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Titanium is one of the widely used hip joint implant materials. Even with excellent 
properties for hip joint implantation, this material is likely to fail after 12-15 years of 
implantation due to excessive wear and stress. Computational analysis using the finite 
element method can be used to analyze stress in the hip joint implant. The study aims 
to evaluate stresses and analysis of safety factors. The analysis concludes by introduc-
ing an optimized prosthesis, evaluating the stress, and comparing these results with 
the classical prosthesis.

Introduction
One of the most critical joints in the human body is the hip joints, 

which connect the femur to the pelvis. This joint can deteriorate 
with time for many problems; The main problem is osteoarthritis 
[1,2]. Other reasons for hip joint impairment are atrophic arthritis 
and avascular necrosis [3]. Hip joint replacement called total hip 
arthroplasty is the main orthopedic surgery with over 350,000 and 
60,000 surgeries performed each year in the United States and the 
United Kingdom [4,5]. It is not surprising that many people need 
this surgery because the hip joint has the function of supporting 
the weight of the upper body during many activities that can reach 
up to 4 times the body weight. The artificial hip joint consists of two 
main parts. The first is the acetabular component, which replaces 
the acetabulum in the pelvis.

The second is the femoral component, such as the stem and 
head of the sphere placed in place of the femoral head. Many widely 
used hip joint implant materials can be divided into several pairs: 
metal to metal, ceramic to ceramic, polymer to ceramic, and met-
al to polymer. Titanium has been widely used as a metal implant 
material because of its mechanical properties, corrosion resistance  

 
and non-magnetic properties that meet the minimum criteria as  
an implant material. 15 Even with its good properties, researchers 
have stated that hip implantation would degrade its function and 
fail within 12 to 15 years [4]. There is a computational analysis that 
uses the finite element method that can be used to calculate stress 
in the stem of the hip joint implant. Using Inventor Professional 
static structural software, this analysis can be performed from the 
previous study for different areas of hip replacement cross-section. 

Materials and Methods
The geometric analysis in this study uses the design of the stan-

dardized Corail system, referring to a “collarless” model, with an 
angle between the axis of the stem and the axis of the neck of 135° 
(Figure 1). A part file “Standard.ipt” was created, using the com-
mand “2D Sketch” the longitudinal section of the workpiece was 
realized. Once the sketch was completed, a symmetrical extrusion 
was performed with respect to the work surface. Finally, the three 
most important transverse edges were connected so that the me-
chanical response was partially improved. It is important to specify 
that the end part of the package, i.e., the part that is inserted inside 
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the head, was given a variable rectangular section, because in the 
face of numerous load tests on the assembly, it was found that a 
coupling of this type was the most optimal (Figure 2). The material 

used in this study is Titanium grade 4 [6] in which the mechanical 
characteristics are shown in Table 1.

Table 1: Mechanical properties of Titanium grade 4.

Composition Yield Strength (MPa) UTS (MPa) Elongation (%)

Ti Grade 1 170 240 24

Grade 2 275 345 20

Grade 3 380 450 18

Grade 4 485 550 15

Figure 1:
(a) Standardized geometries and
(b) values of the “collarless” Corail prosthesis.
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Figure 2:
(a) 2D model and 
(b) 3D model of Hip Joint.
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Loads

The loads used in the analysis, based on what is written in ISO 
7206, on the distribution of forces of Charnley’s theory and on what 
is available in the literature are: 

Constraints

For the constraints we followed what is written in the ISO 7206 
standard (Figure 3). For simulation convergence, the optimal mesh 

size of the stem is achieved by varying from 5 mm to 1 mm mesh 
size. He concludes that from 5 mm to 3 mm mesh size, the maxi-
mum Von-Mises stresses are likely to increase significantly. So, the 
mesh size from 3 mm to 1 mm shows that the maximum von-Mises 
stresses are stable. Therefore, the mesh size of 3 mm is used in this 
study for a stable, accurate and fast simulation. The total elements 
and knots of the mesh size of 3 mm are 10,917 and 6,652 respec-
tively. The size of the element at most of the von-Mises stress varia-
tion graph can be seen in Figure 4.

Figure 3: Configuration of loads and constraints.
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Figure 4: Stress variation with element size.

Results
After defining all the boundary conditions, it was possible to 

proceed with FEM analysis [7]. In line with what emerged from the 
qualitative analysis and the verification of the sections, the most 
stressed areas are those at the fixing and neck. The software al-
lows you to identify the point where there is the greatest Von Mises 
stress, in this case it is near the constraint and with a value. This 
value is compared with the yield strength of Titanium grade 5, or 
(Figure 5) It is evident that the maximum stress is far lower than 
the elastic limit of the material, this is very important because for 
higher values it would enter the plastic field causing permanent de-

formations on the stem. These, also considering the fatigue stresses 
to which a hip prosthesis is subjected, over time could propagate 
to cause a definitive rupture, and consequently significant damage 
in patients. The simulation also shows that the internal areas on 
the side faces of the stem and the head are subject to very low ten-
sions, the optimization will take place based on these results. From 
the verification of the sections, however, it emerged that the neck 
area is also a critical area, for completeness therefore, through the 
command “Investigation point” we wanted to verify the Von Mises 
stress, which shows high values but always much lower than the 
yield strength (Figure 6).
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Figure 5: Von Mises stress on the stem.

Figure 6: Von Mises stress on the neck.
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Optimization
Since the beginning of the twenty-first century, increasingly 

innovative systems have been developed in terms of design and 
increasingly biocompatible with the body. Below is the stem fol-
lowing a first optimization Figure 7 At this point the stress analysis 
was repeated, keeping the boundary conditions constant, to verify 
that the optimization is advantageous both in terms of costs and in 

terms of safety. In this case the maximum Von Mises stress has a 
value of 406.6 MPa compared to 465.8 MPa of the non-optimized 
prosthesis. Considering these results, optimization is beneficial 
both in terms of cost and safety. The stress at the windows was also 
analyzed to verify that there were no risks and here too the voltage 
values are very low. In addition, the total mass of the prosthesis in-
creased from 0.265 kg to 0.222 kg.

Figure 7: Optimized 3D stem model.
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Figure 8: Stress analysis of the optimized prosthesis.

Figure 8 The present thesis work aimed at the topological op-
timization of a prosthetic stem through FEM analysis, performed 
on the Autodesk Inventor 3D CAD modeling software. We started 
from a stem without fittings and windows, an analysis of the stress-
es on the prosthesis was carried out and the results were analyzed. 
Based on the value of the Von Mises stresses at various points, a 
custom prosthesis was designed. The stem was connected along the 
side edges, resized and then two windows were made. To verify the 
correct success of the optimization, an FEM [8] analysis was again 
carried out on the optimized prosthesis that showed how the new 
model is more advantageous in terms of costs and mechanical re-
sponse. For any future developments, the study could be conducted 
in a similar way to what has been done in this paper by studying the 
mechanical response due to other more biocompatible and less ex-
pensive materials, or even continuing the optimization of this stem 
looking for more advantageous configurations for both the manu-
facturer and the patient.
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