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1. SUMMARY

In this study, the finite element method (FEM) is employed to describe the strain situation in a
model of the human femur under a number of loading conditions. Two three-dimensional models
of an intact and an implanted with an endoprosthesis femur are developed. The boundary
conditions simulate the instant of peak hip joint contact force in a human femur during the
loading cycles of normal walking, up stairs walking, down stairs walking, standing on 2-1-2 legs,
and knee bending. The principal surface strain distribution is illustrated in both models and
compared. The principal strain values at nodal positions in all aspects of the bone-implant
interface are computed in the normal walking situation. The strain values at corresponding
positions of the anterior aspect of the interface are compared in all loading conditions. The
results can be utilized to indicate the over- and under-loaded areas in an implanted femur in
comparison to an intact one, in a variety of loading conditions. A systematic quantification of
stresses and strains could prove useful in the understanding of the remodeling process in bone
with practical implementation such as in the improvement of endoprosthesis design.

2. INTRODUCTION

The mechanism of load sharing between bone and endoprosthesis is one of the most critical
issues in total hip arthroplasty (THA). A change of bone loading after the insertion of an
endoprosthesis 15 expected on local as well as on global level. Higher than normal stresses may
lead to fatigue failure of components or disruption of the implant/bone fixation [1]. Reduced
stresses due to “stress-shielding” and adaptive bone remodeling may cause bone resorption
around femoral hip stems with subsequent loosening, threatening the long-term integrity of the
implant [2,3,4]. The study of stress and strain distribution patterns generated by the load-transfer



mechanism and the understanding of their relationships with loading characteristics, prosthetic
design, materials, and fixation characteristics, is critical in facing the issue of implant stability.
An ideal prosthesis would load the femur in a manner as similar as possible to the natural state.
A careful analysis of the stresses in an intact and an implanted bone under a variety of as many
realistic-simulating boundary conditions as possible should precede the validation of a certain
prosthesis design.

In this paper, the effect of five different loading activities to the load transferred to the femur
across a fixed bone-prosthesis interface is studied. These activities include normal walking, up
stairs walking, down stairs walking, standing on 2-1-2 legs, and knee bending. The stress and/or
strain distribution patterns of the femur and the femur-prosthesis interface during gait and/or
arbitrary loading conditions have been extensively studied [6-11], but to our knowledge no
comparative study among the five aforementioned activities has been presented. For this
purpose, a three-dimensional finite element analysis of an intact and an implanted human femur
model is conducted, assuming linear elastic, isotropic and homogeneous material properties. A
distinction of the bone material properties in the diaphysis and epiphyses is accounted for. The
model is solved quasi-statically, at the instant of peak loading during the loading cycle of each of
the activities, employing boundary conditions derived from the literature [12]. The principal
surface strain distribution in the intact and the implanted femur models at the instant of peak hip
joint reaction force and the maximum and minimum principal strain values at nodal positions
along the femoral axis at the bone-implant interface surfaces are computed and compared.

3. MATERIALS AND METHODS

3.1 Intact and implanted model geometry

The geometry of the femur was obtained from the three-dimensional reconstruction of the
periosteal contours of 2 mm thickness transverse CT slices of a human cadaver femoral bone.
The length of the femur was approximately 350 mm and the diameter of the femoral head was
around 40 mm. The femoral head was then removed from the above model and a designed
prosthesis was nailed inside the model, simulating a cementless case.

3.2 Material properties

The femur was modelled as a linear elastic, isotropic and homogeneous material. The material
properties were distinguished between two principal regions, namely, trabecular bone at the
epiphyses and cortical bone in the diaphysis [13] (Table 1). The values of the assigned cortical
bone properties are lower than their average values in human cortical femoral bone. This was
done in order to compensate for the lack of existence of the medullar canal and the trabecular
bone portion present in the diaphysis. The titanium alloy used for the prosthesis material was
assumed to be linear elastic, isotropic and homogeneous (Table 1).

3.3 Finite element model

A three-dimensional finite element model was generated using the Patran 8.5 Software (MSC
Software Corporation). A solid mesh of the intact femur was constructed consisting of 5584
tetrahedral elements and 1393 nodes. The bone-prosthesis system was meshed with 4593
tetrahedral elements. The contact between bone and the prosthesis was modelled with surface
elements. The inner surface of the femoral shaft was meshed with 530 triangular elements,
resulting in a total of 5124 elements and 1099 nodes for the bone-implant system, after
equivalencing. Friction between bone and the prosthesis was neglected.



Table 1: Material properties for bone and prosthesis.

Property Cortical Bone [13] Trabecular Bone [13] Titanium Alloy [13]
Young's modulus (GPa) 15 0.7 110

Poisson’s ratio 0.33 0.2 0.3

Density (kg/m’ ) 1650 620 4700

3.4 Boundary conditions and analysis

Five different common activities that cause high hip joint loads were investigated (Table 2) in
both an intact and an implanted femur model. The hip-joint reaction force data correspond to the
instant of peak hip contact force during the loading cycle, which reflects in mechanical terms a
worst case scenario for the behaviour of the bone-implant system. The data were derived from
Bergmann ef al. [12] and are “typical” results calculated with a mathematical averaging
procedure from the data of various trials and patients with instrumented hip implants.

A right-handed Cartesian coordinate system with its origin at the center of the femoral head in
the intact femur model and a corresponding position in the implanted femur model (Fig. 1) was
employed for the definition of the force components acting on the right femur. The +x-axis
pointed medially, the +y-axis posteriorly and the +z-axis superiorly. The resultant hip joint
reaction force was vectorially applied at a point location on the head of the intact femur model.
In the implanted femur model, the resultant force was applied at the corresponding point location
on the top of the prosthesis neck. The body weight was taken 75 kg. The distal end of the femur,
at the location of the knee joint was constrained in translation and allowed free rotation.

The hip-joint reaction forces were applied quasi-statically to represent the loading cycle. Five
runs were done for each of the intact and the implanted femur models, respectively, at the instant
of peak hip contact force.

Principal strains were selected to represent the femur load state sufficiently. The principal
surface strain distributions in the intact and the implanted femur were compared under the five
loading activities. The loading of the implant was assessed by the principal strain values along
lines in the bone-implant interface.

The analysis was performed using the Nastran software (Nastran 70.5 MSC Software
Corporation) on a Silicon Graphics Origin 2000 Computer (16 CPUs, 3.2 GB Memory).

Table 2: Hip joint reaction force coordinates in five different activities, at the instant of peak hip
contact force, in the femur coordinate system *.

Activity Peak hip contact force components
MNormal walking [55, 30, 225]
Up stairs [57, 57, 238]
Down stairs [58, 40, 250]
Standing on 2-1-2 legs [30, 12, 224]
Knee bend [43, 3, 140]

* The numbers in the brackets are multipliers of % the body weight (%BW)



Figure 1: Femur coordinate system in intact and implanted femur models.

4. RESULTS

Fig. 2 illustrates the principal surface strain distribution in the intact femur model at the moment
of peak hip contact force during the activities of Table 2. The corresponding distribution in the
implanted femur model is shown in Fig. 3. The maximum principal surface strain ranges in both
models are tabulated in Table 3. The greatest maximum principal surface strains occur during the
up-stairs walking, followed by the down-stairs walking. The lowest maximum principal surface
strains occur during knee bend in the intact femur model and during standing on 2-1-2 legs in the
implanted one.

The maximum and minimum principal strain values at the medial, lateral, anterior and posterior
surfaces of the bone-implant interface during normal walking are plotted in Fig. 4. The points of
strain registration correspond to the nodal positions along a line in the superior-inferior direction
of the femur at the corresponding surfaces.

The maximum and minimum principal strain values at the anterior surfaces of the bone-implant
interface during up stairs walking, down stairs walking, standing on 2-1-2 legs, and knee
bend.are shown in Fig. 5.

5. DISCUSSION

The strain and stress distribution and the existence of stress-shielding in implanted femurs have
been addressed by several researchers [6-8]. The boundary conditions employed commonly
involve the hip joint and muscle forces applied vectorially as point forces during a single or
various instances of the gait cycle. The present study focuses on the comparison of the principal
strains between an intact and an implanted finite element femur model at the instant of maximum
hip joint contact pressure during five different routine activities.



Bordad

® .I
- -t

' T
nll (8 b
LN 11
o= 18] =
! I 14100 ¢
i % v |
, e . |
i ] F'.I
arr] ;
—— .
&l
anoe i

1w

LF. 2]

Tanad

{a) (b) {c)

(d) ()

Figure 2: Maximum principal surface strain distribution in the intact femur model at the moment of
peak hip contact force during (a) normal walking, (b) up stairs walking, (c) down stairs walking, (d)
standing on 2-1-2 legs, and (e) knee bend.

Surface strains
The greatest range of maximum principal surface strains occurs in the up-stairs walking load
case in both models.

The surface strains in the intact and the implanted femur models differ by about one order of
magnitude, the strains in the implanted femur being lower. This is indicative of the stress-
shielding effect in implanted bones.
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Figure 3: Maximum principal surface strain distribution in the implanted femur model at the

moment of peak hip contact force during (a) normal walking, (b) up stairs walking, (c) down stairs
walking, (d) standing on 2-1-2 legs, and (&) knee bend.

As shown in Fig. 3, in the implanted femur model the greatest principal surface strains occur on
the anterior surface of the femur during normal walking, up stairs walking and down stairs
walking. In knee-bending they move towards the medial surface of the mid-lower diaphysis,



Table 3: Maximum principal surface strain ranges in the intact and the implanted femur models.

Activity Intact femur model Implanted femur model
Normal walking 426 % 10° - 6.39 % 107 3.95 x 10* - 5.92 x 107
Up stairs 8.02 x 107 - 1.20 x 10” 6.79 x 107 - 1.02 x 10
Down stairs 5.64 x 10° - 8.45 x 107 5.05x 10”7 - 7.58 x 107
Standing on 2-1-2 legs | 1.92 x 10° - 2.88 x 10* 4,05 x 10° - 6.07 x 107
Knee bend 2.70 x 10° - 4.04 x 10” 2.34 x 107 - 3.51 x 107

whereas in standing on 2-1-2 legs the greatest strains appear on the lateral surface of the mid-
upper diaphysis. Quite different is the situation in the intact femur model. As shown in Fig. 2, the
greatest principal surface strains occur on the anterior surface of the lower epiphysis during
normal walking, up stairs walking and down stairs walking. In knee bending the maximum
strains move to the medial part of the lower epiphysis. In standing on 2-1-2 legs, the region
between the femoral head and the greater trochanter experiences the higher strains in addition to
the anterior part of the lower epiphysis.

Strains at the bone-implant interface

As shown in Fig. 4, during normal walking, the higher maximum strains occur in the anterior
surface of the bone-implant interface, followed by those at the lateral, posterior and medial
surfaces.

Anterior strains

The higher maximum and minimum principal strains occur in the up-stairs walking as it is shown
in Fig. 5. In general, there is an initial decrease and subsequent increase of the maximum
principal strains, when moving from the upper epiphysis towards the diaphysis. The minimum
principal strains are nearly constant initially and then they start increasing.

The above findings are qualitatively and quantitatively comparable to those of Duda er al. [9].
McNamara ef al. [6], Cristofolini ef al. [10], and Walker er al. [8]. In general, the antero-lateral
surfaces of the bone-implant interface are more heavily loaded in comparison to the postero-
medial surfaces, at the moment of peak hip joint contact force.
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Figure 4: Maximum (positive) and minimum (negative) principal strain values at the (a) medial,
(b) lateral, (¢) anterior and (d) posterior surfaces of the bone-implant interface during normal walking.
The points in the curves correspond to the node positions along a line in the superior-inferior direction of
the femur.
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Figure 5: Maximum (positive) and minimum (negative) principal strain values at the anterior
surfaces of the bone-implant interface during (a) up stairs walking, (b) down stairs walking, (c) standing
on 2-1-2 legs, and (d) knee bend. The points in the curves correspond to the node positions along a line in
the superior-inferior direction of the femur

Stress-shielding is stronger at the transition zone from the upper epiphysis to the diaphysis and
becomes less important along the inferior diaphysis.

The present work demonstrates the effectiveness of the three-dimensional finite element method
in the mapping of the strain environment in the human femur during a variety of activities. The
model can be extended to include other types of loading and instances in the loading cycle.
Further work should be undertaken on a model with more realistic constraints such as the
inclusion of the various muscle groups acting at different instances of the loading cycle.
Verification of such models with experimental data, could potentially lead to the improvement of
a particular prosthesis design in relation to the reduction of the stress shielding effect.
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6. DISCUSSION

The strain and stress distribution and the existence of stress-shielding in implanted femurs have
been addressed by several researchers [6,7,8]. The boundary conditions employed commonly
involve the hip joint and muscle forces applied vectorially as point forces during a single or
various instances of the gait cycle. The present study focuses on the comparison of the principal
strains between an intact and an implanted finite element femur model at the instant of maximum
hip contact pressure during nine different routine activities. The computations verify the
presence and compare the intensity of stress shielding in the different loading patterns. A
detailed discussion on the principal surface strains in both models and the strains at the bone-
implant interface is analytically given below.

Surface strains
The greatest range of maximum principal surface strains occurs in the up-stairs walking load
case in both models.

The surface strains in the intact and the implanted femur models differ by about one order of
magnitude, the strains in the implanted femur being lower. This is indicative of the stress-
shielding effect in implanted bones.

As shown in Fig. 3, in the implanted femur model the greatest principal surface strains occur on
the anterior surface of the femur during normal walking, up stairs walking and down stairs
walking. In knee-bend they move towards the medial surface of the mid-lower diaphysis,
whereas in standing on 2-1-2 legs the greatest strains appear on the lateral surface of the mid-
upper diaphysis. Quite different is the situation in the intact femur model. As shown in Fig. 2, the
greatest principal surface strains occur on the anterior surface of the lower epiphysis during
normal walking, up stairs walking and down stairs walking. In knee bend the maximum strains
move to the medial part of the lower epiphysis. In standing on 2-1-2 legs, the region between the
femoral head and the greater trochanter experiences the higher strains in addition to the anterior
part of the lower epiphysis.

Strains at the bone-implant interface
As shown in Fig,. 4, the higher maximum strains occur in the anterior surface of the bone-implant
interface, followed by those at the lateral, posterior and medial surfaces.

Anterior strains

The higher maximum and minimum principal strains occur in the up-stairs walking. In general,
there is an initial decrease and subsequent increase (at 55 mm) of the maximum principal strains,
when moving from the upper epiphysis towards the diaphysis. The minimum principal strains are
nearly constant initially and at around 70 mm they start increasing.

The above findings are qualitatively and quantitatively comparable to those of Duda er al. [9],
McNamara et al. [6], Cristofolini et al. [10], and Walker ef al. [8]. Stress-shielding is shown to
occur along the entire surface of the intact and implanted models, and is more prominent in the
up-stairs loading case, which is also the worst case in terms of loading. The antero-lateral
surfaces of the bone-implant interface are more heavily loaded in comparison to the postero-
medial surfaces, at the moment of peak hip joint contact force. Stress-shielding is stronger at the



transition zone from the upper epiphysis to the diaphysis and becomes less important along the
inferior diaphysis.

The present work shows that three-dimensional finite element analysis is a useful tool in the
mapping of the stress-strain environment in the human femur during various activities. The
model can be generalised to various types of loading and instances of the gait cycle. Further
work should be undertaken on a model with more realistic constraints such as the inclusion of the
several different muscle groups applied during different instances of the gait cycle. A verification
of such a model with experimental data, could lead to the improvement in the design of
intramedullary prostheses in relation to the reduction of the stress shielding effect.



