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Bone density reduction occurs when implants are used to arrest fracture propagation. Bones are stress shielded by
the implants when enough loads are not placed on the bones. Stress-shielding occurs when stiffness mismatch
between the bone and the fracture fixation implant is significant. The aim of this study was to perform an analysis
of stress-shielding reduction using functionally graded material (FGM) implants when Young’s modulus vary
along the length of the implant. In this study, the finite element method (FEM) was used for the simulation of
functionally graded implant mounted on a bone. The effect of FGMs on the reduction of stress-shielding imposed
on a bone was studied parametrically by conducting simulations of various two-dimensional (2D) and three-
dimensional (3D) computational models. First, a low-fidelity 2D model was created where it was observed
that the FGMs were capable of reducing the stress-shielding substantially. Then, high-fidelity models such as
single-sided with and without screws as well as double-sided FGM implants with different shapes for consider-
ation of partial cracks were simulated. Several simulations were carried out to investigate the minimum required
number of layers in an FGM to avoid stress concentration at the FGM layer interfaces. Furthermore, various
material gradations in an FGM were tested to present the FGM gradation index that can reduce the stress
shielding. Lastly, it was established convincingly through the finite element simulations that FGMs were able to

reduce the stress-shielding on a bone with a crack.

1. Introduction

“Wolff’s law” states that bone in a healthy person or animal will
remodel itself in response to the loads it is placed under [1-5]. It means
that a bone must carry an amount of load at any time to stay healthy in the
body, and it is harmful if it does not carry any load. However, an implant
must be placed on a fractured bone to heal it and does not let the bone
carry any load at the fractured zone in the beginning. In this manner, the
implant carries the load instead and the other intact parts of the bone
beneath the implant are not under significant loads. The bone loses its
density because of lack of load it carries, and this phenomenon is called
“stress shielding.” In other words, the phrase stress shielding refers to the
reduction in bone density as a result of removal of typical stress from the
bone by an implant [6-10]. Especially, undesirable stress shielding is
problematic if stiffness mismatch between the bone and the fracture fix-
ation implant is considerable [6,11-14]. Fig. 1 shows the stress shielded
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for typical bones that led to density reduction because of implant place-
ment to heal the fracture. Thus, in order to avoid stress shielding in a
rather long bone with an existing fracture at its center, it is imperative to
design an implant to be stiff enough at the center and not let the bone
carry any load, and on the other hand, the implant must have the lowest
possible stiffness at the ends to let the bone carry loads. The importance of
“functionally graded materials (FGMs)” comes into picture in which the
material properties vary smoothly and continuously as a desired function
of position along certain dimension(s) of the structure from one point to
the other [15,16]. In this study, FEM was used to perform a compre-
hensive analysis of functionally graded (FG) implant placed on a bone to
reduce stress shielding. Various models and analyses (i.e., parametric
studies to adjust the composition of the FGMs) were performed to un-
derstand the main features of this phenomenon in detail.

Many researchers have investigated the behavior of FGMs using
FEM. FGMs have also been simulated in finite element (FE) software,
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Fig. 1. Stress shielding in bones because of implant placement. (a) Stress-shielded region in a bone close to the shoulder implant [17], and (b) stress-shielded region

close to the joints for a knee [18].

such as ANSYS [19] and ABAQUS [20], and various analyses have been
performed. In these analyses, the material has been subdivided into
several layers in a certain direction, and each layer has a different ma-
terial property following a gradation relation. For instance, Durodola
and Attia [21] simulated FGM and studied the deformation of FG
rotating disc under centrifugal loading. FG brake discs have been
simulated in ANSYS when material properties vary in radius [22,23] and
thickness [24] directions, and thermoelastic contact problems were
studied. Ke et al. [25] simulated the FGM and investigated a sliding
frictional contact problem. Gunes et al. [26] investigated the elastic—
plastic response of FG circular plates under low impact-velocities using
FEM. Gunes et al. [26] investigated the elastic—plastic response of FG
circular plates under low impact-velocities using FEM. In their model,
the stress—strain curve of layers changed from fully plastic material for a
ductile metal to linear elastic material for a brittle ceramic following the
intermediate law of mixture.

Not only have FE analyses been performed to investigate the
response of FGMs, but also FGMs have been fabricated via various
techniques to perform experiments. Both experimental and numerical
studies about the effect of elastic-plastic properties variation on low-
velocity impact behavior have been performed by Gunes etal. [27].
FGMs have been fabricated using the powder stacking-hot pressing
technique experimentally and the Mori-Tanaka scheme has been used to
determine the elastic—plastic stress—strain curves of the FGMs layer
numerically in Ref. [27]. Moreover, FGMs have been fabricated using
the additive manufacturing technique. For instance, in another study,
the graded Ti-Nb-Zr alloys with varying compositions have been
deposited using double powder feeder arrangement, Ti-35Nb-15Zr (wt
%) (in one powder feeder) and pure Ti (in second powder feeder) [28].
The variation in composition has been achieved by varying powder flow
rate from both powder feeders during deposition (see Fig. 2). The
fabricated FGM contains five layers and the middle layer and the two

Ti-35Nb-15Zr
Region 5

Lowest stiffness <—

Highest stiffness «—

Region 1
Ti-35Nb-15Zr | J

Lowest stiffness «—

Fig. 2. A FG bar processed via laser engineered net shaping (LENS) by Lima et al [28]. Five layers were fabricated where the middle layer and the end layers have the
highest and lowest stiffness, respectively. The oval holes for the installation on bones are shown in the in-plane view of the FG implant.
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layers at the ends have the highest and lowest stiffness, respectively. Ti
alloys with a high and low contents of “4” stabilizing elements were used
to create low and high elastic moduli, respectively. The aim for fabri-
cating such an FGM in [28] was to demonstrate the capability of additive
manufacturing technique to fabricate an FGM suitable for biomedical
bone implants.

Bone implant for fracture fixation has been designed with various
materials [29-31] and different geometries [32-34]. Chandra et al. [35]
performed a finite element simulation for bone implant and considered a
biodegradable material and observed that the locking compression plate
for biodegradable bone implant plate improved the mechanical perfor-
mances and capabilities. Singh et al. [36] simulated 3D biodegradable
implant when the cross-section changed over the length and it was
thicker at the center where fracture existed to increase the stiffness of
bone implant at the fracture zone. Ganesh et al. [6] simulated a simple
model for stiffness graded bone implant under bending and it was
concluded that stiffness graded implant reduced the stress shielding.
Fice et al. [37] performed a computational study for the tapered fracture
fixation plate and it was concluded that such a plate reduced stress
shielding because it was stiffer at the center than the other parts of the
implant.

In this paper, FGMs were simulated and used as bone implant to
investigate their effect on stress shielding. Various models created by
FEM were used to scrutinize stress shielding reduction in a bone.
Simulation of the FGMs using the ABAQUS commercial finite element
software reduces the number of trial-and-error jobs in the fabrication of
the functionally graded (FG) bone implant using the additive
manufacturing technique. Various effects have been studied and the
most suitable and achievable results using an FGM as a bone implant was
presented. This approach helps designers understand and investigate to
reduce the stress shielding before trying to fabricate an implant on a
realistic bone. This article presents an exploratory numerical study to
investigate the effect of FGMs on stress shielding reduction in a bone.
Therefore, we presented non-dimensionalized results to explain what
features must be considered to design and use FGMs as bone implant.
Various models were created such as low and high fidelities to under-
stand different effects when other effects were switched off. The main
features were investigated one by one and in a stepwise manner to un-
derstand how an FGM must be simulated. Lastly, results showed prom-
ising approach to use FGM as replacement for bone implant made of
pure materials since FGMs were able to reduce the stress shielding.

200GPa

Implant center
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2. Problem statement and method of solution

Material properties and their variation in the FG plate must be
selected in a manner to reduce the stress shielding on the bone. Finite
element simulation was used to determine the most suitable material
property variations for an FGM. Selection of an appropriate material
properties in an FGM implanted on a bone could be selected through
running several jobs using finite element commercial software, ABA-
QUS. Fig. 3 shows the schematic view of the bone with FG implant. The
stiffness of the implant must be high at the center of the bone where
fracture exists to carry the load and not let the bone carry any load. On
the other hand, the stiffness of the implant at the ends must be low
enough to let the bone carry loads as much as possible and to reduce the
stress shielding.

3. Simulation of FGMs using finite element (FE) software

The material has been subdivided into several layers in a certain
direction using commercial finite element software, and each layer had a
different material property following a gradation relation [21,22,38].
The schematic view of the low-fidelity model of bone with a mounted FG
implant is shown in Fig. 4. Only half of the geometry was simulated due
to symmetry. In this schematic, it was assumed that the Young’s
modulus of the implant at the ends was equal to that of the bone, but
such a value could be different in design and analysis.

In this paper, Poisson’s ratio was assumed to be constant in an FGM
but Young’s modulus varied following the Power-law distribution pre-
sented in Equation (1) [22]. The layers close to the middle of the bone
had the highest Young’s modulus value and it decreased along the
implant toward the ends. Young’s modulus variation along the FG
implant changed with material gradation index, m. Fig. 5 shows the
Young’s modulus variations along the implant for various m values.
Young’s modulus was nondimensionalized by dividing by the Enidqie
value (Young’s modulus at the middle of implant) and the distance over
the implant was nondimensionalized by the half length of the implant.

Young’s modulus varied linearly when m = 1.0. The Young’s
modulus variation along the length are placed above and below the
linear variation (m = 1.0) with increasing and decreasing m value,
respectively.
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Fig. 3. The importance of FG implant mounted on a bone to reduce the stress shielding. The implant at the middle surface must be stiff to bear the load where
fracture at bone occurred, and to place the loads on the bone at the ends to reduce the stress shielding when the FGM at the ends has the lowest possible stiffness [6].
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Fig. 4. Schematic of a functionally graded (FG) implant mounted on a bone. Only half of the structure was demonstrated due to the symmetry. Material properties of
the FGM varies along the implant. In this schematic, FG implant is tied to the bone, but screws can be used accordingly.
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Fig. 5. Young’s modulus gradation respect to length with various FGM
gradation index following Power-law distribution.

where, m and Liyyiqn are gradation index and length of the implant. E is
the Young’s modulus and subscripts “middle” and “end” reflect the
properties at the middle and ends of an implant, respectively.

Python scripts in ABAQUS/Standard was used to simulate the FGMs
containing various layers. Every layer had its own material properties,
and they were calculated following the Power-law distribution at the
centroid of the elements and it was assigned for the whole element.
Then, the layers were tied with each other at the interfaces. Finally, the
elements were meshed with several elements. A 4-node bilinear plane
stress quadrilateral (CPS4) and an 8-node linear brick, (C3D8) were used
to simulate the 2D and 3D FGMs, respectively. Fig. 6 shows the simu-
lated typical 3D FG bars with various layers. Every layer in the FGMs
could be meshed with coarse or fine elements. The cross-section of the
FGMs could be changed to simulate the desired geometry. For instance,
the 3D curved cross-sectional FGMs were simulated in this study to be
mounted over the bone.

4. Results and discussion

In this section, the finite element results are presented by simulations
of two types of low- and high-fidelity models. First, the stress shielding
reduction in a bone using a graded stiffness material were tested and
investigated with a 2D low-fidelity model. Then, 3D high-fidelity models
were simulated to investigate the details of the main features in design to
reduce the most stress shielding in a bone. These various models were
created to understand the effect of every single parameter and effect
individually without existence of the other effects. These details were
including the minimum number of layers in an FGM to eliminate the
stress concentrations at the interfaces, material gradation index, m, to
reduce the most stress shielding. In the high-fidelity model, it was
attempted to produce the results without any distortion in a bone
because of materials mismatch between the bone and implant. This
study mainly aims to investigate the effect of material property grada-
tion on the reduction of stress shielding in a bone implant. Thus, the
results and conclusions are not exclusively dependent on the values of
the material parameters used in this study. This study only explains how
the material gradation in FGMs affect the axial stresses in a bone.
Therefore, nondimensional results were presented and the stress values
were divided by Epigqie X %. Where, Enigae, A, and L are the Young’'s
modulus at the middle of the FG implant, applied displacement at the
end of bone, and length of bone, respectively.

4.1. Low-fidelity models: 2D implant with a gap in bones

A 2D low-fidelity model for FG bone implant was simulated to un-
derstand the general principals and effects of FGMs on the reduction of
stress shielding. As shown in Fig. 7(a), a very simple model was simu-
lated when there was a gap between the two pieces of the bone to
consider the existence of fracture. The FGM was consisting of only 5
layers, and it was mounted on one side of the bone and the other side
was free. The FGM was tied to the bone in FE simulation. The middle
layer of the FGM had the highest Young’s modulus value and the
Young’s modulus decreased to the ends of the implant. The Young’s
modulus distribution for the FGMs are shown in Fig. 7(a). The Young’s
modulus of bone was one fifth of the Young’s modulus at the FGM in the
middle. FGM at the ends had the same stiffness with bone. The deformed
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Fig. 6. Simulated FGMs using Python scripts in ABAQUS/standard with various number of layers and material gradation variations. The Python scripts is capable of
creating a FG bar containing various number of layers as well as meshing with various element size.

shape of the bone-implant is shown in Fig. 7(b), and it is seen clearly that
distortion was unavoidable at the middle where fracture existed. The
axial stress imposed on bone and implant are shown in Fig. 7(c) and 7
(d), respectively. The values of axial stress on the bone were compared
with those obtained with consideration of a pure material that had the
same Young’s modulus with the middle layer of the FG implant.
Therefore, the axial stress values at the middle were similar for FGM and
pure material as shown in Fig. 7(c). It is shown clearly that values of
axial stress on bone created with FGM were higher than that with the
pure material and this matter showed the reduction of stress shielding
using FGMs. The axial stress values on the bone close to the ends of the
implant were higher than the other parts of the bone and there was a
sharp rising in axial stress. This matter could be justified by the fact that
load transferred from the implant to the bone at the implant ends. Fig. 7
(d) shows the axial stress values on the bone and compares the results
with FGM and pure material. As expected, the axial stress at the middle
of the implant was highest and the axial stress on the implant with pure
material was higher than that with FGM. However, at the middle, FGM
and pure material had the same Young’s modulus but the axial stresses
were not the same. The reason was explained because of the created
distortion in the bone. Later in this section, it will be seen in Fig. 8 that
such a dissimilarity in the axial stress values would be eliminated by
avoiding the distortion in a bone using symmetric boundary condition
imposed on the free surface of bone.

As observed in Fig. 7(b), distortion was created in the bone under
tension. Therefore, symmetric boundary conditions were imposed on the
free surface of the bone in the 2D low-fidelity model to eliminate the
distortion. Fig. 8(a) shows that the FE configuration for this model. As
shown in Fig. 8(b), bone deformed without distortion. The obtained
axial stress distributions on bone for FGM and pure material were
similar to the cases without imposing symmetric boundary conditions

(compare Fig. 7(c) and Fig. 8(c)). However, the axial stress values on
implant with FGM and pure material at the center of the implant were
similar as shown in Fig. 8(d). This matter exposed the effect of distortion
on the distribution of axial stresses on an implant. Furthermore, it is seen
in Fig. 7(c) and Fig. 8(c) that the bone material had the lowest value of
axial stress at the center where fracture existed, and this matter showed
the load bearing capacity of the implant at the center where it was stiffer
than the bone material.

4.2. High-fidelity models: 3D implant with a gap in bones

Various high-fidelity models including single- and double-sided with
and without screws were simulated to understand different parameters
for FGM simulations. The finite element results were based on a specific
procedure to explain the simulation of FG implant in a step wise manner
to understand the main features of stress shielding phenomenon. It was
attempted to present the results for the simulation of FGMs in a manner
when the finite element results showed the least possible values of
distortion in a bone with a conventional implant geometry.

4.2.1. Single-sided FG implant creates distortion.

A single-sided FG implant was tested when the Young’s modulus
varied linearly (m = 1.0) following the Power-law distribution. The FG
implant contained 20 layers, and the cross-section area were curved in a
way to be placed over the bone perfectly. The cross-section of the
implant was almost similar to a crescent shape (intersection of two
circles). A hollow cylinder was assumed to be a bone. The simulated
bone and implant with dimensions are shown in Fig. 9. In order to as-
sume a physical crack at the bone, symmetric boundary condition was
only applied at the center of the implant and not to the bone (see Fig. 9).
Displacement was applied at the other bone end. As shown in Fig. 9(c),
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Fig. 7. A 2D single-sided low-fidelity model for FG bone implant to investigate the effect of FGM to reduce the stress shielding without imposing symmetry boundary
condition; (a) schematic of FE configuration, (b) deformed shape of the structure under uniaxial tension loads, (c) axial stress distribution on the bone, and (d) axial

stress distribution on the implant.

the deformed shape of the bone showed that the single-sided FG implant
created distortion at the center where the crack existed there.

4.2.2. Double-sided FG implant eliminates distortion.

In order to eliminate the distortion in bone and to understand the
effect of FGM without consideration of distortion, a double-sided FG
implant was mounted on a bone. A 20-layer FG implant when the
Young’s modulus varied linearly (m = 1.0) was tested. The simulated
bone with implants is shown in Fig. 10. The dimensions and sizes were
the same as those simulated for the single-sided FG implant. As it is seen
in Fig. 10(c), the distortion was fully eliminated using the double-sided
FG implant.

In order to determine the number of layers in an FGM, various FGMs
with different number of layers were simulated in a double-sided FG
implant on a bone and the effect of every case was studied (Fig. 11(a)).
The effect of a 5-layer FGM is shown individually in Fig. 11(b), and it is

seen that stress concentration was created at the interfaces of layers in
an FGM. The stress concentration decreased with increasing the number
of layers for instance in a 10-layer FGM as shown in Fig. 11(c). However,
such a stress concentration completely eliminated with consideration of
more layers beyond 20 layers in an FGM as shown in Fig. 11(d). In fact,
FGMs were subdivided into several layers and the material properties
following the gradient variation (Equation (1)) at the centroid of every
layer were calculated. If the number of layers is small, the material
properties, in this case Young’s modulus, of two adjacent layers differ by
a significant difference. Therefore, this matter causes a jump on the
stress distribution. Consequently, if the number of layers increases, the
differences in material properties at the two adjacent layers decreases
and it will produce a smooth stress distribution.

Based on the study presented in Fig. 11 to eliminate the stress con-
centration at the FGM layer interfaces, 20-layer FGM was selected for the
further analysis. The effect of material gradation index was investigated
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FE configuration, (b) deformed shape of the structure under uniaxial tension loads, (c) axial stress distribution on the bone, and (d) axial stress distribution on

the implant.

using the double-sided FG implant. The effect of every gradation index
was presented and shown in Fig. 12. It is clearly observed that the values
of axial stress along the bone increased with decreasing “m”, and it caused
to reduce the stress shielding. The results were compared with those for
the pure material that had the same Young’s modulus with the layer of the
FG implant, and it is seen that the variation of the axial stress was very
close to the FGM having m = 5.0. Various Young’s modulus variation with
different values of gradation index are shown in Fig. 5 and it is seen that
the properties for the FGM with m = 5.0 was close to the pure material
particularly at the middle region of the implant.

As mentioned previously, there existed a rising in the axial stress on
the bone close to the end of the implant. It was mentioned that such a
rising in the axial stress was due the load transfer from implant to the
bone. However, such an axial stress rising reached maximum and then
started decreasing by moving across the bone. To study the effect of this

stress rising, the effect of Young’s modulus at the implant ends was
investigated when the gradation index was unchanged. For such an
investigation, double-sided FGM with 20 layers and m = 1.0 was
considered. As expected, it was observed that the axial stress value
increased along the bone with increasing the Young’s modulus at the
ends. It can be said that the value of axial stress at the end was high
enough for every case to avoid stress shielding. Therefore, it was not
required to consider the stress shielding reduction in this region. Even
though the low Young’s modulus at the implant end had the lowest axial
stress, such an Young’s modulus reduced the stress shielding in the rest
of the bone under implant remarkably. Surfaces of bone which were free
and under the bone were marked in Fig. 13. Thus, it was deducted to
pick the lowest possible Young’s modulus at the implant end. It must be
emphasized that these justifications were made based on the results
given by ABAQUS.
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Fig. 9. A single-sided FG implant mounted on a hollow bone with imposed symmetric boundary condition at the center of the implant. A gap existed at the center of
bone resembled the fracture.; Geometries are shown in (a) isometric view, and (b) in-plane views. Single sided FG implant created distortion as observed in the
deformed shape of bone (c). [only half of the bone with implant is shown due to the symmetry].
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Fig. 10. A double-sided FG implant mounted on a hollow bone with imposed symmetric boundary condition at the center of the two implants. A gap existed at the
center of bone resembled the fracture.; Geometries are shown in (a) isometric view, and (b) in-plane views. Double sided FG implant deformed without distortion as
observed in the deformed shape of bone (c).
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Fig. 11. Effect of number of layers in an FGM on axial stress imposed on a bone. Results show that the stress concentration at the FGM layers decreased or completely
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Fig. 12. Effect of material gradation index “m” on axial stress imposed on bone.
Results show that the stress shielding reduced with decreasing gradation
index “m”

eliminated with increasing the number of layers.

4.2.3. 3D FG implant with screws

After determination of appropriate number of layers in an FGM as
well as material gradation index, m, the single-sided FG implant with
screws were simulated with various shapes for partial cracks. The
simulated bone-implant with screws is shown in Fig. 14 (a-b) and the
various shapes for partial crack are shown in Fig. 15. For this simulation,
20-layer FGM with gradation index, m = 0.5, was considered. Five
screws were considered to place the FG implant on the bone. A typical
geometry for screws was considered since the objective was to study the
effect of FGM on reduction of stress shielding in the existence of screws
with a typical geometry. In the ABAQUS simulation, screws were tied to
the FG implant and bone. Contact constraint between the FG implant
and bone surfaces was considered. Fig. 14(c) shows the individual bone
with holes, and screws as well as FG implant containing holes.

As shown in Fig. 15, it was assumed that fracture did not occur
completely in a bone and instead crack was considered partially. The
deformed shape of every case is shown in Fig. 15, and it is observed that
distortion occurred only for the bone with a complete crack. Even 25%
crack was able to resist distortion in a bone. Fig. 16 shows the vertical
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Fig. 13. Effect of Young’s modulus at the end of the FG implant on the imposed axial stress on bone. It is observed that there existed a rising in axial stress at the end
of the implant where load transferred from bone to the implant.
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accordingly; (a) isometric view, (b) in-plane view, and (c) individual schematic of bone with holes, screw, and FG implant.
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bone with screws including various crack shapes.

displacement over the top surface of the bone where the implant was
mounted. The vertical displacement and the distance from the middle
surface of the bone were nondimensionalized with the outer radius of
the bone, and half length of the bone, respectively. It is observed in
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Fig. 15. Various partial crack shapes in a single-sided FG implant mounted on a bone with screws. The deformed shapes of the bone with various crack shapes are

Fully empty ‘/tc

Fig. 16 that distortion in a bone even with slight partial crack was slight.
However, a high value of distortion was observed for fully cracked bone.
The main reason to perform such an analysis considering those crack
shapes was to get some ideas about eliminating distortion in a bone.
However, those crack shapes may not be exactly realistic as happens in a
fractured bone. Most importantly, it must be emphasized again that
these justifications were made based on the results given by ABAQUS.
Fig. 17 shows the deformed shapes of the bone when an FG implant
was mounted on it using five screws. It is observed that the bone was
under compression and tension in the regions close to the behind and
front of screws, respectively. The axial stress values imposed on bone
over length were compared with the case when the pure implant was
considered. The results comparison is presented in Fig. 18. Axial stress
started decreasing from the symmetry plane to the region right behind
the first screw where it was under compression. Then, the axial stress
again started decreasing from the region close to the front of the first
screw where it was under tension to the region behind the second screw.
Fig. 18 shows such a repeated compression-tension axial stress distri-
bution between the holes. It must be emphasized that screws were tied to
the bone and FG implant during the simulation and a very slight pressure
was placed over the implant and below the bone surface to get the bone/
implant surfaces into contact. Results show that such a slight pressure
created a remarkable effect of FGM to reduce the stress shielding in a
bone more pronouncedly. Results show that the FGM was capable of
reducing the stress shielding specially in the regions close to the screws.
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Fig. 18. Axial stress on the bone with FG implant and pure material that had the same Young’s modulus with the middle layer of the FG implant.

5. Conclusions

In this study, finite element analyses of bone-implant structure
considering FGMs as implant were performed to understand the reduc-
tion of stress-shielding in a bone. First, the general principals of the
stress-shielding reduction using low-fidelity models were tested. Then,
high-fidelity models were simulated to understand the details of the
main features of the stress-shielding reduction. The simulations showed
that only 20 layers in an FGM was enough to eliminate the stress con-
centration between the interfaces at the FGM layers. Lower material
gradation index than 1.0, in this study m = 0.5, following the power-law
distribution for Young’s modulus over the length reduced the most stress
shielding. Finite element results showed that distortion was created in
the fully fractured bone using a single-sided implant. However, even a
slight partial bone piece at the fracture zone avoided distortion in a bone
as predicted by ABAQUS. Otherwise, the simulated results showed that
double-sided implant on a bone was required to eliminate the distortion
even using screws.
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