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Abstract. Total hip prosthesis is used for the patients who have hip fracture and are unable to recover naturally. To
de-sign highly durable prostheses one has to take into account the natural processes occurring in the bone. Finite
element analysis is a computer based numerical analysis method which can be used to calculate the response of a model
to a set of well-defined boundary conditions. In this paper, the static load analysis is based, by se-lecting the peak load
during the stumbling activity. Two different implant materials have been selected to study appropriate material. The
results showed the difference of maximum von Misses stress and detected the frac-ture of the femur shaft for different
model (Charnley and Osteal) implant with the extended finite element method (XFEM), and after the results of the
numerical simulation of XFEM for different was used in deter-mining the stress intensity factors (SIF) to identify the
crack behavior implant materials for different crack length. It has been shown that the maximum stress intensity factors
were observed in the model of Chamnley.

Keywords: totalhip prosthesis (THP); extended finite element method (XFEM); bone fracture; femur; stum-
bling; stress intensity factor (SIF)

1. Introduction

Total Hip Prosthesis (THP) is an excellent alternative for patients suffering from arthritis or hip
fracture (Beswick 2011, Gao 2009). Millions of people undergo total hip replacement every year
(Harsha 2013). To avoid injuries and fractures of the femur (cortical bone cement, implant) in
patients after the replacement THP, surgeons need published information about the clinical results
of different joint replacements; However, many important factors are still very difficult to take into
account during these studies. In particular, these aspects related to the patient (skeletal anatomy,
bone quality, muscles, level of activity or biological response) or to the surgeon (bone surgery,
implant position and fit, joint center relocation or muscle surgery). EI’Sheikh et al. compared the
hip prosthesis component subjected to a dynamic stumbling load and the peak static load of the
similar patient load behavior EI’Sheikh (2003). Shankaeet et al. to predict the impact of different
material combination pairs on the acetabulam contact model during stumbling cycle to assess the
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Fig. 1 Three-dimensional femur stems for two models

contact stresses and deformation on the lines of our previous static model (Shankar 2014).

This study aims to evaluate the three dimensional (3D) finite element (FE) inlay retained and
only supported partial models were established for use to examine the behavior of the hip total
arthoplasty and cracks within the bone cortical with different types of the femoral implant: Charnley
stem and the Osteal stem (Fig. 1).

To predict bone femoral fracture models using the techniques is the extended finite element
method (XFEM) which enriches the FE approximation space with special functions that introduce
the displacement discontinuity across the crack faces and the singular behavior associated with the
crack front, and makes its analysis, up to a certain point, independent of the mesh (Moés 1999,
Sukumar 2000).

Numerous previous studies have been devoted to analysis of quasi-static mechanical properties
and resistance to fracture of the cortical bone tissue have implemented X-FEM For instance, Adel,
A. Abdel-Wahab, a two-dimensional numerical (finite-element) fracture model for osteonal bovine
cortical bone was developed to account for its microstructure using extended finite element method
(X-FEM) (Adel and Abdel-Wahab 2012).Another study, by Bonney et al. (2011), was devoted to
investigation of local variations in mechanical properties of cortical bone (porcine femur)

In addition, Li et al. (2013) to develop a finite-element approach to evaluate the fracture process
in cortical bone at micro-scale). For instance, Budyn and Hoc (2007) introduced a multiscale method
to simulate multiple crack growth in a cortical bone tissue using X-FEM under simplified
tensileloading conditions. In another recent attempt, Liu et al. (2010). Developed a homogenised X-
FE Mmodel to predict fracture of a proximal femur due toimpact

The extended finite element method (XFEM) has emerged as a powerful tool to analyse cracks
and measuring SIF Giner (2009). Is an important parameter, which judges whether there is crack
propagation. So, the numerical evaluation of the SIF is an important issue in applied fracture
mechanics (Bouiadjra 2007). Guian Qian et al. (2016) to compare different numerical methods for
mode [ stress intensity factor (SIF) calculations. Using the finite element method (FEM) and
extended finite element method (XFEM). XFEM method shows advantages in modeling cracks, but
oscillations in 3D.

After analysis of comparisons of predicted and fracture patterns for different model (Charnley
and Osteal) implant under the forces during stumbling and show the von Misses stress distribution
on the hip prosthesis total.
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Fig. 2 Finite element meshes of hip prosthesis components

Table 1 Material properties used in FE model

Young’s modulus ~ Poisson  Yield Strength  Ultimate Tensile

Materials E (Gpa) ratio o (Gpa) Strength (Gpa) Reference
Charnley stem Bronzino (2000).
stainless steel 316 L 230 0.3 0.455 0.65 Kayabasi (2006)
Osteal stem Ti-
GAIAV 110 0.3 0.795 0.86 Pyburn (2004)
Cortical bone 17 0.36 0.16 0.035 Monif (2012)
Darwish, (2009),
Bone Cement 2 0.38 0,0438 0.0353 Bergmann (2001)
Cancellous Bone 05 0.3 0.00389 - Darwish (2009),

Bergmann (2001)

2. Finite element model

The 3D FE models the femur, cement layer and femoral prosthesis were meshed by four nodes,
tetrahedral element (C3D4). The femur, bone cement and Charnley prosthesis were dividedinto855
583, 88811, and 229 065 elements, respectively, in the smallest mesh size. The complete Charnley
model (stem, bone cement and femur) has in total 1173459 elements. Are shown in Fig. 2(a) and
model of Osteal. The femur, cement and the femoral prosthesis were divided into 925 543, 92 851
and 329 065 elements, respectively, The complete Osteal model (stem, bone cement and femur) has
in total 1347459 elements. Are shown in Fig. 2(b).

3. Material properties

The mechanical properties of the materials are presented in Table 1. The cortical bone was
considered a transversely isotropic elastic material, whereas the spongy bone, cement, Charnley
stem stainless steel 316 L, and Osteal stem Ti-6Al4V were considered linear isotropic elastic
materials. To assign material properties of the cortical bone, elastic properties were inserted into
ABAQUS.

4. Loading condition
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Fig. 3 The variation of forces applied on the prosthesis during stumbling (Bregmann 2001)
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Boundary condition fixed

Fig. 4 Boundary conditions and the distribution of the applied and muscle forces on THP

The loading applied was taken from the work of Bergman et a/ (1993) it is illustrated in Fig. 3
which represent loading pattern for stumbling. In static analysis, the maximum force analysis was
employed to simulate simplified loading on the implanted femur for stumbling activity, this load
analysis is based, by selecting the peak load during the stumbling activity. stumbling resultant force,
F, on the head of the femur is 8.7 times the body weight (BW=70 kg) at 58% of the gait cycle. This
can be resolved into:

Fx:-2053.02 (N)  Fy:613.77 (N)  Fz:5693.49 (N)
In this study, the magnitudes and the directions of muscle forces data by Bregmann (2001). An
abductor muscle load Fabductor muscle is applied to the proximal area of the greater trochanter. An

iliotibial-tract load Filiotibial-tract is applied to the bottom of the femur in the longitudinal femur
direction is used. They are shown in (Table 2). The boundary condition was applied by fixing the
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Table 2 Muscle load magnitudes applied to the FE model (Bregmann 2001)

Force Fx (N) Fy (N) F. (N)
Abductor 465.9 34.5 695.0
VastusLateralis 7.2 148.6 746.3

Table 3 Contact details (Ramaniraka 2000)

Femur head- Cancellous-
Stem Cortical

Bonded

PMMA-Cancellous Femur head-XLPE Stem-PMMA

Frictional contact  Frictional contact  Frictional contact

(©=1) (#=0.2) («=0.4)

distal epiphysis, which is the distal end of the femur that is connected to the knee (Behrens et al.
2009).
Fig. 4 shows the coordinate system used to represent the direction of the forces components.
Optimum values of coefficient of friction, 0.4 for cement-stem and 1.0 for cement-bone
interfaces, were considered respectively (Ramaniraka 2000).

5. Fracture criteria for X-FEM

The X-FEM was first introduced by Belytschko and Blackand, and then, it was employed by
many researches to carry out their study in the field of fracture mechanics (Abdelaziz 2008).
Extended finite element method (X-FEM) is the most effective numerical method to solve discrete
mechanical problem. The XFEM was applied to simulate crack initiation and propagation of the
model, the basis for damage initiation as per the criterion of the maximum principal stress (¢1) as
indicated in Eq. (1)

fe= —H (1)

< Opmax>

The symbol <> represents the Macaulay bracket with the usual interpretation that is:
<o*max>=0if ocl1<0
And <o*max>=ocl if 61>0

Compressive stress does not initiate the damage. When the boot f e >0 criteria is met. Developed
in commercial finite-element software-Abaqus (Dassault Systemes 2013). The parameters required
by the X-FEM for models were selected on the basis of experimental data from the literature Table
4. Mischinski (2013).

5.1 Calculation of the stress intensity factor by XFEM

XFEM was mainly developed to compute discontinuous and singular problems and it also
simplifies the modeling of cracked structures and components. Therefore, XFEM can also be used
for calculating SIF. The advantage of XFEM lies in the crack modeling, because no remeshingis
needed in the crack growth problems and the crack path can be calculated. Discontinuities can also
be within elements. The essential idea of XFEM is to use a displacement field approximation that
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Table 4 X-FEM damage parameters(Susan Mischinski 2013).
Boneproperties
onc (Mpa) Gne (N/mm) Gsc (N/mm)
116 1.16 2.97
onc: the normal strength; Grc: fracture toughness for opening mode; Gsc: shear mode

can model any crack face discontinuity and the near crack-tip asymptotic stress field. As a
consequence, it is not necessary to modify the mesh to consider a specific crack; at most, moderate
refinement must be introduced around the crack to achieve good accuracy (Moés 1999, Sukumar
2000). Furthermore, XFEM has been implemented in the commercial FE code ABAQUS 2013.

The displacement approximation for the extended finite element formulation used for crack
modeling takes the form

Uxrem(X) = Tigr Ni (X)H(X)ai + Xiek[Ni(X) Xo—1 Fa(X)bia] (2)

Where [ is the set of all nodes in the mesh, Ni(X) are the nodal shape function and we are the
standard DOFs of node i (ui represents the physical nodal displacement for non-enriched nodes
only). The subsets J and K contain the nodes enriched with the Generalized Heaviside function H(X)
or the crack-tip. Functions Fa(X), respectively, and ai, b;, are the corresponding DOFs. Fig. 5
shows the enrichment method in XFEM. The nodal degrees of freedom corresponding to the
displacement are iu, j a, k bo,, Ni, Nj, Nk are the shape functions respectively. H(x) is the generalized
Heaviside function which takes the value +1 if x is above the crack and -1 otherwise.

_ (+1 above the crack
H () = {—1 below the crack )

x o ¢ is the asymptotic crack-tip fields, which implies the discontinuity occurs at the location of the
crack.

bd = (\/F sing, T cos g, Vr sin® sing ,/T sind cos g) (4)

Where (7,6) is the local polar coordinates at the crack tip. Note that the first function in Eq. (4) is
discontinuous across the crack faces where the last three functions are continuous.

H function enriches

- F P o— Ffunction enriches

AN

possible discontinuity (crack)

Fig. 5 Enrichment method in XFEM
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Fig. 7 Meshes for model with curved crack

To calculate the stress intensity factors (SIF) to identify the crack behavior implant materials for
different crack length (2, 10 and 30 mm). The crack is located at the diaphysis femoral and its radius
is defined in Fig. 6.

The main advantage of the X-FEM besides the accuracy in predicting the crack growth path and
fracture parameters is omission of special meshing for crack models in numerical analysis (Waisman
2010, Wyart 2008). The X-FEM mesh, as shown in Fig. 7(a), is built with a regular linear
hexahedrons 3D grid. A mesh adapted to the crack geometry can be used to minimize the calculation
error in the XFEM study. Fig. 7(b) shows the mesh, adapted to the crack geometry.

6. Results and discussions

The stresses may occur as tensile, compressive, shear, or a stress combination known as
equivalent Von Mises stresses. Von Mises stresses depend on the entire stress field and are a widely
used indicator of the possibility of damage occurrence. Thus, Von Mises stress was chosen for
presentation of results. The stress distribution was identified for each component of the hip
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Fig. 8 Von Mises stresses in the hip prostheses components: stem, cement and femur bone
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Fig. 9 Shear stresses along the different regions of the bone cortical

prosthesis for Charnley and Osteal models. The values obtained of these stresses around the
components of the prostheses are shown in Fig. 8.

Comparing the stress distribution on the hip prostheses, it can be observed the stress
concentration will be always at the neck area. Again, this is reasonable since there is a cross section
transition at the neck area that it should always exhibit high stress. The maximum tensile stress being
located in the middle of the lateral side of the prosthesis stem with a peak stresses almost equal (536
MPa for Charnley model and 269.6 MPa for Osteal model), for the comparison of stress distribution
in the cement mantle The maximum stress is below 88.5 MPa for Charnley model and 25 MPa for
Osteal model, in spite of the fact that the peak tensile stress for the Charnley model is greater than
that of Osteal model one, it was localized in a small region in the inner interior side of the upper
proximal part. For the femurs of the two models the maximum tensile stress exists in the distal part
with a value of 176.9 MPa which is greater than that for the Osteal model of 149 MPa. By using the
static analysis the treated femur expected to bend in the medial side showed resistance to the vertical
applied load. As a result, the peak tensile stress is localized in the upper third of the lateral side, Fig.
7.

Fig. 9 show the variation of the shear stresses along the different regions of the cortical bone of
the Charnley and Osteal prostheses. For Charnley prosthesis, the high value of shear stress in the
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Fig. 10 X-FEM fractures patterns for the different prosthesis in the bone femoral

cement mantle is observed at cortical bone interface, the maximum stress value is about 5 MPa.
For Osteal prosthesis, the maximum value of shear stress (2.5 MPa) is localized in the epiphysis

region at cortical bone.
The Fig. 10 shows the simulation results with the X-FEM we detected the crack initiation and
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Fig. 11 stress intensity factor of two implanted

follow its propagation in the femur, the fractures propagate through the femoral shaft in its lower
part flow third horizontal path in the shaft section for the two models (Charnley and Osteal implant)
and resulting from the complete rupture of the shaft femur.

Fig. 11 shows the stress intensity factors (KI, KlI, KI1I1) as a function of the normalized distance
of the crack forehead (contour) and has a length (2, 10 and 30 mm). The results of SIFs were taken
at mode I. Because the SIFs at mode Iland mode 111 were very small compared with at the value of
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modes |, the mode 11 and mode 111 values were not taken into account.

In the model Osteal, the KI for the cracks in the different length, regardless, in the lateral to the
medial part, the initiation of the crack propagates from the point (A) to point (B), started from a
maximum value and gradually decreased to a minimum value, to the length of 20mm beyond this
length this phenomenon is reversed. Same observation for model Charnley with significant values
compared to the Osteal. That is to say, which means that the latter absorbs the load exerted by the
patient.

7. Conclusions

In this paper, three selected methods (stress distribution, crack with X-FEM, stress intensity
factor) are applied to compare of model Charnley and Osteal.

From the results, it can be concluded that:

(1) The difference of stress distributions in models The stress values in the bone femur are

affected by the material, design and shape of the femoral stem.

In addition, the critical region is still predicted to be in the neck region (proximal part) for both

hip prostheses with Charnley and Osteal stems.

(2) X-FEM shows advantages in modeling crack and provides reasonable results. To simulate

cracking initiation and propagation was demonstrated to be effective for fracture analysis of

bone.the well-known Charnley model. The Osteal prosthesis can have the longest life span X-

FEM is recommended in modeling complicated cracks and structures.

(3) The KI values along the crack front showed oscillations, which may be due to the limitation

of the enrichmentfunction and limitations of the energy release integral implementation and the

extraction domains. Mode | was the most dominant mode of loading crack in the bone cortical.

After a comparison between the present results of the two models confirm that the Osteal model
of the hip prosthesis gives weak shear stresses in the bone cortical compared to the well-known
Charnley model. The Osteal prosthesis can have the longest life span.
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