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Abstract. Total hip Arthroplasty (THA) is performed every year at a very high frequency to improve the quality of life of thousands 
of patients all over the globe. Nevertheless, the expected service life of such surgery remains unsuitable for patients under 50 
years old. This is mainly related to stress shielding and the potential adverse tissue reaction to some of the elements of the 
market-dominant implant materials. In this research, functionally graded (FG) implant designs of several titanium alloys layered 
with hydroxyapatite (HA) are proposed to provide lower implant stiffness compared to a solid stem to approach the requirements 
of human bone. Moreover, TNZT (Ti35Nb7Zr5Ta), and TMZF (Ti12Mo6Zr2Fe) second-generation titanium alloys are studied as a 
replacement for the famous Ti6Al4V alloy to avoid the adverse tissue reactions related to aluminum and vanadium elements. The 
different FG models are numerically tested using a 3D finite element simulation after virtual implantation in a femur bone under 
the dynamic load of a patient descending stairs. In the numerical study, the variation in stress distribution and strain energy in a 
femur bone is assessed for different FG hip stems as well as the axial stiffness of the hip stems. Results indicated an increase in 
strain energy and von Mises stress in the cortical and cancellous bones using FG hip stems. Additionally, the axial stiffness is 
reduced for all FG hip stems relative to the commercial Ti6Al4V hip stem. 

Keywords: Functionally graded material (FGM); Second generation titanium alloys; Hip stem implant; Stress shielding; Strain 
energy. 

1. Introduction 

β -type titanium alloys (also known as second-generation titanium alloys) are composed of biocompatible elements. They 
were developed as a possible solution to minimize the stress shielding problem related to the high Young’s moduli of current 
implant materials. Second generation titanium alloys have a Young’s modulus closer to the modulus of the bone. Advantages of 
β -type titanium alloys include lower Young`s moduli, better resistance to corrosion, and improved biocompatibility compared to 
the famous Ti-6Al-4V alloy [1]. The novel biomedical alloys such as Ti-35Nb-7Zr-5Ta (TNZT) (55GPa) and Ti-12Mo-6Zr-2Fe (TMZF) 
(80GPa), have low Young’s moduli, sufficient strength, and include alloying elements that are completely biocompatible [2, 3]. 
Studies have been conducted on the implantation of intramedullary rods [4] and bone plates [5] made of TNZT β -type Ti alloys 
and stainless steel into fractured rabbits tibia. The implantation of both bone plates and intramedullary rods was reported to 
improve bone remodeling and bone atrophy for TNZT. Results also demonstrated an increase in the diameter of the tibia and the 
double-wall structure of intramedullary bone for TNZT implants. 

Functionally graded materials (FGMs) are special materials whose microstructure or composition, and consequently, the 
related properties vary according to an assigned law. FGMs captured the scientific community attention due to their broad range 
of applications. Therefore, intensive researches focused on FGMs fabrication, strength, mechanical, thermal, and vibrational 
properties [6-16]. Biomedically, FGMs can be adapted to replicate the properties of bone, which minimize the stress shielding 
effect. Such favorable effects may lead to an increase in the life expectancy of the prostheses. Hedia and Fouda [17] studied the 
effect of changing Young’s modulus of the FG hip stem coating along the vertical direction. Additional study was carried out by 
Fouda [18] to grade Young`s modulus along the horizontal direction. Both studies showed an increase in the maximum von Misses 
stress in the surrounding bone at the proximal medial region of the femur while the shear stress was reduced. Darwish et al. [19] 
compared the fatigue behavior of carbon/PEEK versus PEEK coated hip implant under different human activities. 

Additionally, Enab [20] investigated the performance of cemented FGM-coated and uncoated femoral implants with different 
geometrical models using 2D FE analysis. Moreover, Hedia et al. [21] extended their studies to FGM cemented femoral stem which 
gives promising results compared to a conventional titanium stem. Besides studying the effect of using FGMs; Al-Jassir et al. [22] 
examined the effect of changing stem length for functionally graded and conventional implants. They found that the shear stress 
at bone cement decreased with the stem length while the von Misses stress increased. Gong et al. [23] developed a FE model to 
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incorporate quantitative functional adaptation theory for the bone with FEA. They observed that the FGM stems have less bone 
loss compared to titanium stem. FGM1 (titanium at the top HA/Colagen at the bottom) and FGM2 (titanium and bioglass) caused 
less bone loss compared to titanium stem. The same results were obtained by Hedia et al. [24] using the same bioactive materials 
to develop the cementless metal backed acetabular cup. A comparison of various FGM femoral prostheses was studied by Oshkour 
et al. [25]; they concluded that stresses and stress shielding could be adjusted by changing the stiffness of FGM prostheses by 
managing the volume fraction gradient index. Bahraminasab et al. [26] found that the composition of the implant component`s 
material must be selected relative to the geometrical design of the component`s. For example, they concluded that 60% porous 
titanium conical pegs were the optimum solution if they were used with a FGM femoral component; however cylindrical pegs 
would be preferable in case of using the conventional Co-Cr femoral components. Hedia and Fouda [27] have implemented a 2D 
axisymmetric FE model of the tibia prosthesis; they observed that the optimal design is to grade the tibia composition vertically. 
This confirmed the results concluded by Enab [28] and Enab and Bondok [29] when they employed 2D FE models to study the 
interface stresses for different graded and conventional tibial prostheses. Moreover, Enab [30] proved that it’s preferred to design 
the tibia prosthesis as bidirectional FGMs compared to unidirectional ones. Eldesouky et al. [31] analyzed the performance of low-
stiffness hip implants made of second-generation titanium alloys compared to the standard Ti6Al4V implant. Results showed that 
the bone stresses in the medial and posterior sides of the femur bone increased compared to the reference Ti6Al4V model. 

In the current research the concept of using FGMs using the second generation of Ti alloys TNZT and TMZF will be studied 
using a 3D FE model. A comparison between 6 models will be carried out: a Ti6Al4V stem, a TNZT stem, a TMZF stem, a 
Ti6Al4V/HA graded stem, a TNZT/HA graded stem and a TMZF/HA graded stem. 

2. Materials and Methods 

A 3D finite element model was prepared using software (Ansys 17, Pittsburgh, PA, USA) to assess the behavior of cementless 
hip implants made of different materials. The materials are either a titanium alloy or a longitudinal functionally graded material 
composed of titanium alloy and hydroxyapatite. The modulus of elasticity of the functionally graded implants was graded along a 
direction from the proximal end to the distal end in the sagittal plane. A 3D model of a commercial femur bone (Third gen. femur, 
Pacific Research Labs, WA, USA) was utilized to represent the bone [32]. The design of the hip stem was modified from previously 
published research [33, 34]. Dimensions of the studied hip stem design are shown in Fig. 1. The implant was designed using a 
computer aided design package (SolidWorks 2017, Dassault Systèmes, Waltham, MA, USA). The assembly model of the implant 
within the femur bone was modelled using the same software. The CAD assembly file was imported in Ansys Workbench for 
preparing the mesh, defining contact, and setting the boundary conditions. Next, the model was exported to Ansys APDL for 
incorporating the functionally graded material model. The assembly model was evaluated using the dynamic force measured 
experimentally in literature for a patient descending stairs [35, 36] as shown in Fig. 2. The loading cycle was modelled as ten 
consecutive load steps varying with time. An additional force (F2) of 1265N was applied to the bone to compensate for the 
abductor muscle pulling force [37]. The femur bone was assumed to be fixed at the distal end (Fig. 3). 

The assembly model consisted of four parts (cortical bone, cancellous bone, top neck implant section, proximal and distal 
implant end). Classifying the CAD model as four parts was essential to assign different material properties for each part. The 
cortical and cancellous bones were assumed to have orthotropic, homogeneous material properties. Bone properties listed in 
Table 1 were taken from previous literature [38-40]. A total of six finite element models were simulated. In three models the entire 
hip stem was modelled as one of the titanium alloys Ti6Al4V, Ti35Nb5Ta7Zr (TNZT), or Ti12Mo6Zr2Fe (TMZF). The remaining three 
models had a one of titanium alloys neck and a functionally graded distal end. Table 2 presents the classification of materials 
used for neck and distal sections of the implanted stems for the different models. The properties of titanium alloys are illustrated 
in Table 3 [41, 42]. The mechanical properties of the distal section of the hip stem were graded starting with the titanium alloy at 
the proximal and ending with hydroxyapatite at the distal. 

 

Fig. 1. Femoral hip stem design (a) 2D profile, (b) Proximal cross section, (c) distal cross section (a, b, c after [33, 34]), and (d) 3D profile. 
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Table 1. Bone properties employed in the finite element model [38-40]. 

Material 
Modulus of 
Elasticity 

(MPa) 

Shear 
modulus 

(GPa) 

Poisson’s 
ratio 

Compressive 
Strength 

(MPa) 
Density g/cm3 

Cortical bone 

Ex = 6979 Gyz = 5.6 yz = 0.25 

195 2.02 Ey = 18132 Gzx = 4.5 zx = 0.4 

Ez = 6979 Gxy = 6.2 xy =0.25 

Cancellous 
bone 

Ex = 660 Gyz = 0.211 yz = 0.25 

16 1.37 Ey = 1740 Gzx = 0.165 zx = 0.4 

Ez = 660 Gxy = 0.260 xy =0.25 

Table 2. Materials used for neck and distal sections of stem. 

Model No. Material of the neck section Material of the distal section 

1 Ti6Al4V Ti6Al4V 

2 Ti12Mo6Zr2Fe (TMZF) Ti12Mo6Zr2Fe (TMZF) 

3 Ti35Nb7Zr5Ta (TNZT) Ti35Nb7Zr5Ta (TNZT) 

4 Ti6Al4V FGM starting with Ti6Al4V at the top and ending with HA at the bottom 

5 Ti12Mo6Zr2Fe (TMZF) FGM starting with (TMZF) at the top and ending with HA at the bottom 

6 Ti35Nb7Zr5Ta (TNZT) FGM starting with (TNZT) at the top and ending with HA at the bottom 

Table 3. Properties of the materials under study [41, 42]. 

Material Ti6Al4V TNZT (Ti35Nb5Ta7Zr) TMZF (Ti12Mo6Zr2Fe) Hydroxyapatite 

ASTM F136 - F1813 F1185 

Density (g/cm3) 4.42 5.72 4.89 3.15 

Modulus of elasticity (GPa) 120 55 74-85 7-13 

Yield strength (MPa) 930 547 1000 - 

Ultimate compressive strength (MPa) 970 597 1060 350-450 

 

 

Fig. 2. Forces applied on the finite element model. 

 

Fig. 3. The Directions of applied loads and the position of fixation modeled in the numerical study. 
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The bone-stem assembly was tessellated to approximately 86347 tetrahedral (Tet10) elements with an element size of 2 mm.  
The element size was selected based on a mesh convergence study that demonstrated negligible variation in the results when a 
smaller element size was used. The mesh quality was evaluated using different criteria of which the orthogonal quality for the 
mesh was 0.76, while the skewness was 0.39, demonstrating that the geometric model was represented accurately. The neck, and 
the distal parts of the hip stem implant were bonded despite their different material properties to represent a single part. Contact 
conditions between the hip implant and each of the cancellous and cortical bones were modelled as frictional contact with a 
coefficient of 0.4 as measured experimentally in literature [43]. The frictional nonbonded condition represents the situation 
immediately after surgery and before bone ingrowth. 

The functionally graded hip stem implant models composed of Ti alloy–HA. The variation in the elastic modulus (E) of the 
implant in the longitudinal direction can be expressed as: 

( ) ( )
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where p is the FGM porosity, E0 denotes the Young’s modulus for fully dense material, 1, 2, E1, E2 and V1, V2 are Poisson’s ratios, 
elastic moduli and the volume fractions of the two materials, respectively [13, 17, 20]. 

3. Results and Discussion 

Finite element modelling is considered as a promising and effective tool in the assessment of bone implants to establish a 
good clinical practice. The numerical models built in the current study were developed to best represent the implanted human 
hip joint, as well as to predict the stresses distribution using different implant materials.  

Finite element analysis (FEA) offers a major advantage that it can be used to calculate stresses throughout the entire bone and 
implant assembly. Therefore, a comparison of stress distribution in a femur bone implanted with six hip stem implants with 
different materials was possible. The von Mises stresses in the cancellous bone remained almost the same for the first four load 
steps of the load cycle for all hip stem materials. A maximum von Mises bone stress was recorded at the distal end where the 
model was fixed and the displacement of the same surface was zero verifying that the model meets the specifications. The 
maximum implant von Mises stress was 110 MPa in the solid neck section. The value and location of the maximum implant stress 
are in agreement with the previously published results [44-47]. 

The result indicated an increase in von Mises stresses in the cancellous bone in load steps from 5 to 10 as illustrated in Fig. 4. 
The von Mises stress increased when the commonly used Ti6Al4V alloy was replaced by the second-generation titanium alloys or 
their functionally graded counterparts. The maximum increase was recorded in model number 6 (TNZT) as described in Table 2 in 
which the stress reached double the values of Ti6Al4V. 

A percentage difference of von Mises stress for stem models (2-6) relative to Ti6Al4V stem (model 1) at load step 9 was 
illustrated in Fig. 5 (a and b). This percentage was presented for cortical and cancellous bone. It was observed from both Figs. that 
the percentage of von Mises stress in cancellous and cortical bone increased using all FGM stems compared to Ti alloy stems. As 
well as, the percentage increase of von Mises stress is higher in cancellous bone than cortical bone for all stem models. As shown 
in Fig. 5-a, in cancellous bone von Mises stress percentage was increased by 102%, 81% and 66% for (TNZT-HA), (TMZF-HA) and 
(Ti6Al4V-HA) FGM stems compared to Ti6Al4V stem, respectively. While for TNZT and TMZF, von Mises stress increased by 50% 
and 22% compared to Ti6Al4V stem, respectively. In cortical bone, Fig. 5-b, the maximum increase in von Mises stress occurred 
using TNZT-HA stem with a value equals 2% compared to Ti6Al4V stem. Moreover, for TMZF-HA and Ti6Al4V-HA von Mises stress 
increased by 1.5% and 1% compared to Ti6Al4V stem, respectively. 

The variations of the von Mises stress distributions occurring in cortical bone at load step 9 for the different stem materials 
models are illustrated in figures 6 to 8. It is essential to highlight that; the same range of contour levels and colors was considered 
for all models to clearly demonstrate the differences in stress levels and distributions. The main point of interest from these 
figures; (i.e. Figs. 6-8); is the clear difference between the stress distributions and their levels occurring in the cortical bone when 
using Ti alloys and FGM stems. It is clear that, the use of FGM stems has a great effect on the stress distributions in the medial 
side of the cortical bone since there is a wide growth in the regions of maximum stresses. Such growth demonstrates that there is 
an increase in the loading of the cancellous and cortical bones. 

 

Fig. 4. Variation of maximum von Mises stresses in cancellous bone over the loading cycle for different models. 
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Fig. 5. Percentage difference of maximum von Mises stress for different models compared to Ti6Al4V at load step 9 for (a) cancellous bone and 
(b) cortical bone. 

 
 

 
 

Fig. 6. von Mises stress distribution in cortical bone at load step 9 for Ti6Al4V stem (left) and FGM Ti6Al4V-HA stem (right). 
 
The average strain energy is increased in both cortical and cancellous bone using a femur stem from the second generation Ti 

alloys as a functionally graded material with HA. The percentage difference of the average strain energy for stem models (from 2 
to 6) compared to Ti6Al4V stem (model 1) at the highest applied load (step 9) is illustrated in Fig. 9 (a and b) for both cancellous 
and cortical bones. The maximum increase was recorded for the TNZT-HA hip stem for both cancellous and cortical bones. This is 
considered as an indication of the reduction in stress shielding. 

The total deformation of the hip stem was calculated in the vertical direction for all material combinations. The applied force 
at load step 9 was divided by the calculated deformation to obtain the axial stiffness of each implant. The percentage difference 
of axial stiffness for femoral stem models (2-6) compared to Ti6Al4V stem (model 1) is illustrated in Fig.10. Results showed that 
the femoral stem axial stiffness decreased for all FGM stems compared to their titanium counterparts. As shown in Fig. 10, the 
percentage difference of axial stiffness was decreased by 28.5%, 22.5% and 17.8% for (TNZT-HA), (TMZF-HA) and (Ti6Al4V-HA) FGM 
stems compared to Ti6Al4V stem, respectively. While for TNZT and TMZF, axial stiffness decreased by 20% and 9.9% compared to 
Ti6Al4V stem, respectively. 
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Fig. 7. von Mises stress distribution in cortical bone at load step 9 for TMZF stem (left) and FGM TMZF-HA stem (right). 
 

 

 
Fig. 8. von Mises stress distribution in cortical bone at load step 9 for TNZT stem (left) and FGM TNZT-HA stem (right). 

 
Therefore, from figures 5 to 10, it can be concluded that decreasing the implant stiffness resulted in more homogeneous stress 
distribution matching the normal physiological range compared the nongraded implant. This may be explained by that the lower 
the implant stiffness, the higher the stresses transferred to the bone. The increase in bone stresses reduces stress shielding of the 
bone, bone loss, and implant loosening. 
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Fig. 9. Percentage difference of strain energy for different models compared to Ti6Al4V at load step 9 for (a) cancellous bone and (b) cortical bone. 

 
 

 

Fig. 10. Percentage difference of axial stiffness for different models compared to Ti6Al4V at load step 9 for femoral stem. 

4. Conclusion 

In the current research, the performance of functionally graded hip stem implants was compared with second-generation Ti 
alloys using 3D FE models. A comparison between six different models was carried out. Present study results lead to the following 
conclusions: 

 The maximum von Mises stress increased in both cortical and cancellous bone using a functionally graded femoral stem 
based on the second generation of Ti alloys with HA.  

 In cortical and cancellous bones, the maximum increase in von Mises stress occurred using the TNZT-HA stem.  
 All FGM stem models showed that higher stresses were distributed to a larger area of the proximal medial region of the 

cortical bone compared to Ti alloys stem models.  
 Average strain energy increased using a femur stem from the second generation of Ti alloys as an FGM with HA in both 

cortical and cancellous bones. 
 Axial stiffness decreased for all FGM stems compared to their titanium counterparts. 
 The increase in strain energy and maximum stresses is considered a reduction in stress shielding and consequently 

improves the life span of the implant. 
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