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Abstract— Maintaining interface stresses within the adequate
levels while minimizing the stress shielding in the prosthesis
surrounding bone consider a design challenge in total hip
replacement.Functionally graded materials (FGMs), coatings and
hip femoral stem designs considered as the most important
concepts used for this purpose. The current investigation
compares the biomedical performance of these three concepts.
Five femoral stem material cases were studied for three different
stem geometrical configurations. These cases include uncoated
titanium stem, vertically distributedFGM stem, Ti-stem with
homogenous hydroxyapatite coating and Ti-stem with FGM
coatings distributedradially and vertically.Titanium and
hydroxyapatite are the principal constituents’ of FGMs. Five
FGM composition variation control parameters (m = 0.1, 0.5, 1, 2,
10) were considered in FGM cases. Moreover, threecoating
thicknesses (100 µm, 300 µm and 500 µm) employed for coated
stem cases.The results revealed that, the values and distributions
of shear stresses at different interfaces and von Mises
stressesdeveloped at femoral stems, cement and bone vary from
one prosthesis profile to another. Furthermore, vertically
distributed FGM stem develops the lower stresses in the femoral
prosthesis and the higher stresses in bone which will reduce the
stress shielding and will increase the lifespan of the total hip
replacement.
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I. INTRODUCTION
The development of new hip joint implants is a challenge to
improve their actual performance and success rates.
Cobalt-chromium (Co-Cr) alloys, titanium (Ti) and its alloys,
Ti-6Al-4V and stainless steel (SS) are frequently used as
implants due to their good corrosion resistance and reasonable
fatigue life properties. Currently, titanium and its alloys
considered as the most important materials for artificial joints
since their mechanical properties are closer to those of natural
bone than are those of Co-Cr alloys or SS. But in general, these
metallic materials are much stiffer than cortical bone.
Consequently, potential proximal stress shielding and bone
resorption may occur which may lead to prosthesis failure or
may require revision surgery [1-3].
Since for a given stem geometry design, prosthesis material
elastic modulus consider as the most critical design variable.
Because, it essentially controls how the load is transferred to

the surrounding bones of artificial joint [4]. Thus, some
concepts of femoral stems with graded flexibility were
proposed to mitigate the stress shielding effect and the other
negative effects. Some techniques for material optimization of
hip stems through one and two-dimensional functionally
graded material (FGM) suggested by Hedia et al. [5-7]. Their
proposed techniques showed that the use of FGM stems reduce
the stress shielding at the proximal lateral bone and the
maximum interface shear stress at the femoral stem/bone
interface compared to homogenous titanium stem. Also,
Al-Jassir et al. [8] showed that using functionally graded stem
increases the resultant stresses at the femur bone compared to
metallic stem which will reduces the stress shielding effects.
Furthermore, different geometrical configurations of
functionally graded femoral prostheses (FGFPs) studied by
Oshkour et al. [9-14]using three-dimensional finite element
analysis. They concluded that, stress shielding and interface
stress can decreased by the employment of femoral prosthesis
with adjustable stiffness (i.e. FGFPs), which result in an
increase in the total lifespan of the hip replacement. Moreover,
Lopes et al. [15] introduce a new concept for a femoral stem
through a graded elastic modulus using metastable β-Ti alloy.
Their results confirmed the feasibility of designing biomedical
implants with hybrid mechanical behavior from metastable
β-Ti alloys. They attained a stem with an adjustable elastic
modulus (E varying from 65 GPa to 110 GPa) by applying
specific heat treatments to specific regions in the femoral stem.
Additionally nowadays, coatings materials are broadly used
in industrial applications to provide valuable improvements in
designs. These improvements may be against wear, corrosion,
erosion, heat, etc. [16]. Therefore, coated stems may be used as
another concept to reduce stress shielding and interface stresses
restrictions. Hydroxyapatite (HA) attracted attention as a
surface-coating compound as a result of its high
osteoconductivity since it considered as the main inorganic
component in the mammal bone or tooth [2]. Chambers et al.
[17] evaluated the clinical use of tapered cementless femoral
stems with hydroxyapatite coating. They revealed that,
hydroxyapatite-coated femoral stems had a considerable
improvement on the proximal femoral fixation. This
improvement reflected radiographically by more bone growth
around the implant proximal portion and less proximal stress
shielding.
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A review of material fundamentals and clinical performance
of plasma-sprayed hydroxyapatite coatings carried out by Sun
et al. [1]. Moreover, Park et al. [18] study of the clinical and
radiographic results of using plasma spray-coated Ti femoral
component for cementless total hip arthroplasty. They
concluded that, femoral stems with plasma-sprayed HA
coatings revealed advantages of faster and stronger fixation and
higher osseous remodeling both in vivo and clinically.
Furthermore, several investigations studied the synthesis and
the advantages of using hydroxyapatite (HA), calcium silicate
(CS) ceramics and other bioactive-coatings deposited on
femoral stems in total hip arthroplasty [19-27].
Evans and Gregson [28] suggested a numerical optimization
technique to improve the design of a coated, cementless hip
prosthesis. They represented the prosthesis by a simple
one-dimensional finite element model. They retained
implant-bone interface stresses within normal limits and
minimized stress shielding by altering implant diameter and
coating thickness at various points. Their proposed design
showed a noticeable reduction in interface stresses and stress
shielding compared to traditional designs. Moreover, a
3D-FEM model of biocomposite metal-surface coating system
consists of Ti6Al4V metallic substrate and hydroxyapatite
(HA) coating proposed by Sobieszczyk et al. [29] and used to
estimate the behavior of biocomposite metal-surface coating
systems influenced by external loading.
Recently, Hedia and Fouda gathered the functionally graded
material and coating concepts in their investigations of cement
and cementless hip prostheses [30, 31]. They found that,
femoral stems coated with functionally graded hydroxyapatite
and collagen significantly reduce stress shielding compared to
homogenous titanium stem coated with hydroxyapatite [31].
Moreover, they investigated the use of FGM coating on
retreating stress shielding at the medial proximal region of the
femur. They graded the elastic modulus of the coating material
vertically from hydroxyapatite at the stem proximal part (top)
and collagen at the distal end of the stem (bottom). They
concluded that, femoral stem with FGM coating demonstrated
an increasing of maximum von Mises stress at the medial
proximal region of the femur bone compared to titanium stem
and titanium stem coated with HAP, respectively [30]. As a
result of FGM coating, a reduction in the stress shielding
obtained which lead to prevent bone resorption. But, they
carried out their investigations on a single stem geometry
design. However, the stem geometry design plays an important
role on stress distribution in total hip replacement as indicated
by several researches [32-42]. Additionally, it is worth to note
that, Oshkour et al. [9, 10, 14] in their investigations taken into
account the functionally graded material and different
geometrical configurations of femoral prostheses. They
accomplished their comparative studies about the performance
of longitudinal and radial functionally graded femoral stems
with
different
geometrical
configurations
through
three-dimensional finite element analyses.
Consequently, to the best of the author’s knowledge, past
investigations focusing only on one or in the best case two of
the aforementioned concepts (i.e. the functionally graded
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materials, the coating and the different hip femoral stem
designs). Therefore, the main objective of the current
investigation is the employment of the abovementioned
concepts to evaluate their effects on stress distributions in
cemented total hip replacement using two-dimensional finite
element analysis. Moreover, the present work set out to explore
the best way of using these concepts to reduce the stress
shielding occurred in the femur bone after prosthesis
implantation as well as interface stress between the implant and
bone.
II. MATERIALS AND METHODS
A. Functionally graded material (FGM)
Currently, the development of new biomaterials for medical
applications considered as the most challenging task for
biomaterials researchers. Moreover, complex hierarchical
structures are notable feature of natural biomaterials such as
bone. Consequently, functionally graded materials (FGMs)
used as synthetic biomaterials with controlled hierarchical
structures, which can resemble the natural ones. They proposed
to satisfy the obvious need for better artificial dental [43-45],
hip [5, 7-14, 30, 31] and knee [46-50] implants.
The two-components FGM considered in this study can be
described by a compositional gradient from one component to
the other. Constituents’ volume fractions vary gradually in
some directions as a function of position resulting in
corresponding changes in the properties of the material. Thus,
the volume fractions of the constitutive materials (i.e. material
1 and material 2) characterized by V1 and V2 respectively.
These volume fractions represented by the following equations
[6, 46-48, 51]:
m

y 
V 1  
h
V 2  1 V 1 

(1)
(2)

whereh denotes the total height of the FGM in the gradation
direction, y denotes the position of different gradation points
along it and m is a parameter that controls the composition
variation through it. For FGM with material 1 rich composition
parameter m must be less than unity. While, for FGM with
material 2 rich composition parameter m must be greater than
unity. The FGM porosity p may be calculated using the
following equation [51]:
n
z
y   y  
(3)
p  A   1    
 h    h  
n
where 0  A  ((n  z ) / n )
(4)
1  (n / (n  z )) z
The arbitrary parameters A, n and z control the FGM
porosity and taken as 0.1, 1 and 1 respectively [46-48]. The
effective modulus of elasticity at any point within the FGM can
be represented by the following relationships [51]:
E O (1  p )
(5)
E 
p (5  8 )(37  8 )
1
8(1  )(23  8 )
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(7)

Noting that, E0 denotes the elastic modulus at zero porosity,
E1, E2 and1, 2 are the elastic moduli and Poisson’s ratios of
the two constitutive materials, respectively.
B. Femur and prosthesis models
In fact, as indicated above numerous studies tried to enhance
hip prosthesis implant stiffness by altering its geometry and
material to accomplish greater compatibility between the
implant and femur. The current investigation considers only the
three hip prosthesis implant profiles proposed by Oshkour et al.
[9, 10, 14] (Fig. 1). For simplicity, the comparative studies will
only conducted on two dimensional models of the proposed
profiles using finite element method. The following five case
studies will considered for cemented hip femoral stems:
 Case 1 (Ti-uncoated): uncoated titanium stem
 Case 2 (FGMV stem): vertically distributed functionally
graded material stem
 Case 3 (Ti-HA coat): titanium stem with hydroxyapatite
coating
 Case 4 (Ti-FGMR coat): titanium stem with radially
distributed functionally graded material coating
 Case 5 (Ti-FGMV coat): titanium stem with
verticallydistributed functionally graded material coating
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Coating thickness has a very important role on the
performance of the metallic medical implants [20, 23, 29-31,
52]. Some of the pervious literatures used femoral stems with
coating thickness in the range of 100µm to 500 µm [30, 31].
Therefore, in the current research three coating thicknesses
(100 µm, 300 µm and 500 µm) employed for each stem with
coating material (cases 3, 4, and 5). Moreover, five FGM
composition variation control parameters (m = 0.1, 0.5, 1, 2,
10) considered for FGM stem (case2) and stems with FGM
coating (cases 4 and 5). Accordingly, 117 femoral prostheses
models were employed to conduct this numerical study.
C. Finite element modeling of hip implants
Finite element analysis (FEA) frequently used to study the
biomechanical performance of hip joint implant designs as well
as to explore the effect of various parameters on implant
success. Furthermore, FEA used to optimize design and
materials selection in many load-bearing components. ANSYS
general purpose FEAs package used to construct, run and get
results from the 2D models of the above aforementioned cases.
For this purpose, ANSYS parametric design language (APDL)
used to facilitate the studying the influence of different
parameters on stress shielding arising in the implanted joint.
Therefore, each model is a construction consists of the hip-joint
prostheses anchored in the resected proximal femur with
poly-methyl-methacrylate (PMMA) bone cement. Thus, all
models include cortical bone, cancellous bone, PMMA bone
cement and femoral stem (Fig. 2).

Fig. 1.Hip prosthesis profiles: (a) 1stprofile, (b) 2ndprofile, (c) 3rdprofile after [9, 10, 14].
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Fig. 2. The finite element models of the uncoated hip prosthesis profiles (case 1) showing the different materials ((a) 1 stprofile, (b) 2ndprofile and (c) 3rdprofile).

Mechanical properties of cortical bone, cancellous bone,
PMMA bone cement, titanium femoral stem as well as FGM
constitutes taken from literatures [9, 10, 13, 14]. Noting that,
except cortical bone all materials considered to be isotropic,
linearly elastic and homogeneous. Moreover, titanium and
hydroxyapatite used as the metallic and ceramic constitutes of
the FGM femoral stem and FGM coatings. However, the
volume fractions of the constituent materials and thus the
gradation of the mechanical properties were controlled by the
FGM composition variation parameter m. As indicated above,
five FGM composition variation control parameters (m = 0.1,
0.5, 1, 2, 10) considered for FGM stems and stems with FGM
coating. Figure 3 presents the variation in the elastic modulus
for different FGM composition variation control parameter
(m). Noting that, elastic modulus variation will be throughout
the prosthesis length for FGM stems (case 2) and stems with
vertically distributed FGM coating (case 5) and will be
throughout the coating thickness for stems with radially
distributed FGM coating (case 4). Table (1) shows the
mechanical characteristics of biological and biomaterials used
in the developed models.
C.1. Application of material gradient
FGM simulation must reveal the graded distribution of
material properties. Important efforts paid to precisely attain
continuous property variation into finite element formulations.
In fact, ANSYS has no specified material module for the FGM
analysis. On the other hand, many experimentally produced
FGMs have a stepwise variation in properties and should be
modeled as such [53]. Consequently, the analysis of 1D-FGM
is usually based on medium segmentation into a number of
layers with different material properties depending on the
distribution direction (i.e. vertical or radial) and the
composition variation control parameter (m). Therefore, for

radially distribution FGM, material properties assigned to each
layer. However, in the current study free meshing was used
which complicate properties assignment of FGM with vertical
distribution. Thus, for FGM distributed vertically, material
properties assigned to each element individually using element
centroid coordinates and the FGM governing equations
mentioned above. In general, the two techniques of material
assignment lead to a discontinuous step-type variation in
properties. But, this may compromise a more appropriate
representation of a real functionally graded material than an
ideal smooth gradient. Figure (4-b to 4-e) shows a close-up of
meshing to illustrate the distributions of functionally graded
material for the different cases.
C.2. Loading and boundary conditions
Usually, static finite element analyses (FEAs) utilized to
simulate simplified loading configurations of hip prosthesis
implant. These FEAs are carried out under body weight loads.
In general, complex loading scenarios including a number of
muscle forces as well as the hip contact force can be employed
to simulate the different hip loading conditions. The
simulations of hip implant and femur frequently employ muscle
forces to obtain realistic approximation of the musculoskeletal
loading conditions. Consequently in the present study, a load of
3000 N acting at an angle of 20º applied to the prosthesis head,
which is similar to the highest gait load obtained during normal
walking for a 70 kg person. Moreover, a force of 1250 N
employed at an angle of 20º to the vertical over the proximal
area of the greater trochanter which come close to the abductor
muscle load. Finally, the ilio-tibial-tract load represented by
250 N force employed parallel to the femur shaft in the distal
direction [4, 30]. Restraints applied distally to the cortical bone
of the femur shaft. Locations of the applied loads and restraints
are shown in Fig. (4-a).
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Table I
Mechanical characteristics of biological and biomaterials represented in the FE
models.
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Fig. 3. Variation in the modulus of elasticity for different FGM composition
variation control parameter (m).

3000 N
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(a)

Fig. 4.The finite element model of the uncoated hip profiles (case 1) showing the applied loads and restraints (a) and close-up of meshing to illustrate the other
cases: Ti-stem coated with HA coating (b), FGMR coating (c), FGMV coating (d) and FGMV stem(e).

III. RESULTS AND DISCUSSION
Precedent investigations show that mechanical properties
particularly the elastic modulus of the prosthesis material is the
most significant design variable which determines how load is
transferred from the prosthesis to the bone via the cement [4,
47]. Since implant with high elastic modulus induce less
deformation and thus lower strain energy in the bone
surrounding the implant which may lead to bone stress
shielding [9, 47]. Accordingly, there is a need to transfer higher
stress to the implant to approach the stress levels of the normal
biological bone. Moreover, coatings materials are recently
applied to hip and knee prostheses to provide valuable
improvements in designs. Therefore, the subsequent present the
results and discussion about the effect of using different
material types of femoral stems (Ti-uncoated, FGMV stem,
Ti-HA coat, Ti-FGMR coat and Ti-FGMV coat) on the stresses
developed in the implanted hip joint for three stem profiles.
A comparison of shear stresses distributions for stem/cement
and cement/bone interfaces in lateral and medial sides for the
first profile using the abovementioned five femoral stem cases

presented in Fig. 5. Noting that, the composition variation
control parameter (m) for FGMs taken as one (cases 2, 4 and 5)
and for coated stems coating thickness taken as 500 µm (cases
3, 4 and 5). It can be noted that, the distal sections in
stem/cement and cement/bone interfaces for both lateral and
medial sides usually have the maximum shear stresses.
Moreover, for both lateral and medial femoral stem/PMMA
cement interfaces, shear stresses decreased gradually from
distal towards the proximal.
Fig. 6 illustrates the comparison of maximum shear stresses
developed at both lateral and medial sides of stem/cement and
cement/bone interfaces for the five cases using the three
femoral prostheses geometrical configurations, respectively. It
is observed that, except at the small coating thickness (i.e. 100
µm) for the lateral stem/cement interface the Ti-uncoated case
usually shows the maximum shear stresses at both lateral and
medial stem/cement and lateral cement/bone interfaces. Since,
for the 100 µm coating thickness Ti-FGMR coat case has the
maximum lateral stem/cement interface shear stresses for the
three stem profiles. Comparing to the Ti-uncoated case,
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maximum interface shear stresses increased by about 3% for
1stand 3rdprofile and by about 4% for the 2ndprofile. By contrast,
FGMV stem case shows the minimum shear stresses for both
lateral and medial stem/cement interfaces and lateral
cement/bone interface. While, FGMV stem case usually
presents the maximum shear stress at medial cement/bone
interface. In addition, except FGMV stem case there is a
negligible change in the maximum shear stresses values at both
lateral and medial cement/bone interfaces.
Moreover, comparing the effect of the three femoral
prostheses geometrical configurations on the maximum shear
stresses at different interfaces, it is found that for all cases,
1stprofile usually develops the maximum interfaces shear
stresses while the 2ndprofile frequently develops the minimum
values.
Fig. 7 shows the effect of the FGM composition variation
control parameter (m) on the maximum interface shear stresses
for FGMV stem, stem with FGMR coat and stem with FGMV
coat cases using the three stem profiles. Noting that, for coated
stems coating thickness was taken as 500 µm. It is observed
that; for the 1ststem profile; the maximum shear stress values
decrease by increasing the FGM composition variation control
parameter (m) for both lateral and medial stem/cement
interfaces and lateral cement bone interface. At contrast, medial
cement/bone interface shows an increasing in the maximum

interface shear stress by increasing FGM m-parameter.
Furthermore; for the 2ndand 3rdstem profiles; increasing FGM
m-parameter reduces the values of the maximum interface
shear stresses at both lateral and medial stem/cement interfaces.
While, it has a negligible effect for both lateral and medial
cement/bone interfaces.This reduction in the maximum shear
stress valuesmay be interpreted by the fact that higher FGM
m-parameter results in hydroxyapatite rich FGM coating
especially at the interface region. This will help in smooth
stress transferring to bone via cement mantle.
The maximum von Mises stresses developed in the cortical
bone at its lateral and medial sides are shown in Fig. 8-a and b.
Whereas, Fig. 8-c presents the maximum von Mises stresses
developed in the three profiles configurations of femoral stems
for the different cases. It obvious to note that, the variation of
the maximum von Mises stresses for the different cases varies
according to the different geometrical configurations of hip
femoral stems.In addition, for the same femoral stem profile,
the different cases show slight distinction in the values of
maximum von Mises stresses developed in cortical bone in
particular at its lateral side. While at its medial side,FGMV
stem case has significant increasing in the maximum von Mises
stresses compared to the other cases.

0.5

(a)

0.5

Ti-uncoted

Interface shear stress (MPa)

Interface shear stress (MPa)

0.6

FGMV stem

0.4

Ti-HA coat

0.3

Ti-FGMR coat

0.2

Ti-FGMV coat

0.1
0.0

Ti-uncoted

(b)

0.4

FGMV stem
0.3

Ti-HA coat

0.2

Ti-FGMR coat
Ti-FGMV coat

0.1
0.0
-0.1

-0.1

-0.2

-0.2

-0.3

-0.3

-0.4
25

50

75

100

125

150

175

200

25

225

50

75

100

125

150

175

200

Distance at interface from distal to proximal

Distance at interface from distal to proximal
0.7

0.6

(c)

0.6

Ti-uncoted

Interface shear stress (MPa)

Interface shear stress (MPa)

67

FGMV stem

0.5

Ti-HA coat
0.4

Ti-FGMR coat

0.3

Ti-FGMV coat

0.2
0.1
0.0

(d)

0.5

Ti-uncoted
FGMV stem

0.4

Ti-HA coat

0.3

Ti-FGMR coat

0.2

Ti-FGMV coat

0.1
0.0
-0.1
-0.2

-0.1

-0.3
25

50

75

100

125

150

175

Distance at interface from distal to proximal

200

225

25

50

75

100

125

150

175

200

Distance at interface from distal to proximal

Fig. 5. Distribution of shear stresses using the first femoral stem profile along (a) lateral and (b) medial sides of stem/cement interfaces and along (c) lateral and (d)
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On the contrary, 2nd geometrical profile usually develops the
higher levels of von Mises stresses at cortical bone (Fig. 8-b)
and the lower levels at femoral stems (Fig. 8-c) in all cases
compared to the 1st and 3rd femoral stem profiles. Therefore,
from the developed stresses point of view, femoral prostheses
with 2nd profile geometrical configuration is preferred since it
induce high levels of stresses in bone and low levels in femoral
stem which will minimize bone stress shielding. Moreover,
vertically distributed functionally graded material stem
represents the most effective case compared to the other cases.
Also, it is worth to note that; in addition to the geometrical
configuration of the prosthesis;the FGM composition variation
control parameter (m) can be changed to adjust the developed
stresses in the implant and surrounding bone.
26

Maximum von Mises stress (MPa)

(a)

Ti-uncoted
FGMV stem
Ti-HA coat

25

Ti-FGMR coat
Ti-FGMV coat

24

23

22
Profile1

Profile2

Profile3

35

Maximum von Mises stress (MPa)

Ti-uncoted

34

(b)

FGMV stem
Ti-HA coat

IV. CONCLUSIONS
Thisstudy compared the performance of three femoral stem
designs using five femoral stem material cases comprise
uncoated Ti-stem, FGM stem, Ti-stem with HA coating and
Ti-stem with FGM coatings distributed radially and vertically.
The results of the current study lead to the following
conclusions.
 Maximum shear stresses at stem/cement interface
influenced significantly by the prosthesis design, coating
thickness and FGM composition variation control
parameter (m). While, they had limited variations at
cement/bone interface for all combinations of
profiles,coating thickness and FGM m-parameter.
 The second femoral prosthesis profile usually induced
high stress levels in bone and low levels in femoral stem
which will minimize bone stress shielding.
 Increasing coating thickness reduced the developed von
Mises stresses in the femoral stem and shear stresses at
interfaces although it increased the developed von Mises
stresses in the bone.
 FGM composition variation control parameter (m) had a
considerableinfluence on developed stresses. For stems
with FGM coatings, maximum shear stress values
reduced by increasing FGM m-parameter which will give
smooth stress transferring to bone via cement mantle.
 FGMV stem induced the lower stresses in the femoral
prosthesis and the higher stresses in bone compared to the
other stem material cases.
Consequently, the use of functionallygraded materials in
femoral stem or as coating will increase the hip prosthesis
performance and life.
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