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a b s t r a c t

Aseptic loosening of femoral components is a significant problem affecting the life of current total knee
replacements. To help reduce the problem of aseptic loosening, a new metal–ceramic poros functionally
graded biomaterial (FGBM) has been designed to replace the existing metal alloy material normally used.
In order to investigate the effect of using a FGBM on distal femur stresses compared to using standard
material in a femoral component, a three-dimensional finite element model of the knee prosthesis has
been developed. The results of the modeling and subsequent analysis indicate that by using the new
FGBM compared to the existing material in a femoral component, higher levels of stress can be realized
in the adjacent bone area of the femur and as a consequence reduce harmful atrophy effects. Also, by a
judicious choice of material combinations and variation of porosity in the FGBM, the surface properties
can be tailored to improve wear resistance at the articular interface and bone anchorage at the femoral
end, as well as varying the stiffness in the core of the femoral component. Therefore, the use of the new
FGBM improves the performance of knee prostheses by addressing concurrently the three current leading
causes of failure; stress-shielding of the bone by the implant, wear of the articular surfaces, and the
development of soft tissue at the bone/prosthesis interface as a result of relative implant motion.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The knee joint is one of the most complicated structures in the
human body. It is made up of a combination of bony bodies (femur,
tibia, patella and fibula), soft tissues (cartilages, menisci, ligaments,
tendons) and synovial fluid. The knee is the strongest joint and
supports almost the whole body weight and provides mobility.
However, it commonly suffers from acute injury and development
of osteoarthritis, which make the joint painful. Total knee replace-
ments (TKR) are an efficient means of relieving extreme pain and
restoring physical function in patients. In recent years, TKR has
found critical importance in orthopedics as the statistical data
has shown that the number of total knee arthroplasties by the
end of 2030 is estimated to grow by 673% from the present rate,
i.e. about 3.48 million procedures [1]. However, the success of
today’s TKRs is usually limited to a life span of around 10–15
years, which is a concern for younger and more active patients
experiencing replacement surgery [2]. The revision procedure of
a total knee implant is very expensive, causes pain for the patient,
and the success rate is rather small compared to primary total knee
arthroplasties [3]. Despite the unfavorable outcomes, the number
of knee implant revision surgeries is predicted to increase by
601% between the years 2005 and 2030 [1]. Therefore, what is
now needed is to reduce the rate of revision surgery by providing
more durable knee prostheses.

One of the most serious problems related to revision surgery is
aseptic loosening of TKR components [4,5]. Aseptic loosening oc-
curs in all TKR components but in the femoral component is the
most challenging problem. This is because it is the key component
in a knee prosthesis, which articulates against the patellar and the
tibial components and is attached to the distal end of femur and its
failure can occur as a result of different causes. The femoral compo-
nent, due to it interfacing with other components in the whole
knee joint system, needs to optimize several specific functions to
reduce or even prevent the incidence of aseptic loosening. This
can be achieved by careful design and consideration of materials.
Therefore, developing a new biomaterial for this component and/
or modification of the existing design in order to meet the demand
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of optimal functions can help reduce the loosening problem and in-
crease the life span of the implant. With this aim in mind, the pa-
per evaluates and discusses the feasibility of tailoring a new
functionally graded biomaterial (FGBM) specifically designed for
a femoral component using finite element analysis (FEA).
Fig. 2. The components of a total knee replacement.
2. Material design for femoral component

The use and development of materials have evolved from
‘‘materials by chance’’ to ‘‘materials by design’’ [6]. This evolution
has had four stages of progression, as shown in Fig. 1, including
‘‘using the materials available on site’’, optimization of specific
classes of materials, ‘‘hyper-choice of materials’’ and finally ‘‘tai-
lored materials’’ or ‘‘materials by design strategies’’. The recent
evolution emphasizes the importance of modeling and multi-func-
tionality of materials. In different engineering fields, a large num-
ber of materials need to be specifically designed to meet the
requirements for application specific and/or multi-functional
materials [7]. The femoral component of a total knee replacement
is a specific application that needs to perform multiple functions
under different loading situations without failure (mainly due to
the occurrence of aseptic loosening). Therefore, the design of a
multi-functional material that is capable of fulfilling the particular
requirements necessary to avoid loosening problem, will help pro-
vide longer lasting knee prostheses.
2.1. Design requirements

The knee prosthesis contains multiple components made of var-
ious materials in which all the components and their relative inter-
actions influence the criteria for designing the components’
materials. Therefore, determining the design requirements for a
multi functional material to be used for a femoral component
needs an overview of all TKR components and their respective
positions in the knee joint system. Current TKRs are mainly com-
posed of a femoral component, tibial tray, tibial insert and patellar
component (Fig. 2). The femoral component replaces the distal end
of femur and tends to mimic the natural shape of femoral condyles.
The two condyles are highly polished and extend from the distal to
posterior surface for the tibiofemoral articulation. This component
also has a groove along the anterior surface for the patellofemoral
joint. The tibial tray replaces the proximal end of tibia and provides
a foundation for the tibial insert. Both, femoral component and tib-
ial tray are usually made of metal alloys but sometimes fabricated
from ceramics. The components can be fixed in place either with or
without cement. The tibial insert, which articulates against the
Fig. 1. Evolution in the use and development of materials [6].
femoral component, distributes the load transferred from the fe-
mur to the tibia and has a low-friction surface with two slightly
dished-out patches to match the condylar profile of the femoral
component and to enable the required translations at the knee
joint. The patellar component replaces the posterior part of the
knee cap to articulate against the femoral component in the patel-
lofemoral joint. This allows restoring the functions of the original
patella i.e. protecting the front of the knee and increasing the mo-
ment arm for quadriceps muscles. The tibial insert and the patellar
component are typically made of polymeric materials. Therefore,
the articulating surfaces are metal-on-polymer interfaces.

When a failure occurs in an engineering product or system, the
material, product design and the process require reconsideration
because these aspects are related to each other and with the func-
tion and performance of the product. Usually, when a new material
is designed or an existing material chosen to be used in a final
product design, it establishes a specific design for manufacture ap-
proach in order to completely fulfill the desired requirements. It is
reasonable that the design of a new material, in order to meet the
demand for better performance, is accompanied with the design
modification of product and vice versa. Generally, an amenable
product innovation requires the engineering activities across mate-
rials, product design, and manufacturing to be more closely cou-
pled. Fig. 3 shows the relation of parameters affecting the aseptic
loosening and long term success of knee implants.

In total knee replacement, there exist three main leading causes
for aseptic loosening:

(1) Excessive wear of articular surfaces.
(2) Stress shielding of the bone by implant, and
(3) Development of a soft tissue at the bone/prosthesis interface

as a result of relative bone–implant micro-motion.

The femoral component in a TKR requires a biomaterial with
properties to avoid the aseptic loosening problem as well as pos-
sessing good overall mechanical performance. These properties in-
clude high strength, low elastic modulus, good ductility, high
corrosion and wear resistances, acceptable biocompatibility and
good osseointegration capability [8]. An inability of the femoral
component material to fulfill any one of these requirements or a
combination thereof leads to failure of knee implants. A reduction
in aseptic loosening is mostly influenced by having an elastic mod-
ulus close to that of bone, osseointegration ability (bioactivity) and
high wear resistance. Materials currently used in femoral compo-
nents have shortcomings in this regard. Therefore researchers have
attempted to either develop new biomaterials or adapt existing
materials. However, the majority of attempts at developing new



Fig. 3. Relationship between parameters affecting the long term success of knee implants.
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biomaterials have focused on only solving a single leading cause of
aseptic loosening, ignoring the other problematic aspects. An
example is the development of bioactive and/or poros surfaces
such as hydroxyapatite (HAP) or glass coatings to provide strong
fixation [9,10], neglecting the wear and stress-shielding effects.
Some studies have concentrated on wear resistance improvement
through the modification of insert or femoral component materials
[11–14] and some studies have focused on the production of low
modulus materials such as the recent generation of Ti alloys, which
may not be suitable for use in a femoral component due to the lack
of wear resistance. Therefore, with respect to the research con-
ducted in this area, it can be seen that there exists a lack of devel-
opment of biomaterials for this application. An improved material
solution must take into consideration all of the three main prob-
lems of aseptic loosening simultaneously. Therefore the design of
a new multi-functional material with the specific properties de-
scribed is a possible way forward.

2.2. The use of functionally graded materials

Functionally graded materials (FGMs) are a group of new mate-
rials designed for specific applications to have different desired
properties and multi-functions. FGM refers to a material in which
the volume fraction of the two or more constituents selectively
varies continuously as a function of position along certain dimen-
sion(s) of the structure. The difference between FGMs and tradi-
tional composites is that the latter indicates homogeneous
mixtures that involve a compromise between the desirable charac-
teristics of the component materials. However, the pure form of
each constituent in the former eliminates the compromise be-
tween the properties and utilizes the characteristics of both con-
stituents. For example, in aerospace products where low weight
and high heat resistance is demanded, such as gear wheel, a me-
tal–ceramic FGM can be an alternative to a conventional steel gear
wheel [15,16]. Recently, FGMs have found considerable interest in
biomedical applications. They have been introduced as promising
biomaterials for dental implant [17] and joint replacements [18–
20]. In knee prostheses, the concept of FGM was applied to the tib-
ial insert in order to improve the material’s tribological behavior
[20]. In other investigations conducted by Enab [19], and Enab
and Bondok [21], Ti-HAP FGM was suggested for applying to the
tibial tray of a TKR utilizing two dimensional finite element analy-
sis (FEA), and a comparative study was carried out between differ-
ent materials based on the stress levels in the proximal region of
the tibia, which showed the superiority of the proposed material.
The femoral component of total knee replacement also, requires
a specific functionally graded material with high wear resistance
at the articulating surface, and low elastic modulus and good
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bioactivity at the bone–implant interface. Currently, prosthetic fe-
murs are made of a single material with uniform composition and
structure (usually a Co–Cr alloy with a coating layer). An FGM which
changes in composition from a material with high hardness and
elastic modulus to a material with lower hardness and elastic mod-
ulus in a single component might be useful in the design of femoral
applications in order to address concurrently the problems of wear
and stress-shielding. Alumina-ceramic (Al2O3) has proven to be a
highly wear resistant material. Wear studies of alumina against
UHMWPE have demonstrated very low wear rates in the polyeth-
ylene insert [13]. The use of alumina-ceramic therefore, can ad-
dress the first concern related to aseptic loosening of the femoral
component in a TKR. Titanium has much lower elastic modulus
(110 GPa) than that of alumina (350 GPa) and it is expected that
this material can reduce the stress-shielding effect. Hence, an
FGM composed of Al2O3 and Ti can be promising for the femoral
component of a TKR to improve wear behavior and stress-shielding
simultaneously. Furthermore, Ti can connect with the surrounding
bone and it belongs to the group of bio-tolerant (bio-inert) materi-
als which form a thin connective tissue capsule (0.1–10 lm), not
fully adhering to the implant surface [22]. Ti–Al2O3 FGM, therefore,
has the potential to address the three leading causes of aseptic
loosening in TKR. However, an even better solution can be obtained
by further reducing the elastic modulus and increasing the bioac-
tivity characteristics, which is possible by using poros/cellular
materials. The porosity reduces the elastic modulus of the material
and at the same time allows the penetration of bone cells into the
implant material. Poros Ti with an open-celled structure is a low
elastic modulus material enabling bone tissue growing into the
prosthesis [23] and thus, it can provide better anchorage as op-
posed by bulk/solid Ti. The subsequent fixation caused by porosity
may also influence the wear since the orientation of the prosthetic
components with respect to the loading directions (implant micro-
motion and migration) can alter the contact pressure, which is one
of the main wear determinants [24]. For the femoral component, it
is suggested to provide porosity gradients in the FGM structure
with the maximum porosity at the bone–implant interface, which
gradually decreases to a negligible amount at the articulating sur-
face. Fig. 4 shows schematically the suggested FGM femoral com-
ponent. In addition to a reduction in aseptic loosening, using the
proposed FGM also inherits the advantages of the constituent
materials such as high corrosion and wear resistances of ceramics
Fig. 4. Schematic of the FGM femoral component.
and high toughness, high strength, and machinability of metals.
Such a new material can therefore potentially reduce concerns
associated with the brittleness of ceramic components and corro-
sion products of metallic implants.
2.3. Volume fractions and rule of mixtures of one-dimensional FGM

For representing the continuous gradation of FGM material
properties, there exist two different models: (1) exponential
functions for analytical solution and (2) the volume fraction and
rule-of-mixtures. The exponential functions do not offer real repre-
sentation of the material properties, except the FGM upper and
lower surfaces where the effect of volume fractions distributions
are not taken into account [25]. The most realistic way to represent
the continuous FGM material properties is the volume fraction and
rule-of-mixtures. The approach overcomes the shortcomings asso-
ciated with the exponential functions; however, it complicates the
analytical solution of FGM problems. In such difficult problems, the
finite element modeling can be the most effective approach.

For a FGM implant with porosity that functionally grades from
metal to ceramic, the volume fractions of metal (Vm) and ceramic
(Vc), which are distributed over the y direction (Fig. 5), can be cal-
culated from the following equations [26]:

Vc ¼ ðy=hÞk ð1Þ
Vm ¼ 1� Vc ð2Þ

The porosity, p, of the FGM is represented as:

p ¼ Aðy=hÞnf1� ðy=hÞzg ð3Þ

Where

ððnþ zÞ=nÞn

1� ðn=ðnþ zÞÞz
P A P 0 ð4Þ

A, n and z are arbitrary parameters that control the porosity within
the FGM. The rule-of-mixture for the Young’s modulus is given by
the following relationships:

E ¼ E0ð1� pÞ
1þ pð5þ 8mÞð37� 8mÞ=f8ð1þ mÞð23þ 8mÞg ð5Þ
E0 ¼ Ec
Ec þ ðEm � EcÞV2=3

m

Ec þ ðEm � EcÞðV2=3
m � VmÞ

" #
ð6Þ
m ¼ mmVm þ mcVc ð7Þ

where E and m are Young’s modulus and Poisson’s ratio at different
regions of the implant, respectively, E0 is the equivalent elastic
modulus at different regions of the implant without the porosity ef-
fect (p = 0), Ec is the Young’s modulus of ceramic, Em is the Young’s
modulus of metal and mc and mm are the Poisson ratios for ceramic
and metal, respectively.
y

O 

h

Fig. 5. Simple representation of FGM, origin and y direction (black: metal, white:
ceramic).



Table 1
Constraints, variables and objective of the FEA.

Constraints Geometric: Fixed geometry
Load: Constant load
Boundary conditions: Fixed boundary conditions

Variables Material properties of femoral component
Objective Comparing effect of the proposed material on stress

distribution in distal region of femur

Fig. 7. Components of the knee prosthesis model with tetrahedron mesh.
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3. Finite element modeling

Computer modeling and structural analysis based on FEA facil-
itate the calculation of stress distribution and deformation of engi-
neering components with complex geometries. However, even
though the mechanical behavior can be measured through experi-
mentation, FEA allows material properties and design geometries
to be more easily changed to predict the behavior of components
in advance of manufacturing any prototypes. Therefore in this
study, FEA using ‘ABAQUS V 6.9’ software has been used as a tool
for evaluating the new material suggested in the previous section.
The geometry of the femur was taken from a previous study, which
belongs to a healthy human knee of a 24-year old male [27]. The
femoral component and the tibial insert models used in the current
study (Fig. 6) were related to a commercial TKR and generated
using ‘SolidWorks 2010’ software. Table 1 shows the constraints,
variables and objective of this evaluation. Two different models
were analyzed, the first model had a 1 mm cement layer between
the prosthetic femur and the femoral bone, and the second model
had no cement at the interface. In these models, a contact condi-
tion involving finite sliding of pairs was applied between the distal
surface of the femoral component and UHMWPE. The coefficients
of friction between the femoral component and UHMWPE were as-
sumed to be 0.04 and 0.03 for Co–Cr alloy and alumina, respec-
tively [28,29]. In the cemented model the proximal and distal
surfaces of the cement were tied to the femur and the femoral
component, respectively. In non-cemented model, the proximal
surface of the femoral component was tied to the distal femur.
The femoral component, tibial insert, cement layer and cancellous
bone of femur were meshed by C3D4 tetrahedron and the cortical
femoral bone was meshed by S3 triangular elements, all with the
global size of 1.5 mm as shown in Fig. 7. A mesh convergence study
on the solution of Von-Mises stresses on the femur (whilst moni-
toring maximum contact stress) was performed to ensure that
the number of elements used were sufficient.

In the material model, FGMs were functionally graded from
titanium (Ti) at upper surface, where the component interfaces
the bone, to alumina ceramic (Al2O3) in the articulating surface.
The poros FGM (for non-cemented model) was considered with
the maximum 40% porosity in the uppermost surface that gradu-
ally decreased to 0% porosity in the lowermost surface. Using
Eqs. (3) and (4), A = 0.4, n � 0 and z = 1 were considered to adjust
the porosity in FGM structure (Fig. 8). For the cemented model,
FGM had no porosity in the structure. The functionally graded
material was modeled as multi-layered configurations. It should
be pointed out however that the layered structure of FGM does
not necessarily indicate the true continuous FGM outline; this
approximation assures a rational estimation in FEA [30] as the
Fig. 6. Commercial femoral co
modeling of a continuum property with a graded nature within
the element demands a specific formulation [31], requiring addi-
tional computational effort. The femoral component was modeled
using five layers in which four layers had equal size but the size of
the last layer was slightly different due to the complex curvature.
Also, the thickness of layers for the groove was smaller than those
of the other parts. In this study, five analyses were performed in
which the femoral component was non-cemented poros FGM, ce-
mented non-poros FGM, non-cemented Co–Cr alloy, cemented
Co–Cr alloy and with cortical bone properties.

The material properties of the femoral component’s pegs were
assumed to be same as the main body, but for poros FGM femoral
mponent and tibial insert.



Fig. 8. Variation of porosity in FGM structure.

Fig. 9. Schematic of the porous peg.

Table 2
Material properties used in the model.

Materials E (MPa) m

Co–Cr alloy 240000 0.3
Alumina ceramic 350,000 0.21
Ti 100,000 0.3
Cement 2700 0.3
Cortical bone 17,000 0.3
Cancellous bone 400 0.3

Fig. 10. Non-linear true stress–strain behavior of UHMWPE [34].

Fig. 11. A representation of the defined points on the bone.
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component 40% poros Ti, schematically shown in Fig. 9, and for
non-poros FGM bulk Ti material properties were considered for
the pegs. The related material properties for poros Ti were calcu-
lated based on the study of Gibson and Ashby [32]:

Ef ¼ C1Eaðp�Þ2 ð8Þ

Where

p� ¼
pf

pa
¼ 1� Pt ð9Þ

In the equations, p⁄, pf, pa and Pt are relative density of the foam,
density of the foam, density of the solid material and porosity,
respectively. The elastic modulus of the foam alloy is denoted as
Ef, while Ea represents the elastic modulus of the solid alloy. C1 is
a constant, for which a value of 1.0 was suggested because the
porosity does not considerably influence the Poisson’s ratio [33].

All the materials in this study were assumed to be homoge-
neous isotropic, linearly elastic, except for the UHMWPE, which
was considered to be an elastic–plastic material. Table 2 and
Fig. 10 represent the material properties used in this study.

In this study, a load of 3000 N (pressure) was statically applied
along the longitudinal direction of the femur, on a rigid surface at-
tached (tied) to the top surface of femoral bone. This can be consid-
ered for the full stance phase of walking and is usually applied to
evaluate the contact behavior and stress analyses in knee joint sys-
tems. For boundary conditions, the distal surface of the tibial insert
was fully constrained from rotation and translation, and the refer-
ence point of the femur was fixed from rotating in all three direc-
tions while it was free to translate in the inferior-superior
direction.
4. Results and discussion

Stresses were evaluated in the distal region of the femur (bone)
and implant components including femoral component and tibial
insert.
4.1. Stresses in the bone

Stresses were observed within the distal femur along 19 paths
placed parallel to the long-axis of the femur and then normalized
by dividing by those obtained by Co–Cr alloy. To define the origins



Fig. 12. Denoted origins of the paths.
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of the paths, first, a center point (denoted by C in Fig. 11) was
determined as the midpoint of the line connecting the origins of
two holes for the implantation of the pegs on the interface. Other
points were indicated in a radial direction from C with the radii
of 15, 20 and 30 mm as presented in Figs. 11 and 12. The points
that were not initially located on the interface were first projected
to the related interface and then considered as the origins of the
paths. These points were extended to the proximal region of the fe-
mur to indicate the paths. Therefore, the all the paths were located
within the bone.

The comparisons were carried out based on a normalized Von-
Mises stress distribution along the different paths in the bone.
Generally, in the non-cemented situation, the FGM caused greater
stress values in the femur (bone) comparing to Co–Cr alloy. When
the bone sustains a lesser load or stress, it will adapt by decreasing
its mineral density and becoming more poros leading to osteopenia
Fig. 13. A comparison of the normalized Von Mises bone stresses for non-cemented Co–C
Path 1, (b) Path 18, (c) Path 4, and (d) Path 17.
and osteoporosis. Therefore, non-cemented a poros FGM femoral
component causes lower stress-shielding and subsequent bone
resorption due to producing higher stress level in the bone. In most
cases, the FGM produced a higher level of stress along the whole
path. However, in a few cases the stresses became equal to or low-
er than those provided by Co–Cr alloy (standard TKR) during a
small portion of the paths, as shown in Fig. 13a and c. The most in-
crease in Von-Mises stresses usually occurred at the interface and
in the regions near the interface. For example, in Path 1, the value
of stress provided by FGM was 41.5% higher than the stress from
Co–Cr alloy at the interface. This value decreased to 20.4% and
6.6% at 5 mm and 10 mm, proximally from the interface, respec-
tively. This finding is important from clinical point of view, since
stress-shielding is diagnosed as less bone mineral density adjacent
to the implant. A similar result was obtained by Au et al. [35] who
investigated the effect of material properties on stress-shielding
near the tibial tray of TKR. The authors concluded that a material
with an elastic modulus in the order of magnitude of the adjacent
cancellous bone (low modulus material) can be potentially benefi-
cial in the area directly underneath the component. The increase in
stress levels produced by the FGM was higher for those portions of
femur attached to the thicker parts of femoral component. The
paths indicated in Fig. 13a and b (respectively 41.5% and 12.35% in-
crease in stress values at the interfaces) were associated with re-
gions attached to the thicker parts of femoral component, while
Fig. 13c and d (respectively 0.76% and 4.36% increase in stress val-
ues at the interfaces) were related to the regions connected to the
thinner sections of this component. This result may indicate a need
for modifying the current design of the component because it
seems to hide the effect of the material on stress-shielding.

In the model of the cemented component, the values of stresses
generated in the bone by the cemented Co–Cr and cemented non-
poros FGM were very similar (Fig. 14). The cemented non-poros
FGM induced slightly higher stresses compared with cemented
Co–Cr. In the majority of the paths, for both materials, the stresses
just increased along a portion of the paths, mostly increased at the
r alloy (standard prosthesis) and the proposed non-cemented porous FGM along (a)



Fig. 14. A comparison of the normalized Von Mises bone stresses for cemented Co–
Cr alloy (standard prosthesis) and the cemented non-porous FGM along (a) Path 9,
(b) Path 19, and (c) Path14.

Fig. 15. Comparison of normalized stresses in the femur for non-cemented Co–Cr
and porous FGM with femoral component of bone properties (Path 1).

Fig. 16. Comparison of stresses obtained from non-cemented Co–Cr alloy along
Path 4, Path 10 and Path 17.

Fig. 17. Stress pattern in the non-cemented Co–Cr alloy femoral component.
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interface and its adjacent area and then decreased below those of
non-cemented Co–Cr alloy (Fig. 14b) but in minor cases first the
stresses decreased at the interface region and then increased
(Fig. 14c). The latter can cause higher stress-shielding in the re-
lated regions. Furthermore, it should be pointed out that the use
of cement may provide several shortcomings, for example wear
may occur at the interfaces of cement with bone and implant.
The resulting cement debris can cause ‘third-body’ wear and
scratch the femoral component, and may activate macrophages
leading to bone resorption. The cement particles are generated be-
cause of micro-movement occurring before fibrous in-growth or
fractures in over stressed cement [36,37]. Cement (usually PMMA)
can be tolerated in the human body, but cannot directly bond to
bone, therefore a soft tissue grows at the interface and causes mi-
cro-motion. Nevertheless, FGM with porosity has uniform struc-
ture without any discrete boundary and hence no sudden
changes occur in the properties of the material. Therefore, the risk
of de-bonding, which possibly takes place at the cement–bone and/
or cement–implant interfaces can be alleviated by use of poros
FGM. Also, porosity provides strong fixation, avoiding micro-mo-
tion and subsequent component loosening effects.

The results of non-cemented materials were compared with
those obtained in the femur when the femoral component had



Table 3
Variation in stress level in the femoral component with different materials.

Materials
used in the
femoral
component

Maximum
stress
value at R1

(MPa)

Maximum
stress
value at R2

(MPa)

Maximum stress
value in femoral
component
(MPa)

Location of
maximum
stress

Non-
cemented
Co–Cr alloy

213.5 106.91 213.5 R1

Cemented
Co–Cr alloy

30.61 98.66 206.7 Condylar
articulating
surface

Non-
cemented
porous FGM

291.6 12.96 at
uppermost
surface

291.6 R1

104.45 at
lowermost
surface

Cemented
non-porous
FGM

38.47 32.42 at
uppermost
surface

248.9 R2

lowermost
surface

248.9 at
lowermost
surface

Non-
cemented
with bone
properties

219.8 31.48 219.8 R1

Fig. 18. Stress distributions on femoral component pegs with different material
properties: (a) Non-cemented porous FGM femoral component with 40% porous Ti
pegs. (b) Non-cemented Co–Cr femoral component with Co–Cr pegs. (c) Cemented
non-porous FGM femoral component with Ti pegs. (d) Cemented Co–Cr femoral
component with Co–Cr pegs, and (e) Non-cemented femoral component and pegs
with bone material properties.
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the same material properties as the bone. The results showed
much higher stress levels in the bone (femur) for femoral compo-
nent with bone properties, which shows a possible way for optimi-
zation of tailored materials (see Fig. 15).

It is difficult to compare the obtained results for stress distribu-
tion in the distal femur with those in the literature considering the
fact that the majority of experimental investigations and numerical
studies available in the literature have concentrated on stress anal-
ysis and bone mineral density, which is related to stress-shielding
in the proximal tibia [35,38]. The only available study that ana-
lyzed the stresses in the distal femur is the work of Bougherara
et al. [39] who compared a novel hybrid TKR design (with a layer
of carbon fiber reinforced polyamide 12 at the back of the metallic
femoral component) with a standard TKR to assess stress-shielding
in the distal femur. They indicated that the most susceptible area
to stress-shielding was the anterior region, just behind the flange
of the prosthetic femur. This result is in agreement with the clinical
studies, which measured the bone mineral density in distal region
of femur [40,41]. In the present study, the stress levels were com-
pared along three sets of paths P2, P8 and P15, P4, P10 and P17, and
P3, P9 and P16 for all materials separately in order to evaluate the
changes in stress values when moving toward the anterior region.
As shown in Fig. 16, the stress levels gradually reduce towards the
anterior part of the femur for non-cemented Co–Cr alloy (similar
results were obtained for non-cemented poros FGM, but with
greater stress values). In the other paths an analogous trend was
found, which shows that the occurrence of stress-shielding will
be more probable in this area.

4.2. Stresses in the implant component

The stress patterns and values were also evaluated in the fem-
oral component. Fig. 17 shows the stresses in the non-cemented
Co–Cr femoral component. There was a difference in both stress
distribution and values in the femoral component with different
materials. The indicated zones, R1 and R2, in Fig. 17, were high
stress regions in the non-cemented Co–Cr femoral component with
the maximum stress value of 213.5 MPa in R1 and 106.91 MPa at
R2. However, in the cemented Co–Cr femoral component R1 was



Fig. 19. Stress patterns on tibial insert with non-cemented Co–Cr femoral
component.

Table 4
Maximum contact pressure and Von-Mises stress on UHMWPE insert with different
femoral component materials.

Femoral
component
materials

Maximum contact stress
on the UHMWPE insert
(MPa)

Maximum Von-Mises stress
on the UHMWPE insert
(MPa)

Non-cemented
Co–Cr alloy

29.70 11.91

Cemented Co–Cr
alloy

30.06 11.93

Non-cemented
porous FGM

29.74 12.19

Cemented non-
porous FGM

29.36 12.04

Non-cemented
with bone
properties

28.70 12.09
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not a high stress region and the location of maximum stress
(206.7 MPa) was shifted to the articulating surface. In the non-ce-
mented poros FGM femoral component at the uppermost R2, the
stresses were uniform but higher values of stresses existed at low-
ermost region of R2. This variation of stresses in thickness can be
related to the variation in material properties of FGM from poros
Ti to bulk alumina. There was a stress concentration at R1, which
was the same as the non-cemented Co–Cr femoral component. In
the cemented non-poros FGM femoral component, R1 was not high
stress region and the maximum stress was located at the lower-
most surface of R2, probably due to the ceramic rich region. When
the material properties of bone were used for the femoral compo-
nent, the stress behavior was similar to non-cemented poros FGM
but with a maximum stress value of 219.8 MPa. Table 3 shows the
variation in stress level in the femoral component using the differ-
ent materials.

The stresses were compared in the pegs of cemented and non-
cemented femoral components. As shown in Fig. 18, similar stress
patterns were observed in the pegs for all the materials and the
maximum stress was on the base of the two pegs, with the stresses
gradually decreasing toward the tip of the pegs. However, the val-
ues of these stresses were different for different materials. The
lowest level was related to non-cemented poros FGM femoral com-
ponent with 40% poros Ti pegs, followed by non-cemented femoral
component and pegs with bone material properties and cemented
non-poros FGM femoral component with Ti pegs respectively.
There were small differences between cemented and non-cemen-
ted Co–Cr femoral components with Co–Cr pegs. Therefore it
seems that the FGMs with Ti pegs perform better than the other
materials with regard to the stress-shielding effect.

In this study, the values of contact pressure and Von-Mises
stresses on UHMWPE were observed and compared with the
previously reported FEA in order to verify the results obtained.
Fig. 19 shows the stress patterns in the UHMWPE insert when
the femoral component was non-cemented Co–Cr alloy. The max-
imum Von-Mises stress and contact pressure were 11.91 and
29.70 MPa respectively. These values have been reported in several
studies for 3000 N of axial load at 0� of knee flexion. Liau et al. [42]
predicted the maximum contact stress on UHMWPE insert for high
conformity flat-on-flat design (HFF), high conformity curve-on-
curve design (HCC) and medium conformity curve-on-curve design
(MCC) to be 32.6, 31.6 and 37.5 MPa respectively for the same load
and knee flexion angle. They also obtained the maximum Von-
Mises stresses to be 13.4, 13 and 16.4 MPa respectively for HFF,
HCC and MCC. The results produced are slightly lower than HFF,
probably due to the higher conformity between the femoral com-
ponent and the tibial insert, compared with those introduced by
the authors. It has been well indicated that the contact stress in
the tibial insert is reduced when the articulating surfaces are more
conforming, specifically in the medial–lateral direction [43]. Other
researchers obtained contact pressure values such as 32 MPa [44]
and 49 MPa [39]. The differences are possibly due to variation in
material properties, boundary conditions and meshing conditions
used in the modeling. Furthermore, the differences in the geometry
between knee prostheses can also lead to different results. The
maximum contact stress and Von-Mises stress for all materials
are summarized in Table 4. The maximum contact stress and
Von-Mises stress were only slightly different for the different fem-
oral component materials, e.g. the values were negligibly higher in
non-cemented poros FGM compared with non-cemented Co–Cr al-
loy (0.13% for contact pressure and 2.35% for Von-Mises stress).
This means that at 0� flexion the material properties have negligi-
ble effect on the contact characteristics of the UHMWPE insert.
5. Conclusions

A new FGM was designed for use in the femoral component of a
TKR and shown to reduce the problem of aseptic loosening. FEA
was used to demonstrate the effectiveness of the new material in
reducing the stress-shielding effect of the femoral component,
the primary cause of aseptic loosening. The use of a metal–ceramic
based FGBM allowed the highest stress levels to be realized in the
bone of the femur when compared to that produced by using stan-
dard Co–Cr alloy. It was also shown that most of the increase in
bone stress resulting from the use of the new material usually oc-
curred at the regions near the interface. Furthermore, the use of a
porous structure in the FGBM caused more uniform stresses in the
femur when compared to the use of bone cement. The FGBM also
enables improvements in the secondary causes of aseptic loosen-
ing by achieving higher wear resistance on the outer femoral com-
ponent surface (provided by alumina) and improved bone
anchorage on the inner femoral surface (as a consequence of
porosity).

However, to obtain the higher stress levels in the femur, an
optimization of the constituents’ material gradation and porosity
in the FGBM structure also has to be performed. Moreover, it has
been appreciated that an increase in stress values depends on
the shape and thickness of the femoral component. Therefore, for
the FGBM to be fully effective, the shape of the femoral component,
particularly the interface geometry, should also be modified in or-
der to achieve an optimum design solution. This will need to be
done in consultation with an orthopedic surgeon in order to better
understand the practical limitations of surgery and avoid weaken-
ing of the femur.

The new FGBM will require the development of an innovative
processing route in order to manage the formation of the material’s
structural characteristics and property variations. A potential
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process is the sintered metal layered manufacturing technique,
suitably adapted to meet the hygiene requirements and quantities
involved.

The results of the computer modeling in this study were mostly
related to the stress distribution in the distal femur and femoral
component. However, this was considered to be an initial step in
appreciating the variations in stress level achieved when using a
FGBM versus using a conventional Co–Cr alloy. The current study
has highlighted the potential advantages but a more comprehen-
sive evaluation should include modeling of all three problematic
issues associated with aseptic loosening simultaneously to allow
for interaction effects. Also, it would be interesting to investigate
the effect of the new material on stress distribution in the distal fe-
mur and contact characteristics of the articulating surfaces for a
full range of different flexion angles and loading conditions (i.e.
as experienced during the typical daily activities of a person) to
better understand the extent of the advantages and shortcomings.
Acknowledgement

The first author would like to thank University Putra Malaysia
for funding this work.
References

[1] Kurtz S et al. Projections of primary and revision hip and knee arthroplasty in
the United States from 2005 to 2030. J Bone Joint Surg – Ser A
2007;89(4):780–5.

[2] Wagner P et al. Increased cancer risks among arthroplasty patients: 30 year
follow-up of the Swedish knee arthroplasty register. Eur J Cancer
2011;47(7):1061–71.

[3] Goldberg V et al. The results of revision total knee arthroplasty. Clin Orthop
Relat Res 1988;226:86.

[4] Bahraminasab M et al. Aseptic loosening of femoral components–materials
engineering and design considerations. Mater Des 2013;44:155–63.

[5] Bahraminasab M et al. Aseptic loosening of femoral components – a review of
current and future trends in materials used. Mater Des 2012;42:459–70.

[6] Brechet Y, Embury JD. Architectured materials: expanding materials space.
Scripta Materialia 2012. http://dx.doi.org/10.1016/
j.scriptamat.2012.07.038(0).

[7] Edwards KL, Deng YM. Supporting design decision-making when applying
materials in combination. Mater Des 2007;28(4):1288–97.

[8] Bahraminasab M, Jahan A. Material selection for femoral component of total
knee replacement using comprehensive VIKOR. Mater Des 2011;32:4471–7.

[9] Murty AN, Scott G, Freeman MAR. Hydroxyapatite-coated femoral components
in total knee arthroplasty� 1: medium term results. J Arthroplasty
2003;18(7):844–51.

[10] Rahaman MN et al. Functionally graded bioactive glass coating on magnesia
partially stabilized zirconia (Mg-PSZ) for enhanced biocompatibility. J Mater
Sci – Mater Med 2008;19(6):2325–33.

[11] Moro T et al. Surface grafting of biocompatible phospholipid polymer MPC
provides wear resistance of tibial polyethylene insert in artificial knee joints.
Osteoarthr Cartilage 2010;18(9):1174–82.

[12] Hunter G et al. Creation of oxidized zirconium orthopaedic implants. J ASTM
Int 2005;2(7):409–22.

[13] Oonishi H et al. PE wear in ceramic/PE bearing surface in total knee
arthroplasty: clinical experiences of more than 24 years. Bioceramics Altern
Bearings Joint Arthroplasty 2006:101–10.

[14] Wang A et al. A Highly crosslinked UHMWPE for CR and PS total knee
arthroplasties. J Arthroplasty 2008;23(4):559–66.

[15] Bayat M et al. On the stress analysis of functionally graded gear wheels with
variable thickness. Int J Comput Methods Eng Sci Mech 2008;9(2):121–37.

[16] Bayat M et al. Thermo elastic analysis of a functionally graded rotating disk
with small and large deflections. Thin-Walled Struct 2007;45(7–8):677–91.
[17] Zhang Y, Kim JW. Graded glass/zirconia/glass structures for damage resistant
ceramic dental and orthopedic prostheses; 2010 [Google Patents].

[18] Hedia HS et al. A method of material optimization of cementless stem through
functionally graded material. Int J Mech Mater Des 2004;1(4):329–46.

[19] Enab TA. A comparative study of the performance of metallic and FGM tibia
tray components in total knee replacement joints. Comput Mater Sci
2011;53(1):94–100.

[20] Pompe W et al. Functionally graded materials for biomedical applications� 1.
Mater Sci Eng, A 2003;362(1–2):40–60.

[21] Enab TA, Bondok NE. Material selection in the design of the tibia tray
component of cemented artificial knee using finite element method. Mater Des
2013;44:454–60.

[22] Geetha M et al. Ti based biomaterials, the ultimate choice for orthopaedic
implants – a review. Prog Mater Sci 2008;54(3):397–425.

[23] Thelen S, Barthelat F, Brinson LC. Mechanics considerations for microporous
titanium as an orthopedic implant material. J Biomed Mater Res, Part A
2004;69(4):601–10.

[24] Spinelli M et al. Combined wear behavior and long-term implant-bone fixation
of total knee replacement: a novel in vitro set-up. Artif Organs
2010;34(5):E177–83.

[25] Hedia HS, Mahmoud NA. Design optimization of functionally graded dental
implant. Biomed Mater Eng 2004;14(2):133–44.

[26] Nemat-Alla M. Reduction of thermal stresses by developing two-dimensional
functionally graded materials. Int J Solids Struct 2003;40(26):7339–56.

[27] Bahraminasab M et al. Finite element analysis of the effect of shape memory
alloy on the stress distribution and contact pressure in total knee replacement.
Trends Biomater Artif Organs 2011;25(3):95–100.

[28] Godest AC et al. Simulation of a knee joint replacement during a gait cycle
using explicit finite element analysis. J Biomech 2002;35(2):267–75.

[29] Cho HJ et al. Wear behavior of UHMWPE sliding on artificial hip arthroplasty
materials. Mater Chem Phys 2004;88(1):9–16.

[30] Lin D et al. Design optimization of functionally graded dental implant for bone
remodeling. Compos B Eng 2009;40(7):668–75.

[31] Silva ECN, Walters MC, Paulino GH. Modeling bamboo as a functionally graded
material: lessons for the analysis of affordable materials. J Mater Sci
2006;41(21):6991–7004.

[32] Gibson LJ, Ashby MF. Cellular solids: structure and properties. Cambridge Univ
Pr.; 1999.

[33] Yan W, Berthe J, Wen C. Numerical investigation of the effect of porous
titanium femoral prosthesis on bone remodeling. Mater Des
2011;32(4):1776–82.

[34] Halloran JP, Petrella AJ, Rullkoetter PJ. Explicit finite element modeling of total
knee replacement mechanics. J Biomech 2005;38(2):323–31.

[35] Au AG et al. Contribution of loading conditions and material properties to
stress shielding near the tibial component of total knee replacements. J
Biomech 2007;40(6):1410–6.

[36] Stone M, Wilkinson R, Stother I. Some factors affecting the strength of the
cement–metal interface. J Bone Joint Surg – Br Vol 1989;71(2):217–21.

[37] Ishida T et al. Use of a genetic algorithm for multiobjective design optimization
of the femoral stem of a cemented total hip arthroplasty. Artif Organs
2011;35(4):404–10.

[38] Hernandez-Vaquero D et al. Influence of the tibial stem design on bone density
after cemented total knee arthroplasty: a prospective 7-year follow-up study.
Int Orthop 2008;32(1):47–51.

[39] Bougherara H et al. The biomechanics of a validated finite element model of
stress shielding in a novel hybrid total knee replacement. Proc Inst Mech Eng
[H] 2010;224(10):1209–19.

[40] Van Loon CJM et al. Distal femoral bone mineral density after total knee
arthroplasty: a comparison with general bone mineral density. Arch Orthop
Trauma Surg 2001;121(5):282–5.

[41] Petersen MM et al. Decreased bone density of the distal femur after
uncemented knee arthroplasty. A 1-year follow-up of 29 knees. Acta Orthop
Scand 1996;67(4):339–44.

[42] Liau J et al. The effect of malalignment on stresses in polyethylene component
of total knee prostheses – a finite element analysis. Clin Biomech
2002;17(2):140–6.

[43] Bartel D, Bicknell V, Wright T. The effect of conformity, thickness, and material
on stresses in ultra-high molecular weight components for total joint
replacement. J Bone Joint Surg 1986;68(7):1041–51.

[44] Liau J et al. Effect of Fuji pressure sensitive film on actual contact
characteristics of artificial tibiofemoral joint. Clin Biomech 2002;17(9–
10):698–704.

http://refhub.elsevier.com/S0261-3069(13)00498-6/h0005
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0005
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0005
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0010
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0010
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0010
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0015
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0015
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0020
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0020
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0025
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0025
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0205
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0205
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0205
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0030
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0030
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0035
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0035
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0040
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0040
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0040
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0040
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0045
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0045
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0045
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0050
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0050
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0050
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0055
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0055
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0210
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0210
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0210
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0060
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0060
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0065
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0065
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0070
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0070
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0075
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0075
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0080
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0080
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0080
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0085
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0085
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0085
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0090
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0090
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0090
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0095
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0095
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0100
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0100
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0100
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0105
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0105
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0105
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0110
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0110
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0115
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0115
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0120
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0120
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0120
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0125
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0125
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0130
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0130
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0135
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0135
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0140
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0140
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0140
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0215
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0215
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0145
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0145
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0145
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0150
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0150
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0155
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0155
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0155
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0160
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0160
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0165
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0165
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0165
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0170
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0170
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0170
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0175
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0175
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0175
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0180
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0180
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0180
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0185
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0185
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0185
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0190
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0190
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0190
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0195
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0195
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0195
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0200
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0200
http://refhub.elsevier.com/S0261-3069(13)00498-6/h0200

	Material tailoring of the femoral component in a total knee replacement to reduce the problem of aseptic loosening
	1 Introduction
	2 Material design for femoral component
	2.1 Design requirements
	2.2 The use of functionally graded materials
	2.3 Volume fractions and rule of mixtures of one-dimensional FGM

	3 Finite element modeling
	4 Results and discussion
	4.1 Stresses in the bone
	4.2 Stresses in the implant component

	5 Conclusions
	Acknowledgement
	References


