
 

 

Abstract: Hip joint is greatly responsible for our 
ability to walk. The aim of this study was to better 
understand stress distribution in femoral bone 
during most common daily activity - walking. A 
three-dimensional biomechanical model of the 
femur was developed from medical scans. The 
created model included the cortical and cancellous 
femoral bone. Material properties of femoral bone 
and boundary conditions (constraints and loads) 
were adopted from the literature. The finite element 
analysis was used for numerical calculation of 
stress distribution of the femoral bone during gait 
cycle. We analyzed two positions. The first 
position includes the beginning of the gait cycle 
while the second includes the change between 
stance and swing phase. Von Mises stress values 
as well as Maximum Principal Stress values were 
higher for the second position, where maximum 
von Mises Stress was calculated to be about 24.5 
MPa and Maximum Principal Stress was 21MPa.  

 
Index Terms: femur, finite element analysis, gait 

cycle, stress distribution 
 

1. INTRODUCTION 

IP joint is an important joint in the human 
body. Together with the knee joint, it allows 

us to walk, jump, run etc. It is a very flexible joint 
that allows a great range of motion while 
providing stability at the same time [1]. Besides 
allowing a great range of motion, hip joint also 
distributes load during different activities. The 
most common activity is walking. Hip joint 
connects the lower and upper parts of the body 
and consists of three major elements: femur, 
femoral head and acetabular cup [2]. Femur is 
the longest and the strongest bone in the human 
body. It consists of a diaphysis and two epiphyses  
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that help form hip and knee joint. Two main bone 
structures of the femur are cortical and 
cancellous bone.  

The gait cycle or the walking cycle is an interval 
between two consecutive occurrences of one of 
the repetitive events of walking. It starts when one 
foot comes in contact with the ground and ends 
when that same foot comes in contact with the 
ground again [3]. During the gait cycle, different 
movements occur in sagittal, frontal and 
transverse plane. The largest movements are 
occurring in the sagittal plane [4]. The cycle can 
be divided into two phases, the stance phase 
(foot is on the ground) and the swing phase (foot 
is off the ground). The first part of the cycle is the 
stance phase (about 60% of the cycle). It lasts 
from the initial contact of the foot with the ground 
until toe if off the ground. The second phase is 
about 40% of the cycle, starting when toe if off the 
ground and ending with next initial contact. Also, 
the gait cycle can be divided into two periods of 
single support and two periods of double support 
[5].  

The biomechanics of the femur and hip joint 
have been studied both experimentally and 
computationally. It was demonstrated that the 
proximal lateral aspect of the femur is subjected 
to tension during the stance phase of the gait 
cycle [6]. The tibia-femoral loading during the gait 
cycle and stair climbing [7], as well as the range 
of motion and force momentum in the hip and 
knee joints in elderly subjects were analyzed [8]. 
Weinhandl et al. [9] analyzed how gait speed 
affects hip joint forces. 

Finite element analysis (FEA) has been an 
important tool to better understand bone 
biomechanical behavior during different activities. 
In this way, we can obtain knowledge that would 
be hard or impossible to obtain using 
experiments. This approach has been used to 
evaluate proximal femoral head rigidity and 
damage [10], to analyze femur during the stance 
phase of gait cycle [11], and to verify that the 
peak joint force is the highest in the heel strike 
phase [12].  

The goal of the present study was to evaluate 
von Mises stress distribution and Maximum 
Principal stress distribution during gait cycle. 
Obtained knowledge will be used for future 
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studies that will include hip implant and other 
elements of hip joint.  

The first part of this paper covers the 
development of 3D femoral bone model based on 
CT scans, material properties and boundary 
conditions that were used for FE analysis. The 
second part covers the discussion of the obtained 
results. Results that are presented here include 
von Mises Stress and Maximum Principal Stress 
for the femur during gait cycle. Conclusion is 
given in the third part of this paper. 

2. MATERIALS AND METHODS 

In order to obtain meaningful results it was 
necessary to use appropriate geometrical model 
of the femur with a uniform mesh and boundary 
conditions (constraints and loads) that will 
accurately simulate the analyzed situation. 

 

2.1 Geometrical Model 

The 3D anatomical models, based on CT or 
MRI scans, are great tool for gathering 
knowledge about human body.  

In order to simulate loading on the femur during 
the gait cycle, we had to create a geometric 
model of the femoral bone. The model presented 
in this paper was created from CT scans of a 
healthy male, aged 35. This data set was 
obtained from the Clinical Center Kragujevac. 
The resolution of used scans was 512x512 pixels 
with slice increment of 0.782 mm. Total number 
of slices was 369.  

The first part in model creation was to perform 
segmentation and generation of the femur model 
from the CT scans. This was performed in 
software Mimics (Materialise, Leuven, Belgium). 
In order to have more accurate calculations, we 
included both cortical and cancellous bone. After 
segmentation and generation of cortical and 
cancellous bone, we converted these two models 
into a stereolithography (STL). 

The second part of this process was to refine 
the automatically created surface mesh. The 
refinement was done manually in software 
Geomagic Studio (Raindrop Geomagic Inc, 
Research Triangle Park, NC, USA). For surface 
mesh, triangular elements were used in order to 
better represent bone surface. 

Last part of this process included creation of 
volumetric tetrahedral mesh and mesh quality 
check. This was done in software FEMAP 
(Siemens PLM Software, Plano, Tex). With this 
last step, 3D geometrical model of the femoral 
bone was created, and we could proceed to 
defining material properties and boundary 
conditions for our simulation. 

The developed model is shown in Figure 1 and 
it consists of cortical and cancellous bone. 

 
Fig. 1. 3D femur model 

 
The femur model was modeled using 42982 

tetrahedral elements and 14275 nodes. 
 

2.2 Material Properties 

In this study, values of the material properties 
were gathered from the literature, since we did 
not perform any experiments. The disadvantage 
of this approach is that the used values do not 
correspond to our patient’s values because these 
values depend on different conditions in which the 
experiments were performed as well as on race, 
age, measurer etc.  

For the material properties of the femoral bone, 
both cortical and cancellous bones were 
considered. The simplification of material 
properties was introduced in order to easily 
perform numerical simulations. 

Cancellous bone was defined as elastic 
orthotropic (3D) material (local orthotropic 
orientations were matching the global axis 
system), while cortical bone was defined to be 
linear elastic, homogenous and isotropic [13].  

 

2.3 Boundary Conditions 

Boundary conditions are important aspect of 
finite element analysis. Boundary conditions 
affect the obtained results and they include 
constraints and loads.  

The most common approach is to apply an 
appropriate single force on the femoral head. The 
nodes on the distal part of the femur bone were 
fixed, while other nodes had no constraints. 
Applied force values (in x, y and z direction) were 
taken from the literature [14]. Applied boundary 
conditions are given in Figure 2. 

 



 

 
 

Fig. 2. Boundary Conditions 
 
The presented model did not include muscles 

and ligaments whose function is to provide 
stability during walking and other activities. Also, 
we did not include other elements of hip joint 
(pelvis and acetabulum) for this analysis. This will 
be done in future works. 

Finite element analysis was performed using 
previously mentioned software FEMAP. We 
considered two positions of the femur during gait 
cycle. The first position corresponded to the 
beginning of the cycle and the second position to 
the change between stance and swing phase of 
the cycle. In this paper, we present results of the 
performed static analysis for these mentioned 
positions. 

3. RESULTS AND DISCUSSION 

As already defined, we were interested in von 
Mises stress distribution and Maximum Principal 
Stress Distribution for both positions.  

For the result visualization we were interested 
in two parts of the femoral bone. The first part 
was the body of the femur. This part includes 
area form the end of the model (where nodes 
were fixed) to the lesser trochanter. The second 
part was the neck of the femur. 

 

3.1. von Mises Stress Distribution 

Figure 3 shows von Mises stress distribution at 
the beginning of the cycle. 

The body of the femur had the highest 
calculated von Mises stress. Calculated stress 
values were in the range from about 4.5 MPa to 
10.78 MPa.  

The maximum stress value for the whole femur 
bone was at the bottom of the model (red color in 

Figure 3) and it was calculated to be 10.78 MPa.  

 

Fig. 3. von Mises Stress distribution for the first 
position 

 
In the neck of the femur, von Mises stress was 

calculated to be about 5 MPa (light blue color in 
Figure 3). 

Figure 4 shows von Mises stress distribution for 
the middle of the cycle. 

Vertical force component applied in the second 
simulation was about 3 times the vertical force 
component applied in the first simulation and the 
difference in the von Mises stress value was 
expected. 

 
 

Fig. 4. von Mises Stress distribution for the 
second position 



 

As in the previous simulation, the area with the 
highest von Mises stress was the body of the 
femur. In the second simulation, those values 
were higher and they were in the range from 
about 10.5 MPa to 24.36 MPa.  

Stress value in the neck of the femur was 
higher compared to previous simulation. In the 
second simulation it was calculated to be about 
10 MPa.  

 

3.2. Maximum Principal Stress Distribution 

The Maximum Principal Stress was used to 
show overstressing of the bone and it can be 
used for failure criteria of the bone.  

Figure 5 shows Maximum Principal Stress 
distribution at the beginning of the cycle. 

 

 
 

Fig. 5. Maximum Principal Stress for the first 
position 

 
The neck of the femoral bone was interesting 

for this stress distribution because a lot of 
fractures happen in this area of femoral bone. 
Maximum Principal Stress was calculated to be 7 
MPa for the beginning of the gait cycle. 

Figure 6 shows Maximum Principal Stress 
distribution at the middle of the cycle. 

For the middle of gait cycle, Maximum Principal 
Stress in the neck of the femoral bone was 
calculated to be 12 MPa. As in previous 
simulation, this value is less than values needed 
for bone fracture. 

 
 

Fig. 6. Maximum Principal Stress for the 
second position 

 
Presented results can be compared to the 

results found in different papers. Von Mises 
stress distribution is comparable to the 
distribution in the paper written by Belaid and 
Bouchoucha [15]. There are differences in the 
stress values, which can be explained by the use 
of different material properties and boundary 
conditions.  

The obtained Maximum Principal Stress values 
can be compared to values presented by Mantes 
et al. [16]. In this paper, Mantes and his 
colleagues calculated Maximum Principal Stress 
about 15% higher to the results presented in this 
paper. Again, this can be explained with the 
differences between the models (material 
properties, boundary conditions…) 

This information will be important for future 
simulations where we will simulate gait cycle with 
other elements of hip joint and with better 
material properties and boundary conditions. 

4. CONCLUSION 

About 50% of hip fractures are intracapsular 
fractures that can be divided into fracture of 
femoral head or femoral neck. In elderly patients 
this type of fracture usually leads to replacement 
of a broken bone with an implant. That is why it is 
really important to fully understand biomechanical 
conditions in the human body. 

The application of the finite element analysis 
can provide a better insight into the 
biomechanical condition of the femur during gait 
cycle. In this paper we have presented von Mises 
Stress and Maximum Principal Stress distribution 
in femoral bone, at the beginning and the middle 



 

of the gait cycle. Knowledge obtained in this way 
is a beneficial input for hip implants and can 
influence their design and performance. 

The results presented here are the first step in 
our further investigation of the gait cycle. Current 
limitation is the lack of understanding of all forces 
affecting the femoral bone. This limits computer 
simulations because the considered loading is not 
realistic.  

In the future work we will include contact 
between femur and pelvis. Created femur model 
does not include muscles and ligaments which is 
a big drawback. Concrete conclusion cannot be 
made without all elements taken into 
consideration. It would be interesting to analyze 
how much stress distribution changes depending 
on health condition of the patient. 
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