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Abstract: One of the most important problems of total hip replacement is aseptic loosening of
the femoral component, which is related to the changes of the stress distribution pattern after
implantation of the prosthesis. Stress shielding of the femur is recognized as a primary factor in
aseptic loosening of hip replacements. Utilizing different materials is one of the ordinary solutions for
that problem, but using functionally graded materials (FGMs) could be better than the conventional
solutions. This research work aims at investigating different porous FGM implants and a real
femoral bone by a 3D finite element method. The results show that a neutral functionally graded
prosthesis cannot extraordinarily make changes in the stress pattern of bone and prosthesis, but an
increasing functionally graded prosthesis leads a lower level of stress in the prosthesis, and a
decreasing functionally graded prosthesis can properly reduce the stress shielding among these three
architectures. Due to the absence of similar results in the specialized literature, this paper is likely to
fill a gap in the state-of-the-art bio-implants, and provide pertinent results that are instrumental in
the design of porous femoral prostheses under normal walking loading conditions.

Keywords: femoral prosthesis; functionally graded materials; stress shielding; finite element
method; biomechanics

1. Introduction

Total hip replacement (THR) is known as the last solution for patients and can be helpful to relieve
pain, restore function, and improve the quality of life for patients when conservative treatments have
lost their efficacy. Despite the success of THR, there are some reasons that can negatively affect the
utilizing of this treatment, such as stress shielding and aseptic loosening [1–4]. The mismatch between
the stiffness of the bone and the inserted prosthesis can lead to a variation of the bone stress pattern.
Additionally, the prosthesis is usually stiffer than the surrounded bone; therefore, the stress in the bone
cannot reach an appropriate level, and it can cause bone resorption. This is a common process which
is regarded as “stress shielding” [5,6]. The stress shielding of the prosthesis leads to the reduction
of the strength of the cortical structure of the bone, and it can also cause aseptic loosening, which is
one of the main reasons for failure of THRs [7,8]. There are many studies conducted to identify an
appropriate material for fabricating prostheses and minimizing the stress shielding. In this regard,
composite materials have been utilized in femoral prostheses [9–11]. Among the proposed composite
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materials, functionally graded materials (FGMs) have shown the most appropriate characteristics
compared to the other composites because their excellent properties let them minimize the stress
shielding [12–14]. The concept of FGMs originally stems from the hierarchical structures of the
bones [15,16]. Additionally, their mechanical properties can be controlled and optimized by altering
the volume fraction of each section to improve the biocompatibility, fracture toughness, and wearing
resistance, which are extremely important for biomedical applications [17–21]. Porous architecture can
be utilized to mimic FGM characteristics, and its medium increases the possibility of bone ingrowth
and ensures prosthesis firm fixation in the implantation site. Based on the references mentioned above,
triply periodic minimal surfaces (TPMS) can be a promising option for the tissue engineering scaffolds
because they have many advantages in comparison with common structures like honeycombs and
strut-based lattices. The structure of TPMS has the unique combination of properties consisting of
high surface-to-volume ratio and stiffness-to-weight ratio, and their pores can easily be altered to a
functionally graded (FG) architecture [22–24].

The prosthetic design safety and its mechanical behavior can be evaluated by some common
analyses such as experimental and numerical procedures. The finite element method (FEM) is one of
the main reliable means that can give promising results [3,25,26]. Typically, static FEMs are conducted
by loads with a magnitude proportional with the body weight [27]; however, the negative influence of
weight can escalate when it is followed by a movement. In the other words, the prosthesis should be
investigated under a specific condition, rather than just static loading of the body weight [28,29].

In the present study, an FEM is developed to evaluate a model of a femur implanted with a
porous functionally graded prosthesis considering normal walking loading conditions. Beside the FG
architecture, the TPMS unit cells are implemented to propose a novel design for the femur prosthesis
with improved stress shielding. Three different topologies are proposed for the porous FG architecture
and analyzed under the normal walking condition to find the best FG architecture for non-cemented
femoral prostheses. Finally, for all porous FG architectures, the bone and femoral prosthesis stress
distribution and mechanical properties are investigated by the developed FEM.

2. Materials and Methods

2.1. Materials

According to the previous studies, the mechanical properties of the cortical and trabecular bone
are presented in Table 1 [30,31]. The cortical bone is considered a transversely isotropic elastic material,
but the cancellous bone is assigned to a linear isotropic elastic material. The implant is also considered
titanium alloy (Ti) with the isotropic elastic material [32]. Young’s modulus of the Ti is assumed
110 GPa [33]. In order to allocate material properties of the cortical bone, elastic properties are inserted
into the FEM software and a coordinate system is set to orient the properties appropriately. The whole
structures of the cortical bone, cancellous bone, and implant are illustrated in Figure 1. Table 1 shows
mechanical properties of the cortical and cancellous bone.

Table 1. The mechanical properties of the cortical and cancellous bone.

Material Plane Modulus of Elasticity (GPa) Modulus of Rigidity (GPa) Poisson’s Ratio

xx 11.5 3.6 0.51
Cortical bone yy 11.5 3.3 0.31

zz 17 3.3 0.31

Cancellous bone - 2.13 - 0.3
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Figure 1. The structure of the bone and implant: (a) implant, (b) cancellous bone, and (c) cortical bone.

2.2. Design Methodology of the Femur Bone

A series of 2D computed tomography (CT) image slices of the femoral bone of a 28-year old
male is used to rebuild the target area (see Figure 2). In this respect, a total of 251 images with
355 pixels × 251 pixels and a spatial resolution of 0.549 mm are utilized and exported to MIMICS®15.0
software (Materialise, Leuven, Belgium). In the next step, the prosthesis is added to the femur bone in
a computer-aided design (CAD) software (see Figure 1).
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2.3. Designing of a Unit Cell and Implant

Minimal surfaces have many advantages that have been widely used in tissue engineering
scaffolds. For example, they can facilitate cell migration and retain the high degree of structural
stiffness [34,35]. Regarding that, the Schwarz Primitive (SP) triply periodic minimal surface (Figure 3)
is opted for the base structure of the prosthesis. In Figure 3, R parameter represents the radius of the
SP unit cell and L stands for the length of the unit cell. It should be noted that the prosthesis is divided
into 19 separated layers (See Figure 4)—first fourteen layers have the same length (5 mm), but layers 15,
16, 17, 18, and 19 have shorter length (4 mm)—that are selected from Table 2; all of the different layers
are constructed by an SP unit cell with various radius value, but identical thickness. Afterwards, the
characteristics of the SP unit cell are assigned to the whole layer. As can be seen in Figure 4, the radius
of each layer alters from layer number 1 to 19 to build the whole structure of the porous FG prosthesis;
however, the neck of the implant has similar elasticity of the non-porous Ti.

In this study, three different morphologies for the FG architecture are investigated, as proposed
in Table 3. The key point is the differences between increasing FG prosthesis (IFGP), decreasing FG
prosthesis (DFGP), and neutral FG prosthesis (NFGP). In the IFGP, ratio of the radius to length of the
unit cell (R/L) for the different layers is increased from layer number 1 to layer number 19; however, the
pattern is reversed in DFGPs. The R/L of the NFGPs increases from layer number 1 to number 9 and
then it decreases from number 9 to 19.
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Table 2. Physical characteristics and mechanical properties of the different SPs.

Unit Cell
Number R/L Porosity (%) Surface Area of the Reaction

Force (mm2)
Stress
(MPa)

Unit Cell
Number R/L Porosity (%) Surface Area of the Reaction

Force (mm2)
Stress
(MPa)

1 0.05 91.8 2.36 1350.5 13 0.1998 88.392 7.06 2401.6

2 0.0625 91.39 2.75 1143.9 14 0.2123 88.332 7.45 2134.4

3 0.0748 90.95 3.14 942 15 0.2248 88.306 7.85 1901.9

4 0.0873 90.535 3.53 837.79 16 0.2373 88.317 8.24 170.21

5 0.0998 90.151 3.92 719.6 17 0.2498 88.363 8.63 152.71

6 0.1123 89.803 4.31 620.3 18 0.2623 88.444 9.03 137.08

7 0.1248 89.492 4.71 534.16 19 0.2748 88.559 9.42 123.34

8 0.1373 89.217 5.1 463.15 20 0.2873 88.71 9.81 111.04

9 0.1498 88.977 5.49 401.54 21 0.3123 89.131 10.6 89.89

10 0.1623 88.775 5.89 350.98 22 0.3248 89.677 10.99 80.89

11 0.1748 88.612 6.2 311.16 23 0.3373 89.9 11.38 78.12

12 0.1873 88.482 6.67 2712.7 24 0.3498 90.04 11.77 65.47

Table 3. The FG prosthesis architecture.

Topology IFGP DFGP NFGP

Range of R/L IFGP1 IFGP2 IFGP3 IFGP4 DFGP1 DFGP2 DFGP3 DFGP4 NFGP

Upper 0.2748 0.2873 0.3123 0.3248 0.2748 0.2873 0.3123 0.3248 0.2748

Lower 0.05 0.0625 0.0748 0.0873 0.05 0.0625 0.0748 0.0873 0.05
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2.4. Finite Element Model and Boundary Conditions

As it has been mentioned in the previous section, the prosthesis consists of layers of different
unit cells. Regarding that, the mechanical properties of the unit cells are computed by the FEM.
Figure 5 shows the boundary conditions of the unit cell to calculate Young and shear moduli under
different conditions. In Figure 5a, the compressive load is defined in the x direction, at the cross section
of A, but the opposite cross section is totally fixed at any directions. In Figure 5b, two other cross
sections (C and D) are prevented to move freely in the Y direction while applying a shear loading.
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The femur bone made in the previous section is imported to an FEM-based software to investigate
the mechanical properties of the prosthesis as well as the bone. Afterwards, regarding the physical
elements and the complex shapes of the prosthesis and bone, a tetrahedral element possessing four
nodes with three degrees of freedom at each node is selected. The optimized number of elements
in each model is chosen by a sensitivity analysis conducted in this section. A statistical analysis is
developed to simulate the loading condition on the implanted femur, and the highest contact force and
the highest torsional moment in normal walking are employed too. Forces during normal walking are
shown in Figure 6 and Table 4 [36].
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Table 4. The maximum contact force of normal walking.

Force (N) Direction Acts at Point

x y z

Hip contact −378 −229.6 −1604.4 P0
Abductor 406 30.1 605.5 P1

Tensor fascia lata, proximal part 50.4 81.2 92.4 P1
Tensor fascia lata, distal part −3.5 −4.9 −133 P1

Vastus lateralis −6.3 129.5 −650.3 P2

3. Results and Discussion

In this study, a finite element investigation is performed to find optimum porous FG prosthesis
with SP unit cells. Stress distribution of the uniform prosthesis (UP) for two paths (Figure 7) is
compared with Ataollahi et al. [31] (see Figure 8). The results show a good agreement between results
of the present model and those of Ataollahi et al. [31] verifying the FEM accuracy. The FEM model
can reduce the cost of fabrication and precisely predict the mechanical properties of the prosthesis.
This method can help researchers to find the best architecture of the prosthesis as well. In the following
paragraphs, mechanical properties of different FG architecture will be investigated with the developed
FEM. It is worth mentioning that there are many additive manufacturing works that investigated Ti
lattice structures and the effects of pore size, boundary conditions, and process parameters [37,38].
However, utilizing an SP unit cell for femur prostheses is a novel work that does not have any
counterpart. In this regard, the present study is comparable with some recent research works [31,39].
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3.1. Mechanical Properties of the SP Unit Cells

The mechanical properties of the unit cells are investigated by the FEM software. Figure 9 illustrates
the mechanical properties of 24 various unit cells. Figure 9 shows that increasing the radius of the SP
unit cell can cause lower elastic modulus, but its slope decreases in a higher level of R/L. The normalized
shear modulus has somewhat dissimilar to the elastic modulus. First, the value of the normalized
shear modulus raises to R/L = 0.1373; afterwards, it decreases in higher values of the R/L. This unusual
behavior can stem from the complex shape of the unit cell.

Designs 2020, 4, x FOR PEER REVIEW 8 of 15 

 

R/L. The normalized shear modulus has somewhat dissimilar to the elastic modulus. First, the value 

of the normalized shear modulus raises to R/L = 0.1373; afterwards, it decreases in higher values of 

the R/L. This unusual behavior can stem from the complex shape of the unit cell. 

 

Figure 9. The normalized modulus of SP unit cells at different R/L: (a) normalized elastic modulus, 

(b) normalized shear modulus. 

According to Figure 10, the SP unit cell can show  same values of porosity in different points of 

modulus. This interesting characteristic can help a designer to select an appropriate quantity of the 

porosity regarding to the host tissue. This area has been hatched in Figure 10. Moreover, a higher 

value of the normalized elastic modulus can be reached by increasing the porosity. It illustrates the 

fact that the SP unit cell has an inherent potential to utilize in different organs with varying 

porosities. It should be noted that the non-dimensional results from the present elastic analysis, as 

shown in Figure 9, are independent of the material properties. Therefore, the trend of the diagrams 

in the following results will not change if other materials are selected. A similar conclusion was 

drawn in Ref. [39]. 

 

Figure 10. The normalized elastic modulus versus the SP unit cell’s porosity. 

3.2. Investigation of the Bone and Prosthesis with Different Topologies  

3.2.1. Uniform Prosthesis  

After validation, the UP and the bone are investigated to better understand the stress 

distribution in both, and they will be compared with porous FG implants and their bones in the next 

sections (see Figure 11). Beside the stress distribution, two paths on the prosthesis are implemented 

to precisely detect the variation of the stress in the implant (see Figure 7). 

Figure 9. The normalized modulus of SP unit cells at different R/L: (a) normalized elastic modulus,
(b) normalized shear modulus.

According to Figure 10, the SP unit cell can show same values of porosity in different points of
modulus. This interesting characteristic can help a designer to select an appropriate quantity of the
porosity regarding to the host tissue. This area has been hatched in Figure 10. Moreover, a higher value
of the normalized elastic modulus can be reached by increasing the porosity. It illustrates the fact that
the SP unit cell has an inherent potential to utilize in different organs with varying porosities. It should
be noted that the non-dimensional results from the present elastic analysis, as shown in Figure 9,
are independent of the material properties. Therefore, the trend of the diagrams in the following results
will not change if other materials are selected. A similar conclusion was drawn in Ref. [39].
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3.2. Investigation of the Bone and Prosthesis with Different Topologies

3.2.1. Uniform Prosthesis

After validation, the UP and the bone are investigated to better understand the stress distribution
in both, and they will be compared with porous FG implants and their bones in the next sections
(see Figure 11). Beside the stress distribution, two paths on the prosthesis are implemented to precisely
detect the variation of the stress in the implant (see Figure 7).Designs 2020, 4, x FOR PEER REVIEW 9 of 15 
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3.2.2. Increasing FG Prosthesis

As it has been mentioned before, in the IFGPs, the value of the R/L of the layers is increased from
layer number 1 to number 19. This increasing topology is divided to four various increasing topologies,
which are named IFGP1, IFGP2, IFGP3, and IFGP4. In these four increasing architectures, the IFGP4 has
the lowest stress of the prosthesis, and provokes more stress on the bone. This can be the result of the
reduction of the mismatch between bone and prosthesis, but in the IFGP1, IFGP2, and IFGP3, the lower
elastic modulus leads to higher stress value, and increases mismatching between the prosthesis and
bone. Figure 12 illustrates the fact that increasing the porosity in the neighborhood of the neck of the
prosthesis can reduce the von Mises stress in the implant, but they make a stress concentration area in
the proximal part of the bone (see Figure 13).
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Figure 13. The von Mises stress distribution of the prosthesis and bone in the IFGPs: (a) IFGP1,
(b) IFGP2, (c) IFGP3, (d) IFGP4.

Figure 14 shows the stress distribution in two paths of P1 and P2. As can be seen in Figure 14a,
the IFGPs and UP have roughly the same maximum stress value in path of P1, but, with moving
away from the neck of the prosthesis in both directions, the UP illustrates higher values of stress in
comparison to the IFGPs. The maximum stress in path P2 has the lower value in UP than IFGPs;
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however, they show higher values in other points (see Figure 14b). The bone maximum stress is about
60 MPa in UP and decreases to 50 MPa in IFGPs. This reducing stress in IFGPs lessens their chance to be
selected as the best structure for the femoral prosthesis because it can stimulate the bone resorption [6].
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3.2.3. Decreasing FG Prosthesis

In the DFGPs, the value of R/L of the layers is decreased from layer number 1 to number 19.
Four different scenarios are implemented for the DFGPs. Figure 15 illustrates the variations of the
modulus of DFGPs. Figure 15, beside Figure 16, can help to find the best decreasing architecture for the
prosthesis. The DFGP4 has the highest stress value, but has the lowest elastic modulus (see Figure 15).
It shows that if the modulus of the elasticity is extremely lower than the elastic modulus of the neck,
it will intensify the value of the maximum stress in the implant. Since the DFGP1 has a greater value of
R/L, it can be more accurate than other DFGPs.Designs 2020, 4, x FOR PEER REVIEW 11 of 15 
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Figure 16. The von Mises stress distribution of prosthesis and bone in the DFGPs: (a) DFGP1, (b) DFGP2,
(c) DFGP3, (d) DFGP4.

It is obvious that higher values of porosities of the layers can lead to higher stress values;
therefore, the DFGPs tolerate higher stress than IFGPs, but the stress value of the bone can make
DFGPs a better choice for the femoral implant. The maximum stresses in the bone reach to more than
100 MPa in the DFGPs. This rise in the stress value can elevate bone density and restrict the problems
of the stress shielding behavior in a patient. The higher stress value of the implant can be compensated
by choosing an appropriate material to endure loads in different conditions.

It can be interpreted from Figure 17 and according to the higher R/L values in proximity of the
neck of the implant, that the stress value reaches to its peak in that area for the both paths, but the
stress value of the DFGPs illustrates a lower quantity than the UP through the both paths. These lower
and higher stress values in the bone make the DFGPs an eligible choice for the prosthesis. It can also
reduce the mismatching between the stiffness of the prosthesis and the bone as a result of the reduction
of the stress of the prosthesis. Moreover, decreasing the mismatching can remove the stress shielding
and its negative influences.
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3.2.4. Neutral FG Prosthesis

In the NFGPs, each R/L of the layers is increased from the layer number 1 to the middle of the
prosthesis, but their value is decreased toward the neck and stem. The variation of elastic modulus of
the layers is illustrated in Figure 18.
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As demonstrated in Figures 19 and 20, the NFGP cannot make any substantial changes in
the prosthesis and bone, except that the stress values decrease in the stem part of the prosthesis.
Actually, NFGPs have the same behavior as the UP under identical loading conditions.
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4. Conclusions

The porous FG prosthesis was designed with three main architectures: IFGPs, DFGPs, and NFGP.
It was found that the IFGPs result in better performances in the load bearing of the prosthesis in
normal walking conditions, but they cannot elevate the stress that is imposed on the real scanned bone.
The NFGP and UP totally have the same mechanical behavior in the prosthesis and the bone, but the
DFGP results in an exceptional improvement at increasing the load on the bone. Their reduction of the
elastic modulus of the base material of the prosthesis can diminish the mismatching between bone and
prosthesis and prevent the stress shielding, which has many negative effects on a patient. Due to lack
of any data on the porous FG prostheses with improved stress shielding, it is expected that the results
supplied in the present work will be instrumental toward a reliable design of femoral prostheses under
normal walking loading conditions.
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Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tarlochan, F.; Mehboob, H.; Mehboob, A.; Chang, S.-H. Influence of functionally graded pores on bone
ingrowth in cementless hip prosthesis: A finite element study using mechano-regulatory algorithm. Biomech.
Model. Mechanobiol. 2017, 17, 701–716. [CrossRef] [PubMed]

2. Alkhatib, S.E.; Tarlochan, F.; Mehboob, H.; Singh, R.; Kadirgama, K.; Harun, W.S.B.W. Finite element study
of functionally graded porous femoral stems incorporating body-centered cubic structure. Artif. Organs
2019, 43, E152–E164. [CrossRef] [PubMed]
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