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Abstract Total hip joint replacement has problems, one of
the most important of which is the stress shield
phenomenon and weak bone growth. When the modulus of
elasticity of the prosthesis is higher than that of the bone,
most of the physiological load is transferred to the implant
and the bone deteriorates. The solution to minimize it and
strengthen bone growth is to use materials with elasticity
modulus close to bone for prosthesis, and functionally
graded materials (FGM) with porosity have shown better
results than other materials. In this article, the model of
cylinder and prosthesis based on ISO 7206-4 and the
model of prosthesis and bone are used, and the results of
applied  stresses, stiffness of prostheses, and
micromovements between prosthesis and bone are
analyzed by the finite element method. The superiority of
this study compared to previous studies is the use of
prosthetic and cylinder models for different geometries
and the investigation of micromovements and its effect on
bone growth. The results show that the use of porous FGM
prostheses for each different prosthesis geometry is
effective in reducing the stress shield and bone growth.
Key Words Femoral prosthesis, Functionally graded
materials, Porosity, Stress shielding, Finite element
method, Micromotion.

1- Introduction
Total hip replacement (THR) is known as a good choice

for patients and can be useful for pain relief, function
recovery, and quality of life improvement. Despite the
success of THR, some reasons can negatively affect the
use of this treatment, such as stress shielding. In this study,
to solve this problem, a functionally graded material
(FGM) was used for femoral prosthesis. Therefore, to
investigate the effect of these materials, two models of
prosthesis-epoxy cylinder and prosthesis-bone were used.
The use of FGM materials in the prosthesis-cylinder model
for different geometries and the investigation of micro-
movements and their effect on bone growth were among
the innovations of this research compared to other articles.

2- Methods

Three designed profiles and three circular, oval, and
trapezoidal shapes were chosen for the distal and proximal
sections of the prosthesis for this research. Three-
dimensional (3D) design was applied in Solidworks
software. To assign FGM materials consisting of two
metal and ceramic materials for prostheses, the one-
dimensional model of these materials and their constitutive
equations were used. The following equations were used
for the modulus of elasticity:

_ E,(1-p) 1)
1 p(5+8v)(37 —8v)/{8(1 + v)(23 + 8v)}
where E, is:
E¢ + (Ey — Eo)VZ/3
Ey = E¢ 2/3 (2)
Ec + (Em — E (V2 = Vi)
and
Vm = (V/l)m 'Vc =1- Vm (3)

where E. and E,, are the mod 1s f elas city of ce imic
and metal, respectively. The V,,, V., and v denote vc ume
fraction of metal, the volume fraction of ceramic, V.and
the Poisson's ratio of e whole FGM material,
respectively. The functional )orosity of the FGM material
is also specified by the p parameter. To assign the
properties of the FGM material to the selected prostheses
and transfer them to ABAQUS, it was necessary to write a
subroutine (USDFLD subroutine) of relations in the
Fortran programming language and the Visual Studio
software environment.

3- Prosthesis-epoxy cylinder model
All models were first integrated into 3D finite element

models in ABAQUS to evaluate the performance of the
designed prostheses in the natural femur. The ISO (ISO
7206-4) used in this research includes the endurance
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performance of femoral stem compone s Hhip
prostheses and femur stem components thata 1 € | ne
in partial hip joint replacements. In FGM, m = 0,0.1 is
used to assign the properties of the material to the
prostheses. The settings and positions of the prostheses
inside the cylinder, as well as the loading, boundary
conditions, and interference between the investigated
components, are adjusted based on the 1SO used.

4- Prosthesis-bone model

To study the effect of designed FGM prostheses, the finite
element model that includes the prosthesis and femur
along with suitable physiological loads was used. For this
purpose, a 3D model of the bone was first prepared and
assembled with the prostheses for the finite element
analysis. A set of CT-scan images of the femur of a 28-
year-old person was used for the 3D reconstruction of the
desired area and to convert it into a 3D model. Between all
components, sliding is limited, surface-to-surface contact
with a friction coefficient of 0.4 is considered, and
tetrahedral elements of the second order (C3D10) are
assigned.

5- Results

The FGM material assigned to the prosthesis was validated
based on the work of Hedia et al., which is shown in Figure
(). As can be seen, both the elasticity modulus-length
diagrams of the prosthesis in this study and the model of
Hadia et al. were in good agreement and were used for
finite element analysis for models as well as prosthesis
geometries.

The results obtained from the prosthesis-epoxy cylinder
model. Force-displacement diagrams were extracted for
all prostheses with two homogeneous materials, titanium,
and FGM, in the epoxy model.

As shown in Figure 2 as an example of the prosthesis
with a circular cross-section profile, it is clear that the
FGM structure reduced the stiffness (slope of the force-
displacemen 1i 3 1) of the prostheses. This means that
by increasing F 1 :eupto 2250 (N), all FGM prosthesis
geometries (m = 0.1) have more displacement compared
to the homogeneous prosthesis, and as a result, the stiffness
decreases and approaches the bone stiffhess, which is what
we had in mind.
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Figure 1. Diagram of changes in the modulus of elasticity in the length
of the prosthesis for the present model and the model of Hedia et al.
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Figure 2. Force-displacement diagram of circle profile
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Figure 3. Chart of changes in the maximum value of von Mises stress
according to the volume fraction of FGM material in profile 1 prostheses
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Figure 4. Chart of changes in the maximum value of von Mises stress in
bone according to the volume fraction of FGM material for profile 1
prostheses

The results obtained from the prosthesis-bone model. The
stresses in each layer of the prosthesis as well as the bone
were calculated through the resul 111 ¢ «nent
analysis for nine dense prosthesisger 1 r ¢+ ¢ 5 Afor
the volume fraction index values of m = 0,0.1,0.5,1 ina
normal walking cycle (Figures 3 and 4). In all prostheses
using FGM material, the stress applied to the prosthesis
decreased compared to the dense titanium material and
increased in the bone, which was as expected. The variety
in values is attributed to the difference in the design of each
prosthesis, profile, surface of different cross sections, and
the volume fraction index of FGM materials. The micro-
movement was calculated for distinct geometries, and the
micro-movements of more than 150 um are considered
excessive and cause instability in the prosthesis and
surgical failure. Therefore, among all geometries,
prostheses with trapezoidal cross-sectional geometry and
profiles two and three exceed the permissible limit and
should not be used by the patient.

6- Conclusion

FGMs are new materials with excellent capabilities.
Consequently, the main purpose of this research was to
investigate the effect of using FGMs instead of dense
materials in reducing the stress shielding phenomenon and
enhancing bone growth in hip prostheses. In the design of

the prosthesis for THR, flexible prostheses create less
stress shielding in the surrounding bone but have more
micromotion, and on the other hand, rigid prostheses with
high-tension  shielding induce less micromotion.
Therefore, the design challenge is to know how to
minimize the shielding stress while keeping the micro-
movements of the interface at acceptable levels and not
exceeding the permissible limit. Moreover, by examining
the different indices of FGM material and the stress results
obtained from the bone and prosthesis model, we
concluded that the larger the volume fraction index of the
FGM material, the stress values in the prosthesis and bone
compared to the applied stresses to the prosthesis and bone
group, in the case of using a prosthesis with dense titanium
material, decreases. Therefore, the values of volume
fraction index for FGM material are very effective and
should receive more attention and be investigated to reach
the appropriate index.
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