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One of the common issues that occur after total knee replacement surgery is the
aseptic loosening. The problem usually occurs after about 15 years from the surgery.
The destructive effects of residual particles due to wear, the stress shielding effect,
and micro-movements are the causative factors for this type of loosening. In this
research, using the advantages of functionally graded biomaterials (FGBM), it is tried
to design a prosthetic system that can reduce the above-mentioned effects. For this
purpose, the materials used in the most important part of the prosthesis system, i.e.,
the femoral part are redesigned so that the bioactivity between the prosthesis and
bone, and the stress applied to the adjacent tissues increase simultaneously. In addition,
to reduce the effect of wear at contact areas, wear-resistant biocompatible ceramics
such as alumina and zirconia are used. The value of stress at the bone-prosthesis
interface and adjacent tissues is the most important parameters. Two types of
three-phase ceramic-based FGBMs are recommended. The prosthesis with three-phase
hydroxyapatite-titanium-zirconia has increased the average stress in the bone tissues
around high-risk areas up to 71.8% with respect to a commonly used Cr-Co prosthesis.
The result for the prosthesis with three-phase hydroxyapatite-titanium-alumina is up to
65%, respectively. At bone-prosthesis interfaces, an increase of 92% in the stress for
both zirconia-based and alumina-based is seen. Briefly, the recommended FGBMs can
improve the bone-prosthesis performance in all desired indices.

Keywords: ceramic-based FGBM, finite element method, stress shielding effect, bone-prosthesis system,
orthopedic prosthesis, femoral diseases

INTRODUCTION

The knee, as one of the complex joints in the body, connects the femur bone to the tibia and fibula.
The kneecap patella is another component of this important joint. It is also surrounded by a joint
capsule, synovial membrane (containing synovial fluid) and ligaments. Synovial fluid reduces joint
friction and also plays a role in feeding the cartilages. In a knee replacement surgery, damaged
cartilages, and bones are removed from the joint and replaced by a prosthesis system. Depending
on the type of damage, the prosthesis system may include from one to three layers. In a total
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replacement of the knee, the lower part of the femur and the
upper part of the tibia are connected with the prosthesis.

Due to any reason, the weakening of the connection between
the prosthesis and the bone is a factor that in many cases
results in a re-surgical procedure. In this case, there is a need
to replace the prosthesis system with a newer one that has
its own limitations with significantly lower success and more
costs. In 2011, Bahraminasab and Jahan (2011) considered the
challenge of aseptic loosening as the most important factor after
the knee replacement operation. They showed that three factors
of excessive wear, stress shielding effect, and development of
soft tissue between the prosthesis and the bone are the most
important reasons in the occurrence of this phenomenon.

The knee prosthesis has attracted the attention of many
researchers, in terms of geometry and material. Saari et al. (2006)
studied the geometry of the tibia-prosthesis component and
showed how the posterior stabilization leads to bone loss. Wang
et al. (2011) investigated the basic geometry of femoral knee
prosthesis and considered eight different geometries to obtain
the distribution of stress and type of bone destructions in the
models. Zietz et al. (2012) focused their studies on the effects
of different femoral bone segments on the behavior of bone-
prosthesis systems to recommend the best model in terms of
reduction in stress shielding effect.

As far as geometry is concerned for prostheses, there are
numerous articles on the types and properties of the prostheses
materials. Long and Rack (1998) focused on the comparison of
Titanium alloy to stainless steel with a concentration on fatigue
and wear and examined the advantages of Titanium alloys in
this respect. Peterson et al. (1988) compared the behaviors of
Titanium and Cobalt-Chromium-Molybdenum alloys in terms
of wear for the femoral part of the knee prosthesis. McEwen
etal. studied the effect of material, local movement and prosthesis
geometry on the wear of an ultra-high molecular weight
polyethylene (UHMWPE) prosthesis system. They showed that
the backside motion contributes to an overall rate of UHMWPE
wear in the system.

Due to the fact that several materials with different
and sometimes contradictory properties can be used in the
structure of functionally graded materials, these materials are
recommended as suitable alternatives for the design of new
generation of the knee prostheses. Also, in these materials,
the properties between the components vary continuously; so,
there is no need to worry about the disadvantages of composite
laminated materials. For example, the prosthesis can be designed
to reduce the effects of loosening, including wear, micro-motion
and the effect of shielding stress simultaneously. At contact
bearing surfaces, wear-resistant materials should be used while
in areas close to bone tissues, materials with less elastic modulus
are recommended to reduce the effect of shielding stress. Finally,
at direct contact areas of the prosthesis and bone, a bioactive
material to reduce the micro-motions is suggested. The use of
functionally graded biomaterials in medical prosthetics has been
considered in recent researches (Sadollah and Bahreininejad,
2011; Gong et al., 2012; Enab and Bondok, 2013). Some works
on the use of these materials in knee prostheses have also been
reported in the literature (Bahraminasab et al., 2013a,b); however,

the bioactivity that prevents micro-motions, the reduction in the
effects of shielding stress, and establishing strength have not been
sufficiently taken into consideration.

In this research, two types of ceramic-based prosthesis systems
using three-phase functionally graded biomaterials are proposed
by considering the effects of stress shielding, wear resistance,
and bioactivity simultaneously. Also, the required strength and
toughness are also investigated. The behavior and performance
of the proposed prosthesis systems and the ones commonly used
in previous works are compared to each other.

MATERIALS AND METHODS

Mechanical Requirements of
FGBM Prostheses

The mechanical strength of an artificial knee can effect both
the performance and failure of the prosthesis system. If the
osseointegration between the prosthesis and bone does not
form well, soft fibrous tissues are formed in the connection,
results in more relative movement between the implants and
the bone. Initially, this causes increased pain in the patient and
after a certain period, the implant loses its effectiveness and
the need for implant replacement is inevitable (Geetha et al.,
2009). It should be noted that the high strength of the prosthesis
with the low elastic modulus is of great importance (Wang,
1996; Long and Rack, 1998). A high difference between the
modulus of the implant’s elasticity and the surrounding bone
can contribute to the effect of shielding stress. This phenomenon
may lead to a weakening of the bone and its connections to
the implant and, consequently, the loosening of the prosthesis
system. Additionally, the low elastic modulus means higher
flexibility and damping capacity which directly increases the
absorption energy of the impact and reduces the stress between
the bones and the knee prosthesis. Therefore, the modulus of
implant material elasticity is a major factor for the selection of
materials for knee replacement prosthesis.

Low resistance to wear or high friction coeflicient can also
cause loosening in the implants (Ramsden et al, 2007). In
addition, the remaining particles of wear are biologically active
and may produce a severe inflammatory reaction. This may
damage the immune supporting bone. Friction also increases the
possibility of corrosion.

Another important requirement for orthopedic biomaterials
is biocompatibility. Biocompatibility refers to the ability of
prosthesis to communicate with the living tissue of the
surrounding bones. Biocompatibility is not just about the
implications of the implant and the surrounding tissues, and it
is important to check its effects on the rest of the organic system
(Navarro et al., 2008; Williams, 2008).

The osseointegration process is another major orthopedic
necessity related to the bone improvement process. In some
cases, for example, due to relative micro-movements, the
implant cannot properly bind to the surrounding bone
and tissues. This leads to the formation of fibrous tissues
around the implant, and ultimately accelerates the loosening
process (Viceconti et al., 2000).
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In addition to the above, the corrosion which is an important
factor in the field of biomaterials, and the issues related to
the manufacturing process of biomaterials such as ductility,
toughness, etc. should also be taken into account.

A Discussion on Prosthesis Biomaterials
Titanium alloys are among the most popular orthopedic
materials. Titanium alloys have excellent properties such as high
strength, low density, good corrosion resistance, complete non-
toxicity to the body, and moderate elastic modulus suitable for
planting in the body (Nag et al., 2009). Titanium and its alloys
can provide a relatively strong bond to the bone, which greatly
improves the fixity of the implant and significantly prevents
micro-movement. The elastic modulus of titanium alloys is about
110 GPa, less than steel and cobalt-chromium alloys. Therefore,
a titanium implant is expected to reduce the shielding stress
effect compared to a more elastic modulus material; however,
the occurrence of this phenomenon is still possible due to the
large difference between the modulus of elasticity of titanium
alloys and human bones. Unfortunately, these alloys have a low
wear resistance (one of the first factors in aseptic loosening) due
to relative movements at bearing surfaces between themselves
and other metals. Due to oxidation of titanium and the low
adhesion of the oxidized layer, some particles are removed from
the material and remain on the bearing surfaces. Based on
experimental results, it has been shown that for the relative
motion between UHMWPE and Ti-6Al-4V, the wear rate of
both metal and polymer is much higher than that of stainless
steel or cobalt-chromium-molybdenum alloy. In addition, the
residual particles of wear from titanium alloys cause side effects
like tissue discoloration indicative of metallosis (Nasser et al.,
1990). Therefore, the use of titanium in areas with the high
potential of wear i.e., knee and hip joints is limited (Nag et al,,
2009). Also, there is concern about the release of aluminum
and vanadium ions in titanium alloys that may lead to health
problems (Okazaki and Gotoh, 2005; Navarro et al., 2008; Geetha
et al., 2009).

Alumina (Al,O3) ceramics belongs to the group of oxide
ceramics and polycrystalline materials with properties including
high stiffness, good stability, high oxidation ability, very
low friction coefficient (high wear resistance) and good
biocompatibility (Hannouche et al., 2005). The earliest clinical
use of pure ceramics was seen in 1970 for the hip prostheses
(Boutin, 1971). It has been expected that the use of these
materials for knee replacement can essentially improve in
two aspects to minimize bone osteolysis: greater stability in
biocompatibility and reduction of residual particles due to
wear. Therefore, based on the results of the knee simulator,
it was attempted to use a combination of alumina ceramics
and UHMWPE as an alternative for knee prostheses (Heimke
et al.,, 2002; Oonishi et al.,, 2006). The serious problem if the
alumina ceramics is used alone is its high modulus of elasticity
(350 GPa) which resulted in the effect of shielding stress and
the aseptic loosening in the bone-prosthesis system (Boutin,
1971).

Unfortunately, alumina is not bioactive and cannot directly
create a level of bone and implant interface, which results in

micro-movements and thus aseptic loosening. It also has a
low failure toughness than metal materials used in orthopedic
applications. It shows brittle behavior ie., no significant
deformation is seen to fracture (Hannouche et al., 2003).
To overcome the limitations of the mechanical properties of
alumina, zirconia (ZrO,) was introduced. High strength, high
toughness (about twice the alumina) and higher flexural strength
(500-1,000 MPa) can be attributed to this ceramic. However, in
contrast to alumina, zirconia has an unstable and multifaceted
crystalline structure including monoclinic, tetragonal, and cubic.
Therefore, phase transfer can occur from a crystalline structure
to another, especially from the tetragonal phase to monoclinic.
Phase transformation with shape and volume changes makes the
material susceptible to cracking (Bal et al., 2006).

The Need of Functionally Graded Change

of Properties
For optimal use of material properties, every advantage
and every interest should be used in the right position
and situation. To satisfy all conditions, a three-phase
functionally graded biomaterial is proposed. At the site of
bone bonding, hydroxyapatite (HA) is recommended for
maximum biocompatibility. At bearing surfaces, alumina or
zirconia ceramics is suggested to have maximum wear resistance.
Titanium alloys are also offered in the middle of the material
to provide both required strength and toughness. Figure 1
shows a schematic distribution of properties in a cross section
of the material. The properties of materials used in this study to
propose new FGBMs can be seen in Table 1. It should be noted
that due to the almost same Poisson coeflicient of materials used
in the design of the FGBM, this coefficient is considered 0.3 in
all simulations.

The functions of how to change the properties including the
modulus of elasticity and the Poisson coeflicient are:
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FIGURE 1 | The schematic of material properties distribution in a cross
section of the functionally graded biomaterial; red spheres: HA, green spheres:
Ti, blue spheres: Al203 or ZrO2.
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TABLE 1 | The properties of materials used in this study.

Material Young’s Poisson’s
modulus ratio
(GPa)
HA (Bahraminasab et al., 2013b) 48 0.30
Ti (Hedia, 2005) 116 0.32
Zirconia (Bahraminasab et al., 2013a) 175 0.30
Bone (Hedia, 2005) Cancellous 0.4 0.30
Cortical 16
Alumina (Bahraminasab et al., 2013a) 365 0.30
UHMPE (Hedia, 2005) 0.9 0.30
{E:Eo{1+n(f/b)f’} W
v = {1+nC4)"}
Elrin = E V[Vin = VHa
Elrmigare = Ez VITmiddle = Vi
E|rout = E3 V|Tour = Vzirconia
Where
_ Ezirconia _
n= =g 1
_ In((Eri—Ena)/(Ezirconia—EHa)) 2
ﬂ - In(ryiddie /Tin) ( )
v=20.3

Finite Element Modeling

In a finite element modeling, considering the desired function
and selecting the material for each phase, a 3D model of the
knee prosthesis and surrounding bone tissue was prepared and
analyzed to obtain the distribution of stress and deformation in
the system (see Figure 2).

The element type in the 3-D model is tetrahedron. The
number of elements after the sensitivity analysis was 82,387
elements. It should be noted that the method of function
assignment to a model is possible in two ways:

1- Partitioning the model into a number of layers (30 to
40 layers) proportional to the direction of changing the
properties in the model and assigning the properties of the
material with the approximation of its value from the desired
function, or

2- Applying the function in the matrix of the properties of
the material.

In this research, we try to use the function directly to
assign material properties using the COMSOL Multiphysics5.2
software. The results of each route were only reported after a
mesh study was done so that we ensured about the correctness
of the outcomes and the convergence phenomenon.

Load and Boundary Conditions

The basis of knee and knee prosthesis modeling is based on
dynamic analysis and a variety of created conditions caused
by daily activities. In these activities, such as walking, running,
climbing, etc. modeling the force applied to different points of

the knee and prosthesis has a lot of complexity. This article
focuses on the effect of changing the properties of the prosthesis
on the surrounding bones, which can be generally examined for
different loading conditions. In this research, the maximum value
of the force at most dominant gait i.e., the walking is selected
as a static load and then applied to the model. The amount of
static load was considered to be 3110N (Bergmann et al., 2014)
along the axial direction of the femur. This amount of load
is reported in the literature for walking gait (Bergmann et al,,
2014). The displacement of the lower surface of the tibia from the
knee prosthesis is fixed in direction of the force applied, and in
other directions are bounded by a point. Two contact constraints
were defined; the first contact is associated with the area of
the bone and prosthetic contact area, and the second contact is
related to the prosthetic contact area and the tibia component.
The contact between the prosthesis and the bone should be a
constraint without any displacement; otherwise, the prosthesis is
removed from the bone, which is not the basis of this research.
Therefore, this constraint is considered as an all-inclusive fully
fixed constraint between bone and prosthesis elements. The
contact between the prosthesis and the tibia component is
considered non-frictional. In fact, because of the absence of
a specific friction coefficient in that environment between the
prosthesis and the tibia component, which is subject to a variety
of factors, the exact modeling has a particular complexity.

RESULTS

The values of Von Mises stress are evaluated along 12 directions
in the prosthesis-bone system regarding a 3D model (see
Figures 3A,B for more details). The center point is the midpoint
of the prosthetic along-side its arms, with paths of 15, 20, 30 mm
radius and at angles of 45, 135, 225, and 315 relative to the
horizon line, and are numbered according to the Figure 3.

According to reports in the literature (Van Loon et al,
2001), the most damaged areas due to stress shielding effect
are along directions 9 and 10; after that 5 and 6 and finally
1 and 2 (see Figures3B,C). Here, the results are obtained
in these directions for the commonly used cobalt-chromium
prosthesis, also; alumina and zirconia-based three-phase FG
biomaterials. Tables 2, 3 demonstrate the average and bone-
prosthesis interface stresses along assumed paths at Cr-Co and
alumina/zirconia-based proposed FG biomaterials. In Figure 4,
one can follow the Von Mises stress vs. proximal distance from
the interface in response to all paths for both Cr-Co and alumina-
based proposed FG biomaterial. Figure 5 present the same results
reported previously in Figure 4 except that the zirconia-based
FGBM is used. Qualitatively, the same similarities are seen but
there are some quantitative differences. It is again to be noted that
the results presented in Figures 4, 5 and Tables 2—4 are based on
the paths considered in Figures 3A,B.

DISCUSSION

The Von Mises stress is considered as an indicator to be obtained
in both the prosthesis and surrounding bones in our simulations.
This measure is related to other factors such as wear, strength,
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FIGURE 2 | The geometry (left) and the generated mesh (right) for finite element analysis.
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x-ray lateral radiograph of a distal femur

FIGURE 3 | (A) Twelve assumed directions in the prosthesis-bone system; (B) The most important directions in 3-D model; (C) The most damaged areas due to
stress shielding effect based on lateral radiograph of a distal femur showing distal anterior femoral osteopenia behind the femoral component (arrowheads) (Van Loon

et al., 2001).
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and shielding stress effect; so, one can use it to have an almost
precise look at the global and local behavior and performance
of the prosthesis system. To show the performance of the

recommended FGBM prosthesis, three comparisons were made;
the first two are between the commonly used cobalt-chromium
prosthesis with the three-phase FG biomaterials proposed in

TABLE 2 | Average and bone-prosthesis interface stresses along assumed paths
at Cr-Co and alumina-based proposed FG biomaterial [Pol: Percent of

increase (%)).

TABLE 3 | Average and bone-prosthesis interface stresses along assumed paths
at Cr-Co and zirconia-based proposed FG biomaterial [Pol: Percent of

increase (%)].

Average stress

Stress at the bone-prosthesis

Average stress

Stress at the bone-prosthesis

interface interface
Paths FGBM Cr-Co Pol FGBM Cr-Co Pol Paths FGBM Cr-Co (MPa) Pol FGBM Cr-Co (MPa) Pol
(Al,03-Ti-HA)  (MPa) (Al,O3-Ti-HA)  (MPa) (ZrO,-Ti-HA) (ZrO5-Ti-HA)
(MPa) (MPa) (MPa) (MPa)
1 0.760 0.677 12.33 0.897 0.481 86.5 1 0.774 0.677 14.3 0.911 0.481 89.5
2 0.767 0.692 10.82 0.859 0.466 84.4 2 0.779 0.692 124 0.869 0.466  86.5
3 0.899 0.808 11.32 0.485 0.254 90.9 3 0.943 0.808  15.6 0.59 0.2564 1324
4 0.899 0.805 10.39 0.399 0.223 79 4 0.918 0.805 14 0.488 0.223 118.8
5 0.739 0.673  9.76 0.651 0.330 97.3 5 0.748 0.673 11 0.651 0.33 97.3
6 0.760 0.709  7.32 0.611 0.315 94 6 0.767 0.709 8.3 0.608 0.315 93
7 0.902 0.825 9.38 0.518 0.308 68.2 7 0.935 0.825 134 0.661 0.308 114.7
8 0.895 0.823  8.70 0.466 0.287 62.5 8 0.924 0.823 122 0.592 0.287 106.4
9 0.365 0.269 35.76 0.470 0.244 92.8 9 0.379 0.269 41 0.469 0.244 922
10 0.361 0.218 65.55 0.428 0.224 911 10 0.374 0.218 71.8 0.429 0.224 91.6
11 1.023 1.023 0.02 0.475 0.323 47 1 1.025 1.023 0.2 0.552 0.323 71
12 1.019 1.017 0.20 0.457 0.308 48.4 12 1.019 1.017 0.24 0.524 0.308 70.3
Path 1: Path 2: Path 3: Path 4:
&2 13 12 12

0.0

0 0.05 0.1

Path 5:
12

FG biomaterial (dashed line).
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FIGURE 4 | Von Mises stress (MPa) vs. proximal distance from the interface (m) in response to the all paths for both Cr-Co (solid line) and alumina-based proposed
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FIGURE 5 | Von Mises stress (MPa) vs. proximal distance from the interface (m) in response to the all paths for both Cr-Co (solid line) and zirconia-based proposed

TABLE 4 | Average and bone-prosthesis interface stresses along assumed paths
at alumina-based and zirconia-based proposed FG biomaterials [Pol: Percent of
increase (%)).

Average stress

Stress at the bone-prosthesis

interface
Paths ZrOj-based Al;03- Pol ZrO,-based AlyO3- Pol
FGBM (MPa) based FGBM (MPa) based
FGBM (MPa) FGBM (MPa)
1 14.3 12.33 16.0 89.5 86.5 3.5
2 12.4 10.82 14.6 86.5 84.4 2.5
3 15.6 11.32 37.8 132.4 90.9 45.7
4 14.0 10.39 34.7 118.8 79.0 50.4
5 11.0 9.76 12.7 97.3 97.3 0.0
6 8.30 7.32 13.4 93.0 94.0 —1.1
7 13.4 9.38 429 114.7 68.2 68.2
8 12.2 8.70 40.2 106.4 62.5 70.2
9 41.0 35.76 14.7 92.2 92.8 -0.6
10 71.8 65.55 9.5 91.6 91.1 0.5
11 0.20 0.18 10.0 71.0 47.0 51.1
12 0.24 0.20 20.0 70.3 48.4 45.2

this study, one is based on alumina and the other on zirconia.
The third comparison was also made between the two proposed
FG biomaterials.

Three-Phase Alumina-Based FG

Biomaterial vs. Cr-Co One

According to the results presented in Table 2, for the three-phase
FG biomaterial (alumina-titanium-hydroxyapatite), all routes in
the design of FGM have shown moderate stress in bone tissue,
which means a reduction in stress shielding effect. The paths
on which the stress values were calculated are the same as
those shown in Figures 3A,B. Reference (Van Loon et al., 2001)
indicated that paths 9 and 10 played a more important role in the
shielding stress phenomenon; thus, the study of these two paths is
more important. According to Table 2, the proposed material has
been able to increase the average stress by 65.55% and 35.76% in
these pathways, which reduces the effect of shielding stress and,
consequently, aseptic loosening. In major paths such as 1, 2, 5and
6, and most of the paths, stress in the bone has increased. Only on
the 11th and 12th routes, little changes are observed. In fact, the
change in properties of the prosthesis has not had a significant
change in the stress of these two paths, which can be concluded
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that stress in these two paths is independent of the properties of
the prosthetic material.

In Figure4, it can be noted that the stress in the bone-
prosthesis interfaces has increased significantly. The percent
values of increase at interfaces along each path are listed in
Table 2. As previously indicated, moderate values of stress
at bone- prosthesis interfaces are important to reduce the
shielding stress effect and consequently the aseptic loosening. The
maximum increase occurred on route 9, with the lowest increase
in path 11. Using this FG biomaterial, the maximum change in
the stresses is seen at the bone-prosthesis interfaces which are
quite desirable and valuable.

Three-Phase Zirconia-Based FG

Biomaterial vs. Cr-Co One

In the same way previously indicated in section Three-Phase
Alumina-Based FG Biomaterial vs. Cr-Co One, the average
stresses along the assumed paths together with the bone-
prosthesis interface stresses are obtained for a zirconia-based
FG biomaterial and compared to the ones of the commonly
used cobalt-chromium prosthesis. Same qualitative similarities
are seen while the quantitative values are different. There is
again a significant increase in stresses in all directions except the
average stresses along paths 11 and 12. More important paths 9
and 10 show an average increase of 41 and 71.8%, respectively.
The values of stress are greater in comparison with the amount in
the same path for the alumina-based FGBM. One can follow the
values of average and interface stresses for this case in Table 3.

Alumina-Based vs. Zirconia-Based

FG Biomaterial

In this section, a comparison is done between two proposed FG
biomaterials. Based on the results listed in Table 4, Zirconia-
based FG biomaterial has a better performance in terms of stress
shielding effect reduction in the bone tissues. It is due to the fact
that the Young modulus of zirconia which is equal to 175 GPa
is much less than the modulus of alumina which is equal to 365
GPa. The greatest increase in terms of both average stress and
interface one occurred in routes 7 and 8. Along important paths 9
and 10, zirconia-based FG biomaterial shows better performance
in terms of average stress whereas no significant change in terms
of stress in the interface is seen for these two paths. As shown in
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