] and [5] is implemented. In particular a nontlinear damage accumulation
rule is introduced and the e ements tiffness matrix are updated at the end of each increment. In fact,
sress redigtribution due to cement damage reduces the damage rate in time and increases the fatigue
lifetime and must be taken into account in aredidic andyss.

The fatigue lifetime is sengtive to the bone cement Young modulus. In fact, an increment of the
diffness of the bone cement produces an increment of the circumferentia stresses in the cement
mantle and then a reduction of the fatigue lifetime. However, the slem subsidence remains unchanged
because the shear stresses a the interface are not influenced by a variation of the cement modulus.
The analyses show that the fatigue lifetime is very sengtivity to the sem-cement friction coefficient.
Clearly, a firm and last bonding between the gdem and the cement mantle reduces the stem
subsidence and then the damege leve, dthough it is difficult to redise dinicdly. A sem design with
flanges or collars may lead to less subsdence and then to a greater fatigue lifetime. Findly, the sted

femorad component behaves better than the titanium one with respect to the damage accumulation in
the cement mantle.
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