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Abstract

This paper deseribes the finite element analysis on the effect of stem cross-
sectional geometries on stresses generated at the bone-cement and cement-stem
interfaces. A simplified numerical mode! of the implanted femur was used, were
the femur was modelled as a tubular structure and the femoral component
modelled as an extruded beam. All materials were assumed isotropic and lincarly
elastic. The cross-sections were assumed symmetric about the medial-lateral
axis. A layer of constant thickness of cement was interposed between the stem
and the femoral cortex and a complex system of forces and moments generated
by the hip joint contact force was applied. Maximum and minimum principal
stresses were determined for twelve different cross-sectional geometries. The
results show that organic type geometries provoke, comparatively, lower tensile
and compression stresses. Rigid (sharp) geometries and cross-sections of low
sccond moment of area provoke much higher mterface stresses.

1 Introduction

Climcal experience with total hip replacement has been characterised by a
variety of mechanical (dislocation, wear, component failure and loosening) [1]
and biological problems. Surgeons and engineers have been involved in the
design of total hip replacements for many years and new designs have been
launched into market claiming the solution of problems inherent in pre-existing
ones [1]. Within the cemented stem, the femoral component transmits the joint
reaction force through the cement to the proximal femur. Several design factors
can influence the stress-strain distribution and thus the longevity of the hip
replacement: stem size. stem cross-section shape, stem frontal plane shape, stem
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length, cement thickness and cement material properties and the nature of the
stem-cement and cement-bone bonds [1].

The introduction of polymethylmethacrylate (PMMA) in orthopaedic surgery to
anchor implants to the surrounding bone was one of the most relevant history
facts in total hip replacement. PMMA was used with success by Sir John
Charnley to fix both femoral and acetabular components. The cement mantle
avoids high interface bone-implant micromovements and due to its elasticity, a
more uniform stress transfer occurs. A negative aspect in the use of cemented
prostheses is related to its collateral effects, referred in clinical reports as
“cement disease”, and therefore responsible for prostheses loosening. However,
the anchoring of the implant to the bone with cement resolved partially the micro
movements’ problem at the interface. One of the most common modes of
femoral component loosening is the loss of proximal support [2].

A cemented hip replacement originates two different interfaces: cement-stem and
bone-cement interfaces. Cement 1s a material of poor resistance properties and its
failure is generally referred to a fatigue and/or accumulated damage process.
Many researchers have characterised the static and dynamic tensile and
compressive strength of cement. Lee et al. [3] determined with laboratory-
prepared specimens values of 25 MPa and 77 MPa for ultimate tensile and
compressive strengths respectively. Cement fatigue failure is potentially a more
serious problem. In fact, Freitag et al. [4] reported fatigue life of PMMA
laboratory-prepared specimens to be about one million cycles. Fuch [5] presents
in his study more realistic cement fatigue strength, since a triaxial stress state
would cause fatigue failure of the cement /n vive at one million cycles and would
be half of the fatigue strength of axially loaded laboratory specimens. Cement
material in hip joint reconstructions plays and important key goal in the
performance of the femur-cement-stem construction.

This paper describes the preliminary research done that aims the development of
a novel cemented hip femoral component. The effect of cemented stem
geometrics on the stresses at the bone-cement and cement-stem interfaces was
critically assessed using a simplified three-dimensional femur-cement-prosthesis
construction. Other investigators have used this type of simplified model, since it
allows a much easier understanding of the load transfer mechanism.

2 Materials and methods

A simplified three-dimensional numerical model of the cemented implanted
femur was used. The femur was modelled as a tubular structure and the femoral
component as a beam using Solid Works® 2001 software. Both were assumed of
isotropic and linearly elastic material (elastic modulus of the femur and stem
equal to 20 GPa and 210 GPa respectively; Poisson’s ratio equal to 0.3). A
cement mantle (elastic modulus equal to 3 GPa and Poisson’s ratio equal to 0.28)
of 2mm thickness was interposed between the femur and the stem. All cross-
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sections were assumed symmetric about the medial-lateral axis. A perfect bond
between the implant and the cement mantle and the surrounding bone structure
was assumed, therefore no friction was considered. Figure 1 shows the finite
element mesh and the schematic drawing of the simplified bone-stem
construction.

"l

Il
_Y‘_] cemant

bone |-

latoral

antarior polaiiar

e

Figure 1: Finite element mesh and schematic drawing of the simplified cemented
hip replacement.

Twelve different geometric sections (figure 2) were considered and studied in
this work. The geometric sections were taken from proximal transverse sections
of cemented commercial prostheses (e.g. Charnley, Freeman, Stanmore...) and
from those presented in ref. [1]. Other geometries were idealised based on what
we designated by “organic™ (smooth) and “rigid” (sharp) geometries. A purely
cylindrical stem of circular geometry (section #12), of academic nature, was used
as a reference one. The contact area of all geometries between the stem and the
cement mantle were very similar. Table 1 shows the cross section area and
second moment of area in the three principal directions for all geometries
studied. The differences of areas relatively to section #12 are identified in
parenthesis.

The simulations were performed with Cosmos Works® 6.0 finite element
analysis software. The meshes of all femur-stem constructions were of identical
number of nodes and elements (parabolic tetrahedral element), an average of
30000 nodes and 20000 elements. The boundary conditions were set-up
considering the femur bone rigidly fixed at its distal region and the loads were
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applied proximally accordingly to Huiskes [5]. The loading configuration was
composed of a normal load (Fy), transverse loads (Fx and Fz), bending moments
(Mx and Mz) and a torsional moment (My). Following Kuiper and Huiskes {6],
which considered a hip joint reaction of 2460 N, the forces applied within the
study were: Fx = 862 N, Fy = 2228 N and Fz = 99 N (see figure 1). The bending
and torsional moments were determined considering a 30 mm distance from the
application of the forces relatively to the stem’s axis. For the analysis of the
results, the lateral, medial, anterior and posterior aspects of the sections of the
stems must be considered similar to section #2 shown in figure 1.

All models were simulated with the same loading configuration and same
material properties. The comparisons of the predicted stresses for each of the
problems simulated are a function of a unique design parameter (femoral stem
cross-sectional geometry).

3 Results and discussion

As said elsewhere, the analysis was performed considering twelve different stem
cross-sectional geometries with similar contact area. It is a controversy matter
whether the critical region of stress in the prosthetic stem is within the mid-third
of the stem or in the proximal region [1]. Our study is based on the premise that
the proximal interfaces are the critical regions of the cemented hip replacement.
The mean and the peak of the maximum (tension) and minimum (compression)
principal stresses were obtained for the stem and at the bone-cement and cement-
stem interfaces, and will be simply referred as stresses (tension or compression).
Since the stresses at the bone-cement interface are comparatively much lower
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than the ones at the cement-stem interface, only the last ones are shown and
discussed.

Table 1. Area and second moment of area for the twelve sections studied.

Area Second raoraent area {mr:f J
Vb nraetry (mn% 1 £ ks %
1 12636 (-1.0 17073 A65 0751
2 13200 (0.2) 16033 73951 RIT6S
3 12555 (-1.6) 13045 61417 13744
4 13540 (-1 7 11772 63053 120
3 13462 {-2.00 13654 59666 70099
8 13551 (-1.6) 14154 54357 5169
7 13730 (000 14017 57193 65730
3 1332000.%) 11505 S3146 61757
9 13270 (3.0 13539 3RE79 0077
1 13715 (-0.4) 15680 A1733 74437
1 13752001 15471 SE6TE 69650
12 13174 15398 92200 GRR0

The stem cross-sectional geometry has a signiticant effect on the stresses within
the stem and interfaces. Even thought the stresses at the stem are not refevant
when compared to ones developed at the interfaces, we observed that the lowest
stress value (12 MPa) was induced by section #2, a typical Charnley cross-
sectional proximal geometry. On the other hand, section #8 provoked the highest
stress value, around 50 MPa, 4 times higher than the one obtained for section #2.

A typical and common mode of femoral component loosening is related to the
loss of proximal stem support [2] and has been associated with the failure of the
bone-cement or cement-stem interfaces laterally due to excessive tensile stresses
and fracture of the proximal cement medially due to excessive compression [1].
Figures 3 and 4 illustrate the mean and peak maximum principal stresses
observed at the cement-stem interface for the lateral and posterior aspects of the
implanted femur. Figures 5 and 6 illustrate the mean and peak minimum
principal stresses at the same interface for the medial and anterior aspects.

Typically, the stresses developed at the bone-cement interface are much smaller
then the ones developed at the cement-stem interface, In fact, for all aspects of
the femur, and considering either tensile or compressive stresses, these were
much higher at the cement-stem interface, which means that the bonding at this
Interface is more susceptible to failure.
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Figure 5: Mean and peak minimum principal stresses at the medial aspect.
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Figure 6 Mean and peak minimum principal stresses at the anterior aspeet,

Overall, the mean and peak minimum compressive stresses are generally higher
than the same for the maximum tensile stresses. At the lateral and posterior
aspects of the femur, significant stress differences can be observed at the cement-
stem interface. At the lateral aspect, sharp rigid geometries (e.g. #5, #6, #7, #8
and #9) provoke comparatively much higher mean and peak cement-stem
stresses, of the order of 7-8 MPa and 9-10 MPa respectively. Organic geometries
provoke stress values of the order of 1 to 3 MPa. For example, section #2
(Charnley type) induces 4 times less stress values when compared with the sharp
sections; section #1 and #3 induce 8 times less stress levels. The peak stresses
are slightly higher than the mean ones, around 2 MPa for most of the geometries.

At the posterior aspect of the implanted femur, a similar behaviour was
observed. However, the mean and peak stresses are higher. The stresses for sharp
geometries are of the order 1[5 MPa. Section #9 provoked the highest stress value
(25 MPa) stress value. Interesting to note that sections #1, #2 and #3 provoked
the lowest stresses for both the lateral and posterior aspects of the interfaces.
Overall, section #2 provoked a relatively low peak stress, 3-4 MPa. Sections #1,
#2, #3, #10 and #11 apparently seam to be the best suited for the biomechanical
problem simulated.

Similar conclusions can be observed at the medial and anterior aspects. The
organic geometrics induced much lower medial interface stresses, in a very
similar way to the lateral interface. Again, sections #1, #2 and #3 provoked
lower stresses, of the order of -4 MPa, while sections #4, #5, #6, #7, #8 and #9
provoked stresses of the order of -10 MPa. Sections #10 and # 11 evidenced to
be the best at the medial aspect of the implanted femur, since the stress levels are
of the order of -2 MPa. The peak stresses induced by sharp geometries are of the
order of 10 MPa. The difference between the mean and peak stresses is small. At
the anterior aspect of the cement-stem interface, we note more homogeneous
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stress levels for all geometries, but no correlation can be drawn between the type
of geometry and the stress levels. The stress values are of the order of -4 to -6
MPa. A 14 MPa peak stresses was observed for most of the cases simulated.
Interesting to note that section #2 induced the lowest stress levels at all
interfaces.

Figure 7 illustrates the cross-sectional geometries in an increasing order of the
mean maximum principal cement-stem interface stresses. ldentical result was
obtained for the minimum principal stresses.

medial aspoot
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4 Conclusions

The studied herby described evidences the importance that the stem cross-
sectional geometry of the stem plays within the stresses developed at the cement-
stem interface. For the simplified model used, the results discussed evidence that
the mean principal stresses are relevant at the lateral and medial aspects of the
implanted fermur; the peak stresses are important at the anterior and posterior
aspects. However, these conclusions must be faced with necessary criticism,
since they strongly depend on the numerical model used. Even though, they give
us a tendency.

An important fact observed is that organic cross section geometries provoke
much lower stresses. Other design factors, such as the medial curvature radius,
can also play a decisive role in the implanted femur performance. A detailed
study on the influence that these design parameters exert within the stem-bone
load transfer mechanism will allow the development of new designs that can
possibly perform better than many commercial cemented ones. The doubt is to
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know until what level is it actually possible to innovate within the design of a
novel cemented hip femoral prosthesis?
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