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Fatigue failure is one of the causes of the failure of hip implants. The main objective of this work is to carry out fatigue 
failure analysis on different hip profiles and compare the outcomes for various combinations of materials. Three 
profiles each for circular, oval, elliptical, and trapezoidal stems are utilized for this study with four different material 
combinations consisting of materials like Ti–6Al–4V, CoCr Alloy and UHMWPE. CATIA V-6 is used for the modelling 
of these implants and the fatigue analysis using Goodman's mean stress theory is simulated using ANSYS 2022 R1. 
ISO 7206-4 and ASTM F2996-13 standards are used to define the boundary conditions. A total of 48 combinations 
were studied across four different shapes, three different profiles and four different material combi-nations to deduce 
the best possible combination for a hip implant for static and fatigue loading. Comparison of the implants is based on 
the factors like equivalent von Mises stress, displacement, equivalent elastic strain, fatigue life, safety factor and 
equivalent alternating stress. Profile 2 of the trapezoidal-shaped hip implant with a Ti–6Al–4V stem exhibited superior 
results both under static and fatigue loading conditions. Compared to displacements obtained for profiles one and 
three, profile 2 trapezoidal stem with Ti–6Al–4V and other parts as CoCr Alloy has about 72% lower displacement. 
Based on the findings, profile 2 with a trapezoidal stem made of Ti–6Al–4V and an acetabular cup made of CoCr 
shows the enhanced results over the other combinations considered. 
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1 INTRODUCTION  

The hip joint constitutes a ball and socket joint that articulates between the femoral head and the pelvis acetabulum 
[1]. The primary purpose of the hip joint is to dynamically support the weight of the body in addition to the transmission 
of forces and loads from the axial skeleton to the lower extremities thereby facilitating mobility [2–6]. The hip joint 
facilitates movements in all three axes that are at right angles to each other. The femoral head marks the centre of 
the axis. The flexion and extension movements are facilitated by the transverse axis, the longitudinal axis assists in 
internal and external rotation and the sagittal axis facilitate the abduction and adduction [7,8]. Total hip arthroplasty 
(THA) or total hip replacement as it is most commonly referred to is a common procedure undertaken to reduce 
disorders in hip joints which include osteoarthritis, arthritis (rheumatoid and infectious), lupus and avascular necrosis. 
This procedure is executed by the replacement of the acetabular surface and the femoral head with prosthetic 
implants thereby attaining the functionality of the joint caused by mechanical damage or degenerative disease [9–
12]. Typically, hip implants are designed for a life of twenty years. A range of material combinations used in THA 
includes Titanium alloys (Ti–6Al–4V), CoCr alloys and stainless-steel alloys [13–16]. Reports suggest that 95% of 
the implants are carried out on people aged over 45 years [17]. In European countries hip implants are increasing at 
a CAGR of 1.2%, increasing from 1.8 million in 2015 to 2.8 million in 2050 and some countries like Norway, Australia 
and Ireland are set to witness an increase in hip implants by +95% and +120% from 2015 to 2050  [18]. The demand 
for primary total hip arthroplasty is anticipated to increase by 174% by 2030 [19,20]. 
The operational life span of the hip implant is affected by various factors that lead to the failure of the stem and 
fracture due to fatigue is considered to be a primary cause of failure [21–23]. The fatigue crack initiation and 
propagation in hip joint prosthesis were studied to find the numerically determined values of the stress intensity factor 
increase as a result of the numerical simulation of crack growth in the material [24]. A fatigue crack growth from 
0.5mm to the failure limit of 18.5mm was investigated on hip implants for different walking conditions like slow walking, 
normal walking and fast walking loading conditions and was found to be safe for up to 20 years of life [25]. Some 
studies have pointed out that although medical-grade titanium has excellent fatigue properties, the ISO pre-clinical 
durability testing standard does not adequately account for the influence of femoral offset or stem size to reflect safe 
design practice [26]. For static human body weight load, hip joint prostheses were found to be safe and dynamic 
analysis revealed that the hip joint prosthesis had an infinite fatigue life [27]. A hip joint model made of UHMWPE/ 
TiO2 Polymer composite used to study fatigue failure was found to be safe in static and fatigue analysis [23]. Senalp 
et al. [28] conducted static, dynamic and fatigue analyses of four different stem designs with static analysis under 

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 21, No. 3, 2023 
www.engineeringscience.rs 

 

 
publishing 

 
John Valerian Corda et al. - Fatigue life evaluation 
of different hip implant designs using finite element 
analysis 

 

897 

body loading conditions and dynamic analysis under walking conditions. Fatigue analysis was done in 109 cycles 
and the implants were found to be safe for both the Ti–6Al–4V and cobalt-chromium alloy materials. 
Studies on hip implants mostly concentrate on static structural analysis [29–31]. One analysis was carried out to 
identify the effect of varying taper lengths on the stresses induced under static loading conditions. It was concluded 
that the von Mises stresses decrease as the taper length is decreased. It was also inferred that a reduced taper 
length results in the dislocation of the implant so an optimization between the taper length and femoral head was 
suggested [32]. The effect of femoral head size on hip implants was studied by researchers under static loading 
conditions [33]. A corrugated hip im-plant device analyzed for dynamic gait cycle loading showed maximum stress 
of 255 MPa at the femoral head. The analyses revealed minimal micro-motions (roughly 7 µm) between the femur 
and implant, minimal stresses at the implant and bone within elastic ranges, and uniform stress distribu-tion, which, 
unlike current hip implants [34].  
A total of eight different types of stem designs were experimentally and numerically studied for fatigue using materials 
like 316L, cobalt chrome alloy, and Ti-6Al-4V. Based on safety factor values, mini-mum fatigue cycles, and critical 
fatigue areas it was concluded that all the stem designs are safe and the lateral side of the implant experienced 
maximum stresses [35]. The design, analysis and manu-facture of lightweight implants showed a reduction in the 
weight of implants by 15% and also ensured that the life of the implants was more than 5 million loading cycles [36]. 
A hip implant was designed and different materials combinations were used for the fatigue analysis along with the 
femur which is modelled using the CT scan of a 72-year healthy person. They have found titanium is more advan-
tageous based on lower stress concentration, resulting in longer life of the designed implant [37].   
Fatigue studies in hip implants have been previously studied, however, a detailed study on the dif-ferent shapes and 
profiles of implants with different material combinations are not carried out and this gap is bridged by this present 
work that adds uniqueness to this study. This study employs four different types of stem shapes with three profiles 
each that were employed previously for the static structural simulations of hip implants [38]. Additionally, four different 
material combinations are used comprising materials like Ti–6Al–4V, CoCr Alloy and UHMWPE. CATIA V-6 is used 
for the modelling and ANSYS 2022 R1 is used to perform stress analysis. Loading and boundary conditions are 
applied as per the relevant ISO and ASTM standards respectively [39,40]. The fatigue life of all the implants used for 
the current study is analyzed for safety factors. This work helps select the most competent profile based on the 
fatigue life evaluation. 

2 MATERIALS AND METHODS 

2.1 Stem shapes and material combinations 

Different types of stem designs are currently used in THA. Each of them has its merits and draw-backs. The most 
commonly used stem shapes are circular, elliptical, oval and trapezoidal as shown in Figure 1 [38,41]. A straight stem 
with a radius on the lateral side close to the proximal end is taken into account in profile 1. Profile 2's arc length and 
diameter are both increased, as is the overall angle between the medial and lateral faces. The radius on the lateral 
side is replaced in profile 3 by a cor-nered shoulder. All three designs share the same neck and medial side 
measurements. Irrespective of the design and profile the stem lengths are considered 180 mm. The size of the 
femoral head, ace-tabular cup and backing cup considered in this work for all the profiles is 28mm, 4mm and 2mm 
respectively [42,43]. 

 

Figure 1: Different implant shapes and profiles [38,41] 
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The hip implant consists of a stem, femoral head, backing cup and acetabular liner. The materials used for these 
parts include stainless steel, titanium alloys and cobalt-chromium alloys [44,45]. This study focuses on the fatigue 
analysis of the entire hip implant with three different materials namely titanium alloys, cobalt-chromium alloys and 
UHMWPE. The different biomaterials are considered due to their superior mechanical properties. The material 
properties of these materials are given in Table 1. 

Table 1: Material properties of the stem [32,46,47]  

Sl No Material Young’s Modulus 
(GPa) 

Poisson’s 
Ratio 

Density 
(gm/cm3) 

Ultimate tensile 
strength 
(MPa) 

Yield Strength 
(MPa) 

1 Ti–6Al–4V 114 0.31 4.5 930 880 

2 Co Cr Alloy 200 0.30 8.5 1503 612 

3 UHMWPE 0.963 0.31 0.949 48 21 

The materials used for the implants as indicated in Table 1 are defined for their S-N curves which is a graph of 
alternating stress versus the number of cycles plotted in logarithmic scale as shown in Figure 2. 

 
Figure 2: S-N curve for Ti–6Al–4V, CoCr Alloy and UHMWPE [28,47] 

Two basic prerequisites to selecting these materials are biocompatibility and mechanical properties. At the beginning 
of hip replacement surgery, biocompatibility was a major concern, while the me-chanical properties deal with 
resistance to wear, stress concentration and stability of the implant [48,49]. Human compatibility is the major reason 
why these materials are used as a replacement for natural hip joints. The combination of materials used in the study 
is given in Table 2 and the materials considered are linear elastic isotropic in nature. The friction coefficient between 
CoCr Alloy and UHMWPE is 0.23, between CoCr Alloy and CoCr Alloy is 0.21 and the friction coefficient between 
CoCr Alloy and Ti-6Al-4V is 0.2. These friction coefficients are chosen based on the values available from the 
previous literature [50–52].  

Table 2: Material Combinations used 
Combination 

Number Acetabular Cup Liner Femoral Head Stem 

C1 CoCr Alloy UHMWPE CoCr Alloy CoCr Alloy 
C2 CoCr Alloy CoCr Alloy CoCr Alloy CoCr Alloy 
C3 CoCr Alloy UHMWPE CoCr Alloy Ti-6Al-4V 
C4 CoCr Alloy CoCr Alloy CoCr Alloy Ti-6Al-4V 

A study showed 23% of the patients underwent THA made up of CoCr alloys due to its superior me-chanical 
properties [53]. However, another study reported that around 11% of the patients who had undergone THA using 
CoCr alloys complained of an audible squeaking sound during normal day-to-day activities [54]. To avoid these 
squeaking sounds UHMWPE is used along with CoCr alloy [55]. 

2.2 Meshing and Boundary Conditions 

Unstructured mesh is considered in this work. With reference to our previous work mesh size is finalized to 1mm. 
The total number of nodes ranged from 675,000 to 742,500 and the total number of elements ranged from 495,000 
to 543,500 for all the implants used in this analysis. In the previous work mesh grid independence is carried out to 
finalize the mesh size [38]. It is imperative to be noted here that the previous studies have used mesh counts ranging 
from 5 mm to 0.25 mm [56]. Figure 3 represents the meshed model. 
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Figure 3: Meshed model 

Boundary conditions used in this study are applied as per ASTM F2996-13 and the fatigue loading conditions are set 
up as per ISO 7206-4:2010 [39,40]. Accordingly, the ASTM standard requires the stem to be segmented into three 
cross-sections starting from the top. As per the ISO standard, for the first cut, the hip stem is sectioned from the head 
centre providing the most conservative head or neck offset which facilitates the stress distribution representation 
over the implant. The second cut on the stem is 10mm below the first cut. The remainder of the stem post this second 
cut is constrained in all directions thereby assuring that the area is not subjected to excessive or incorrect stresses 
as a result of the rigid fixing of the stem. These are shown in Figure 4. The stem length considered in this work is 
180 mm and the lower 90 mm is constrained in all directions as per ISO 7206-4:2010 [40]. All three sections are 
considered bonded during the analysis. Typically for the static stress analysis of the hip implants, a load of 2300 N 
is applied at the centre of the stem [57]. The fatigue analysis of the hip implants that are the focus of this in silico 
study is carried out as per the fatigue test conditions with maximum and minimum loads of 2300 N and 300 N [36]. 
Goodman's mean stress theory is utilized for fatigue analysis [28,37]. The safety factor is calculated based on 
equation (1). 

1 a m

e uSF S S
σ σ   

= +   
     

(1) 

Where SF represents Safety Factor, aσ  and mσ  represent alternating stress and mean stress respectively, eS  and 
uS  represent endurance limit stress and ultimate strength respectively. Figure 4 represents the loading and boundary 

conditions for this study. The von-Mises yield stress criteria were used to calculate the equivalent stress as there 
was a possibility of multi-axial stresses occurring during the loading conditions. 

 

Figure 4: Loads and Boundary Conditions 
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3 RESULTS 

As indicated in the methodology section, four different shapes of stem implants were used in this study and each 
shape consisted of three different profiles. Previous studies on these profiles con-cluded that the trapezoidal shape 
was preferable for hip joint implants based on lower displacement and von Mises stress [38]. Also, the wear 
estimation calculations of the same implants resulted in the circular profiles being preferred over the other shapes 
[58]. Therefore the fatigue life evaluation re-sults produced henceforth will be for the trapezoidal and circular-shaped 
hip implants. 

3.1 Static Structural Analysis 

Static structural analysis is carried out on all four shapes of implants with three profiles each and four material 
combinations as indicated in Table 2. Our previously published literature on the implants has shown that the circular 
and trapezoidal-shaped implants exhibit a minimum of 27% lesser von Mises Stresses compared to the elliptical and 
oval-shaped stem implants and the same pattern of results was observed in the current study [38,58]. The equivalent 
von Mises stresses induced in the implants and the total displacements obtained from the FEA calculations are 
reported in Table 3. The location of the maximum values reported in Table 3 can be obtained from Figure 5. The 
results of elliptical and oval shapes are given in Appendix A. 

Table 1: Static structural results 

Shape Profile Material 
Combination 

Equivalent von Mises 
Stress (MPa) 

Total  
Displacement (mm) 

Equivalent Elastic 
Strain (mm/mm) 

 
 
 
 
 

Circular 
 
 
 
 
 

 
 

Profile 1 
 

C1 292.51 0.144 0.0045 
C2 292.51 0.113 0.0015 
C3 290.06 0.224 0.0045 
C4 290.06 0.195 0.0026 

 
 

Profile 2 
 

C1 208.3 0.101 0.0044 
C2 208.3 0.057 0.0010 
C3 205.19 0.140 0.0044 
C4 205.18 0.097 0.0018 

 
 

Profile 3 
 

C1 350.13 0.140 0.0044 
C2 350.13 0.108 0.0019 
C3 350.42 0.216 0.0044 
C4 350.42 0.187 0.0033 

 
 
 
 
 

Trapezoidal 
 
 
 
 
 

 
 

Profile 1 
 

C1 157.49 0.083 0.0044 
C2 158.53 0.040 0.0011 
C3 295.21 0.168 0.0044 
C4 295.21 0.137 0.0026 

 
 

Profile 2 
 

C1 149.87 0.090 0.0044 
C2 149.87 0.047 0.0008 
C3 147.53 0.122 0.0044 
C4 147.53 0.080 0.0013 

 
 

Profile 3 
 

C1 222.91 0.114 0.0044 
C2 222.91 0.081 0.0011 
C3 219.94 0.170 0.0044 
C4 219.94 0.139 0.0019 

Table 3 shows that Equivalent von Mises Stresses induced in the implants for profile 2 are lower compared to the 
stresses induced in profile 1 and profile 3. Also, the total displacement profile 2 is preferable over the other profiles 
as the displacement values are lower in comparison with other profiles. Table 3 also indicates the stress induced in 
profile 2 of circular and trapezoidal shapes for the combinations of C4 is less as compared to the other three material 
combinations C1, C2 and C3. It can be seen that the maximum stress is induced at the mid-region of the implant. 
Considering the stresses induced, displacement and equivalent elastic strain the material combination of C4 is better 
than the other three. This is based on the fact that though the stresses induced are almost the same, the displacement 
and the equivalent elastic strain values in the material combination of C4 are lesser when compared to C3. Figure 5 
shows the equivalent von Mises stress, displacement and equivalent elastic strain plots for profile 2 of the trapezoidal 
cross-section with material combination C4. 
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Figure 5: Static Analysis Results for Trapezoidal Cross Section of Profile 2. (a) Equivalent von Mises Stress (b) 

Displacement (c) Equivalent Elastic Strain 

3.2 Fatigue Analysis 

In fatigue results, we report the values of the minimum fatigue life of the implant, minimum damage, the safety factor 
and the equivalent alternating stress as shown in Table 4. In Section 3.1, we have established that profile 2 with 
material combination C4 is preferred based on static structural analysis by considering the factors of equivalent von 
Mises Stresses, total displacement and the equivalent elastic strain. Results from Table 4 also indicate a 2.7% and 
2.6% higher safety factor for C3 and C4 material combinations when compared to C1 and C2 for trapezoidal and 
circular profiles respectively. Additionally, though the life of the implants is well within the acceptable limit of 15 million 
cycles considering 15 years of life with a million cycles each year, the material combination C4 results in higher life 
compared to C3. The results of elliptical and oval shapes are given in Appendix B. 

Table 4:- Fatigue Results 

Shape Profile Material 
Combination 

Life 
(Cycles) Damage Safety 

Factor 
Equivalent Alternating Stress 

(M Pa) 

Circular 
 

Profile 2 
 

C1 1.00E+08 1.50E-01 2.759 98.266 
C2 3.42E+11 4.39E-05 2.759 98.266 
C3 1.00E+08 1.50E-01 2.8306 101.92 
C4 3.12E+11 4.81E-05 2.8306 101.92 

Trapezoidal 
 

Profile 2 
 

C1 1.00E+08 1.50E-01 3.8347 69.054 
C2 3.42E+11 4.39E-05 3.8347 69.054 
C3 1.00E+08 1.50E-01 3.9369 70.464 
C4 3.12E+11 4.81E-05 3.9369 70.462 

The damage factor is the ratio of the cycles to infinite life to the cycles to failure that are predicted from the simulation 
[59]. In this work, 15 million cycles are used considering one million cycles per year as the average usage of implant 
post-surgery [60] Fatigue damage factor values exceeding 1 indicate a failure of the component before the design 
life has reached [61]. From the fatigue results in Table 4, we can see that the damage factor values are less than 1 
concluding that the implants are safe. 
The safety factor is evaluated as per equation (1) represented as the factor of safety at a given design life. The 
maximum value of the safety factor is 15 and any value of less than 1 attributes to failure before the design life has 
reached. From our results, it can be seen that the safety factor is greater than 1 and the implants used are safe. After 
taking into account the fatigue loading type, mean stress effects, multiaxial effects, and any other factors in the fatigue 
analysis, the equivalent alternating stresses are used to review the fatigue S-N curve in Figure 2. Before figuring out 
the fatigue life, the equivalent alternating stress can be considered as the final parameter to be calculated. This result 
is useful because it encompasses all fatigue-related calculations generally, irrespective of any material properties 
[61]. In this study, the equivalent alternate stress distributions were examined to more accurately assess the stem's 
long-term functionality following total hip replacement. 

4 DISCUSSION 

This study focused on the fatigue life evaluation of four different shapes of implants, with three dif-ferent profiles each 
and with four different types of material combinations. Simulations were carried out with boundary conditions and 
fatigue loading as per ASTM F2996-13 and ISO 7206-4:2010 re-spectively [39,40]. Our results from the static 
structural analysis were in line with our previously published works conducted which indicated that circular and 
trapezoidal shapes are preferable when compared to elliptical and oval shapes [38,58]. Among the circular and 
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trapezoidal shapes, profile 2 was chosen based on enhanced results over profile 1 and profile 3. The simulation was 
carried out using four different material combinations, consisting of materials like Ti–6Al–4V, CoCr alloys and 
UHMWPE. Chethan et al. [38] have used bonded contacts between the parts of the implants but in this study, we 
have used friction contacts as indicated in the methodology which gives realistic criteria for the fatigue failure 
simulations. The equivalent von Mises stresses in the static structural analysis are thus reduced by 43% and 28% 
respectively for circular and trapezoidal cross sections in profile 2 of this study. For stem and acetabular designs, the 
majority of earlier studies have taken into account different shapes and materials [35] Aseptic loosening is a major 
cause for revision of joint surgeries thus requiring strict design requirements for hip implants [62]. Aseptic loosening 
contributes to around 52% of THA revisions [63,64]. Higher displacements were observed in all of the analyses 
involving titanium alloys because of the Titanium alloy's lower elastic modulus than CoCr alloys [35]. Also stresses 
below yield stress were observed when Ti–6Al–4V alloy for hip implants with femur bone was analyzed [62]. Using 
CoCr Alloy in the results of the implant in a squeaking sound and the reason for this remains undetermined [53]. The 
majority of investigations deduced that squeaking after THA with CoCr alloys was due to increased wear or 
impingement induced by prosthesis design, patient char-acteristics, or surgical factors. However, due to differences 
between the various studies, the primary causes of the squeaking remain unknown [65]. 
Senalp et al. [28]designed four different stem designs with varying cross sections at the stem me-dullary-region. 
Static and dynamic analysis was carried out by considering the femur along with the hip implant considering Ti–6Al–
4V and cobalt chromium alloy. They found the von Mises stresses between 145.6 MPa and 221.5 MPa along with 
the safety factors that were reported between 1 and 3.24. They also reported the Ti–6Al–4V material to be superior 
both in static loading and dynamic loading conditions as compared to cobalt-chromium alloy. Post-surgery recovery 
when patients return to normal daily activities, the hip implant is subjected to both static and cyclic loading from 
actions like walking, jumping, climbing, and adopting various body postures. Therefore, it is crucial to investigate the 
biomechanical characteristics of the hip implant under conditions of repetitive loading that could result in fatigue 
failure. Hence this study was conducted with different material combinations and the safety factor along with the 
cycles to failure was evaluated. Both the predicted fatigue life and the stress distribution should be satisfied by a 
good implant design. Alternating stresses are a significant problem in mechanical design because they result in 
fatigue in a component, which after many cycles may collapse at a stress lower than its yield stress. A material is 
subjected to applied stress known as alternating stress when forces change in direction or strength over time. In this 
study, the equivalent stress distributions were examined to more accurately assess the long-term functionality. In our 
study, we have found that the implants with titanium alloys used resulted in lower stresses induced in static analysis. 
Further, the fatigue calculations indicated a higher fatigue life, lower damage and a higher safety factor with titanium 
alloy used as the stem. Some studies have shown that titanium alloys, despite their high cost, are biocompatible [66] 
The fatigue life of implants with CoCr is slightly higher when compared to those with titanium alloys by about 9.6% 
which is in line with previous studies [35]. In a study four stem shapes of varying curvatures were analyzed for static 
and fatigue behaviour and found that Ti–6Al–4V was a feasible material compared to CoCr alloys, however, it was 
also found that the safety factor for static and dynamic conditions are different [28]. Another study also pointed 
towards using Ti–6Al–4V for hip implants based on static and dynamic loading of hip implants [37]. Studies have also 
shown that the life expectancy of hip implants is about 25 years in 58% of patients [67].  
The major highlights obtained from this work can be listed as follows. 

− Hip implants with trapezoidal cross-sections of the stem are subjected to lower stresses when compared 
to circular, oval and elliptical stems. 

− For the trapezoidal stem, among the three profiles considered, profile 2 exhibited superior mechanical 
properties for static and fatigue loading conditions. 

− Material combinations consisting of titanium alloy for the stem exhibited higher factors of safety and lower 
damage values. 

− Displacements obtained for the trapezoidal stem of profile 2 for the C4 material combination are about 
72% lesser than that obtained for profile 1 and profile 3. 

4.1 Limitations of the current work 

Different material combinations are considered in this work. However , the joint reaction force and moments acting 
on the implants are not taken into account in this study. These two factors need to be considered further to understand 
their effects on the fatigue life of implants. Additionally, different gait cycle loads from stair climbing, walking and 
running can be used to study fatigue life which is not considered in this work. This study has neglected the presence 
of the femur bone which provides a future scope of the study using the femur along with hip implant for dynamic 
loading conditions. The safety factor obtained in this study is on the highly conservative side which provides us with 
an op-portunity to optimize the stem design. A study applied a lattice structure on implants thereby reducing the 
weight by 15% as compared to solid implants and providing more flexibility with increased pore diameter. These 
optimized implants produced an acceptable level of fatigue life [36]. The implants used in this study can be optimized 
using similar principles and evaluated for fatigue life. Also, opti-mized implants can be further 3D printed to estimate 
life using hip simulators through experimental studies. 
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5 CONCLUSIONS 

Fatigue analysis studies of four different shapes of hip implants with three different profiles each and three material 
combinations were carried out which resulted in a total combination of 48 simulations. Previous studies on the same 
implants were restricted to a few material combinations and by using bonded contacts between the components of 
the implants which was improvised in this study by using realistic and relevant friction coefficients that adds novelty 
to the present work. The static structural and fatigue life evaluation results showed that profile 2 of the trapezoidal 
cross-section with a material combination of Ti-6Al-4V for the stem and CoCr alloy for all the other parts of the 
implants was most suitable compared to other combinations used in the present work. The current work also shows 
that the safety factor for the implants for infinite life is much higher than 1 which attributes to an overde-signed implant. 
This provides a scope for improvisation in the designs where the focus shall be on reducing the weight of the implants 
without any impact on the static and dynamic properties of the redesigned implant. 

ABBREVIATIONS 

ASTM American Society for Testing and Materials 

CAGR Compound Annual Growth Rate 

CATIA Computer-Aided Three-Dimensional Interactive Application 
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Appendix A 

Shape Profile Material 
Combination 

Equivalent von Mises 
Stress (MPa) 

Total  
Displacement (mm) 

Equivalent Elastic 
Strain (mm/mm) 

 
 
 
 
 

Elliptical 
 
 
 
 
 

 
 

Profile 1 
 

C1 341.37 0.15495 0.0044 

C2 341.37 0.12514 0.0017 

C3 336.89 0.24418 0.0044 

C4 336.89 0.21709 0.0030 

 
 

Profile 2 
 

C1 279.09 0.10095 0.0044 

C2 279.09 6.17E-02 0.0017 

C3 278.07 0.14361 0.0044 

C4 278.06 0.10555 0.0030 

 
 

Profile 3 
 

C1 219.35 9.04E-02 0.0044 

C2 219.35 4.81E-02 0.0011 

C3 334.08 0.25216 0.0044 
C4 334.08 0.23304 0.0030 

 
 
 
 
 

Oval 
 
 
 
 
 

 
 

Profile 1 
 

C1 162.96 8.99E-02 0.0044 

C2 162.96 4.68E-02 0.0008 

C3 311.1 0.23498 0.0044 

C4 311.09 0.20965 0.0028 

 
 

Profile 2 
 

C1 243.27 0.10481 0.0045 
C2 243.25 6.10E-02 0.0014 

C3 240.4 0.14696 0.0045 
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Shape Profile Material 
Combination 

Equivalent von Mises 
Stress (MPa) 

Total  
Displacement (mm) 

Equivalent Elastic 
Strain (mm/mm) 

C4 240.4 0.10409 0.0025 

 
 

Profile 3 
 

C1 345.47 0.14969 0.0044 

C2 345.47 0.12239 0.0017 

C3 342.06 0.23716 0.0044 

C4 342.06 0.21199 0.0030 

Appendix B 

Shape Profile Material 
Combination 

Life 
(Cycles) Damage Safety 

Factor 
Equivalent Alternating Stress 

(MPa) 

Elliptical 
 

Profile 2 
 

C1 1E+08 0.15 2.0592 135.58 
C2 3.42E+11 4.39E-05 2.0592 135.58 
C3 1E+08 0.15 2.0887 145.49 
C4 3.12E+11 4.81E-50 2.0887 145.49 

Oval 
 

Profile 2 
 

C1 1E+08 0.15 2.3623 116.43 
C2 3.42E+11 4.39E-05 2.3626 116.41 
C3 1E+08 0.15 2.4161 122.41 
C4 3.12E+11 4.81E-05 2.416 122.41 

7 REFERENCES 

[1] Gold M, Munjal A, Varacallo M. Anatomy, Bony Pelvis and Lower Limb, Hip Joint. StatPearls 2021. 
[2] Chang A, Breeland G, Hubbard JB. Anatomy, Bony Pelvis and Lower Limb, Femur. StatPearls 2021. 
[3] Chang C, Jeno SH, Varacallo M. Anatomy, Bony Pelvis and Lower Limb, Piriformis Muscle. StatPearls 2021. 
[4] Ramage JL, Varacallo M. Anatomy, Bony Pelvis and Lower Limb, Medial Thigh Muscles. StatPearls 2021. 
[5] Chethan KN, Shyamasunder Bhat N, Satish Shenoy B. Biomechanics of hip joint: A systematic review. 

International Journal of Engineering and Technology(UAE) 2018;7:1672–6. 
https://doi.org/10.14419/ijet.v7i3.15231. 

[6] Mihcin S, Sahin AM, Yilmaz M, Alpkaya AT, Tuna M, Akdeniz S, et al. Database covering the prayer 
movements which were not available previously. Sci Data 2023;10:276. https://doi.org/10.1038/s41597-023-
02196-x. 

[7] Bordoni B, Varacallo M. Anatomy, Bony Pelvis and Lower Limb, Thigh Quadriceps Muscle. StatPearls 2022. 
[8] Glenister R, Sharma S. Anatomy, Bony Pelvis and Lower Limb, Hip. StatPearls 2021. 
[9] Petrolo L, Testi D, Taddei F, Viceconti M. Effect of a virtual reality interface on the learning curve and on the 

accuracy of a surgical planner for total hip replacement. Comput Methods Programs Biomed 2010;97:86–91. 
https://doi.org/10.1016/J.CMPB.2009.11.002. 

[10] Affatato S, Ruggiero A, Merola M. Advanced biomaterials in hip joint arthroplasty. A review on polymer and 
ceramics composites as alternative bearings. Compos B Eng 2015;83:276–83. 
https://doi.org/10.1016/J.COMPOSITESB.2015.07.019. 

[11] Oshkour AA, Osman NAA, Bayat M, Afshar R, Berto F. Three-dimensional finite element analyses of 
functionally graded femoral prostheses with different geometrical configurations. Mater Des 2014;C:998–
1008. https://doi.org/10.1016/J.MATDES.2013.12.054. 

[12] Chethan K N, Shyamasunder Bhat N, Mohammad Zuber, Satish Shenoy B. Evolution of different designs and 
wear studies in total hip prosthesis using finite element analysis: A review. Cogent Eng 2022;9. 
https://doi.org/10.1080/23311916.2022.2027081. 

[13] Kunčická L, Kocich R, Lowe TC. Advances in metals and alloys for joint replacement. Prog Mater Sci 
2017;88:232–80. https://doi.org/10.1016/J.PMATSCI.2017.04.002. 

[14] Alpkaya AT, Mihçin Ş. The Computational Approach to Predicting Wear: Comparison of Wear Performance of 
CFR-PEEK and XLPE Liners in Total Hip Replacement. https://doi.org/10.1080/10402004.2022.2140727. 

[15] Alpkaya AT, Mihcin S. Dynamic computational wear model of PEEK-on-XLPE bearing couple in total hip 
replacements. Med Eng Phys 2023;117:104006. https://doi.org/10.1016/j.medengphy.2023.104006. 

[16] Yu H, Feng Z, Wang L, Mihcin S, Kang J, Bai S, et al. Finite Element Study of PEEK Materials Applied in 
Post-Retained Restorations. Polymers (Basel) 2022;14:3422. https://doi.org/10.3390/polym14163422. 

[17] Wolford ML, Palso K, Bercovitz A. Hospitalization for Total Hip Replacement Among Inpatients Aged 45 and 
Over: United States, 2000-2010 Key findings 2000. 

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 21, No. 3, 2023 
www.engineeringscience.rs 

 

 
publishing 

 
John Valerian Corda et al. - Fatigue life evaluation 
of different hip implant designs using finite element 
analysis 

 

905 

[18] Pabinger C, Lothaller H, Portner N, Geissler A. Projections of hip arthroplasty in OECD countries up to 2050. 
Hip Int 2018;28:498–506. https://doi.org/10.1177/1120700018757940. 

[19] Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary and revision hip and knee arthroplasty in 
the United States from 2005 to 2030. J Bone Joint Surg Am 2007;89:780–5. 
https://doi.org/10.2106/JBJS.F.00222. 

[20] Kurtz SM, Lau E, Ong K, Zhao K, Kelly M, Bozic KJ. Future young patient demand for primary and revision 
joint replacement: national projections from 2010 to 2030. Clin Orthop Relat Res 2009;467:2606–12. 
https://doi.org/10.1007/S11999-009-0834-6. 

[21] Holzwarth Uwe, Cotogno Giulio, Institute for Health and Consumer Protection. Total hip arthroplasty : State of 
the art, prospects and challenges 2012:60. https://doi.org/10.2788/31286. 

[22] Lin YT, Wu JSS, Chen JH. The study of wear behaviors on abducted hip joint prostheses by an alternate 
finite element approach. Comput Methods Programs Biomed 2016;131:143–55. 
https://doi.org/10.1016/J.CMPB.2016.04.015. 

[23] Zameer S, Haneef M. Fatigue Life Estimation of Artificial Hip Joint Model Using Finite Element Method. Mater 
Today Proc 2015;2:2137–45. https://doi.org/10.1016/J.MATPR.2015.07.220. 

[24] Colic K, Sedmak A, Grbovic A, Burzić M, Hloch S, Sedmak S. Numerical Simulation of Fatigue Crack Growth 
in Hip Implants. Procedia Eng 2016;149:229–35. https://doi.org/10.1016/J.PROENG.2016.06.661. 

[25] Sedmak A, Čolić K, Grbović A, Balać I, Burzić M. Numerical analysis of fatigue crack growth of hip implant. 
Eng Fract Mech 2019;216:106492. https://doi.org/10.1016/J.ENGFRACMECH.2019.106492. 

[26] Westerman AP, Moor AR, Stone MH, Stewart TD. Hip stem fatigue: : The implications of increasing patient 
mass. Proc Inst Mech Eng H 2018;232:520–30. 
https://doi.org/10.1177/0954411918767200/ASSET/IMAGES/LARGE/10.1177_0954411918767200-
FIG2.JPEG. 

[27] Desai C, Hirani H, Chawla A, Desai C, Hirani H, Chawla A. Life Estimation of Hip Joint Prosthesis. JIEIC 
2015;96:261. https://doi.org/10.1007/S40032-014-0159-4. 

[28] Senalp AZ, Kayabasi O, Kurtaran H. Static, dynamic and fatigue behavior of newly designed stem shapes for 
hip prosthesis using finite element analysis. Mater Des 2007;28:1577–83. 
https://doi.org/10.1016/j.matdes.2006.02.015. 

[29] Celik E, Alemdar F, Bati M, Dasdemir MF, Buyukbayraktar OA, Chethan KN, et al. Mechanical Investigation 
for the Use of Polylactic Acid in Total Hip Arthroplasty Using FEM Analysis. Lecture Notes in Networks and 
Systems 2022;328 LNNS:17–23. https://doi.org/10.1007/978-3-030-86297-8_2/TABLES/1. 

[30] Mihçin S, Ciklacandir S. Towards Integration of The Finite Element Modeling Technique Into Biomedical 
Engineering Education. Https://DoiOrg/104015/S101623722150054X 2021;34.  

[31] Wang L, Peng X, Sun C, Wang H, Li D, Zhu J, et al. The Determination Of The Volumetric Wear For 
Surgically Retrieved Hip Implants Based On Cmm. 2016;16:16. https://doi.org/10.1142/S0219519416500597. 

[32] Chethan KN, Shyamasunder Bhat N, Zuber M, Satish Shenoy B. Finite element analysis of hip implant with 
varying in taper neck lengths under static loading conditions. Comput Methods Programs Biomed 
2021;208:106273. https://doi.org/10.1016/j.cmpb.2021.106273. 

[33] Bhawe AK, Shah KM, Somani S, Shenoy B S, Bhat N S, Zuber M, et al. Static structural analysis of the effect 
of change in femoral head sizes used in Total Hip Arthroplasty using finite element method. Cogent Eng 
2022;9. https://doi.org/10.1080/23311916.2022.2027080. 

[34] Gupta V, Chanda A. Finite element analysis of a hybrid corrugated hip implant for stability and loading during 
gait phases. Biomed Phys Eng Express 2022;8. https://doi.org/10.1088/2057-1976/AC669C. 

[35] Pekedis M, Yildiz H. Comparison of fatigue behaviour of eight different hip stems: a numerical and 
experimental study. J Biomed Sci Eng 2011;04:643–50. https://doi.org/10.4236/JBISE.2011.410080. 

[36] Delikanli YE, Kayacan MC. Design, manufacture, and fatigue analysis of lightweight hip implants. J Appl 
Biomater Funct Mater 2019;17. https://doi.org/10.1177/2280800019836830. 

[37] Aghili SA, Hassani K, Nikkhoo M. A finite element study of fatigue load effects on total hip joint prosthesis. 
Comput Methods Biomech Biomed Engin 2021;24:1545–51. 
https://doi.org/10.1080/10255842.2021.1900133. 

[38] Chethan K.N., Zuber M, Bhat N. S, Shenoy B. S, R. Kini C. Static structural analysis of different stem designs 
used in total hip arthroplasty using finite element method. Heliyon 2019;5:e01767. 
https://doi.org/10.1016/j.heliyon.2019.e01767. 

[39] ASTM. F 2996-20 Standard Practice for Finite Element Analysis ( FEA ) of Non-Modular Metallic Orthopaedic 
Hip Femoral Stems. ASTM International,West Conshohocken, PA, WwwAstmOrg 2020:1–11. 
https://doi.org/10.1520/F2996-13.2. 

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 21, No. 3, 2023 
www.engineeringscience.rs 

 

 
publishing 

 
John Valerian Corda et al. - Fatigue life evaluation 
of different hip implant designs using finite element 
analysis 

 

906 

[40] ISO - ISO 7206-4:2010 - Implants for surgery — Partial and total hip joint prostheses — Part 4: Determination 
of endurance properties and performance of stemmed femoral components n.d. 
https://www.iso.org/standard/42769.html (accessed September 9, 2022). 

[41] Guzmán M, Durazo E, Ortiz A, Sauceda I, Siqueiros M, González L, et al. Finite Element Assessment of a 
Hybrid Proposal for Hip Stem, from a Standardized Base and Different Activities. Applied Sciences 
2022;12:7963. https://doi.org/10.3390/APP12167963. 

[42] Gutmann C, Shaikh N, Shenoy BS, Shaymasunder Bhat N, Keni LG, Chethan KN. Wear estimation of hip 
implants with varying chamfer geometry at the trunnion junction: a finite element analysis. Biomed Phys Eng 
Express 2023;9. https://doi.org/10.1088/2057-1976/ACB710. 

[43] Numa Shaikh, Satish Shenoy B, Shaymasunder Bhat N, Sawan Shetty, Chethan K N. Wear estimation at the 
contact surfaces of oval shaped hip implants using finite element analysis. Cogent Eng 2023;10. 
https://doi.org/10.1080/23311916.2023.2222985. 

[44] Sedmak A, Čolić K, Grbović A, Balać I, Burzić M. Numerical analysis of fatigue crack growth of hip implant. 
Eng Fract Mech 2019;216:106492. https://doi.org/10.1016/J.ENGFRACMECH.2019.106492. 

[45] Affatato S, Colic K, Hut I, Mirjanić D, Pelemiš S, Mitrovic A. Short history of biomaterials used in hip 
arthroplasty and their modern evolution. Biomaterials in Clinical Practice: Advances in Clinical Research and 
Medical Devices 2017:1–21. https://doi.org/10.1007/978-3-319-68025-5_1/FIGURES/9. 

[46] Campioni I, Notarangelo G, Andreaus U, Ventura A, Giacomozzi C. Hip Prostheses Computational Modeling: 
FEM Simulations Integrated with Fatigue Mechanical Tests. Lecture Notes in Computational Vision and 
Biomechanics 2012:81–108. 

[47] Rawal BR, Yadav A, Pare V. Life Estimation of Knee Joint Prosthesis by Combined Effect of Fatigue and 
Wear. Procedia Technology 2016;23:60–7. https://doi.org/10.1016/J.PROTCY.2016.03.072. 

[48] Fiorentino A, Zarattini G, Pazzaglia U, Ceretti E. Hip Prosthesis Design. Market Analysis, New Perspectives 
and an Innovative Solution. Procedia CIRP 2013;5:310–4. https://doi.org/10.1016/J.PROCIR.2013.01.061. 

[49] Bennett D, Goswami T. Finite element analysis of hip stem designs. Mater Des 2008;29:45–60. 
https://doi.org/10.1016/J.MATDES.2006.12.014. 

[50] Saldívar-García AJ, López HF. Microstructural effects on the wear resistance of wrought and as-cast Co-Cr-
Mo-C implant alloys. J Biomed Mater Res A 2005;74A:269–74. https://doi.org/10.1002/JBM.A.30392. 

[51] Huang P, Salinas-Rodriguez A, López HF. Tribological behaviour of cast and wrought Co–Cr–Mo implant 
alloys. Http://DxDoiOrg/101179/026708399101505284 2013;15:1324–30. 
https://doi.org/10.1179/026708399101505284. 

[52] Duong CT, Nam JS, Seo EM, Patro BP, Chang JD, Park S, et al. Tribological property of the cobalt-chromium 
femoral head with different regions of wear in total hip arthroplasty. Proc Inst Mech Eng H 2010;224:541–9. 
https://doi.org/10.1243/09544119JEIM709. 

[53] Taniguchi K, Quacinella M, Barlow B. Squeaking Is Common and Increases Over Time Among Patients With 
Long-term Follow-up After Ceramic-on-ceramic THA. Clin Orthop Relat Res 2021;479:736–44. 
https://doi.org/10.1097/CORR.0000000000001472. 

[54] Jarrett CA, Ranawat AS, Bruzzone M, Blum YC, Rodriguez JA, Ranawat CS. The squeaking hip: a 
phenomenon of ceramic-on-ceramic total hip arthroplasty. J Bone Joint Surg Am 2009;91:1344–9. 
https://doi.org/10.2106/JBJS.F.00970. 

[55] Zhao CC, Qu GX, Yan SG, Cai XZ. Squeaking in fourth-generation ceramic-on-ceramic total hip replacement 
and the relationship with prosthesis brands: Meta-analysis and systematic review. J Orthop Surg Res 
2018;13:1–9. https://doi.org/10.1186/S13018-018-0841-Y/FIGURES/4. 

[56] Dharme M, Kuthe A. Effect of geometric parameters in the design of customized hip implants. J Med Eng 
Technol 2017;41:429–36. https://doi.org/10.1080/03091902.2017.1323967. 

[57] Chethan KN, Shyamasunder Bhat N, Zuber M, Satish Shenoy B. Finite element analysis of different hip 
implant designs along with femur under static loading conditions. J Biomed Phys Eng 2019;9:507–16. 
https://doi.org/10.31661/jbpe.v0i0.1210. 

[58] Chethan K N, Ogulcan G, Bhat N S, Zuber M, Shenoy B S. Wear estimation of trapezoidal and circular 
shaped hip implants along with varying taper trunnion radiuses using finite element method. Comput Methods 
Programs Biomed 2020;196:105597. https://doi.org/10.1016/j.cmpb.2020.105597. 

[59] Han C, Qu X, Ma Y, Shi D. Experimental and Numerical Study of Fatigue Damage Assessment under 
Combined High and Low Cycle Loading. Shock and Vibration 2018;2018. 
https://doi.org/10.1155/2018/9045658. 

[60] Sodhi N, Mont MA. Survival of total hip replacements. Lancet 2019;393:613. https://doi.org/10.1016/S0140-
6736(18)31859-2. 

[61] Browell R, Hancq A. Calculating and Displaying Fatigue Results 2006. 

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 21, No. 3, 2023 
www.engineeringscience.rs 

 

 
publishing 

 
John Valerian Corda et al. - Fatigue life evaluation 
of different hip implant designs using finite element 
analysis 

 

907 

[62] Chalernpon K, Aroonjarattham P, Aroonjarattham K. Static and Dynamic Load on Hip Contact of Hip 
Prosthesis and Thai Femoral Bones. International Journal of Mechanical and Mechatronics Engineering 
2015;9:251–5. https://doi.org/10.5281/ZENODO.1099670. 

[63] Burger NDL, de Vaal PL, Meyer JP. Failure analysis on retrieved ultra high molecular weight polyethylene 
(UHMWPE) acetabular cups. Eng Fail Anal 2007;14:1329–45. 
https://doi.org/10.1016/J.ENGFAILANAL.2006.11.005. 

[64] Ulrich SD, Seyler TM, Bennett D, Delanois RE, Saleh KJ, Thongtrangan I, et al. Total hip arthroplasties: what 
are the reasons for revision? Int Orthop 2008;32:597–604. https://doi.org/10.1007/S00264-007-0364-3. 

[65] Wu GL, Zhu W, Zhao Y, Ma Q, Weng XS. Hip Squeaking after Ceramic-on-ceramic Total Hip Arthroplasty. 
Chin Med J (Engl) 2016;129:1861. https://doi.org/10.4103/0366-6999.186654. 

[66] Sidambe AT. Biocompatibility of Advanced Manufactured Titanium Implants-A Review. Materials (Basel) 
2014;7:8168–88. https://doi.org/10.3390/MA7128168. 

[67] Evans JT, Evans JP, Walker RW, Blom AW, Whitehouse MR, Sayers A. How long does a hip replacement 
last? A systematic review and meta-analysis of case series and national registry reports with more than 15 
years of follow-up. Lancet 2019;393:647–54. https://doi.org/10.1016/S0140-6736(18)31665-9. 

 
Paper submitted: 21.04.2023.  
Paper accepted: 12.09.2023.  
This is an open access article distributed under the CC BY 4.0 terms and conditions 
 

http://www.engineeringscience.rs/

	1 INTRODUCTION
	2 Materials and Methods
	2.1 Stem shapes and material combinations
	2.2 Meshing and Boundary Conditions

	3 Results
	3.1 Static Structural Analysis
	3.2 Fatigue Analysis

	4 Discussion
	4.1 Limitations of the current work

	5 Conclusions
	6 Acknowledgment
	7 References

