
JING-GUANG QIAN et al: A NOVEL FINITE ELEMENT MODEL OF THE HIP JOINT WITH APPLICATION TO … 

DOI 10.5013/IJSSST.a.17.48.20                                           20.1                            ISSN: 1473-804x online, 1473-8031 print 

A Novel Finite Element Model of the Hip Joint with Application to Stress and Strain 
Analysis under a Static Load  

Jing-guang Qian1, Zhao-xia Li2, Rong Bian1, Hong Zhang2, Yang Su1, Qiang Ye1 
 

1. Dept. of Sport and Health Science, Nanjing Sport Institute, Nanjing, Jiangsu, 210014, China; 
2. College of Civil Engineering, Southeastern University, Nanjing, Jiangsu, 210096, China; 

 

Abstract — The purpose of the study was to establish a 3-D finite element (FE) model of the hip joint to examine stress and strain 
characteristics during standing.  The cross-sectional images of a hip joint of a normal adult male subject were obtained through CT 
and a FE model including both pelvis and bilateral proximal femurs was constructed using Mimics. The FE model was assigned 
with four different material properties in order to describe non-uniform characteristics of bone materials. By applying body weight 
in ANSYS, the relationship of stress, strain and bone mineral density of 12 sampling points in the femur was examined.  Stress 
concentration in the femoral neck was extremely high in the reconstructed pelvis under gravitational load. The relationship 
between the stress and strain, and the bone mineral density was examined by using least square curve fitting. The hip 3-D finite 
element model is a highly accurate method to simulate the bone structure and its non-uniform material properties, and has the 
merit of completeness of structural integrity and details of meshed divisions. The study lays the foundation for biomechanical 
analysis of the femur, and can be used for human motion analysis and rehabilitation research.  
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I. INTRODUCTION  

 
Proximal femur and hip fracture is a major health related 

issue worldwide. Hip fractures may rise to from 1.7 million 
in 1990 to 8.2 million in 2050 [1].  Among those patients 
who suffered a hip fracture, the mortality rate within a year 
after the fracture is very high and the highest among most 
comment osteoporotic fractures [2-3].  The lifetime fracture 
risk of patients with osteoporosis can be as high as 40% 
according to recent report [4]. Hip replacement is expensive 
and financial burden to society and patients is very high. 
Obtaining a variety of dynamic and static parameters of the 
hip joint is essential to biomechanical research and helpful in 
establishing human mechanical models and understanding 
loading conditions around the region of common hip fracture 
sites.  

Since Brlelmans et al. [5] first used the finite element 
(FE) model in orthopaedic biomechanics research, it has 
been widely used to estimate stress and strain distribution of 
human lower extremity joints in normal and pathological 
conditions. In an FE model, geometrical and density 
properties are available through CT scanning and appropriate 
material properties for bone and related tissues must be 
determined and assigned [6].  Trabecular and the cortical 
bones are commonly were modelled using tetrahedral 
elements [7]. 

Difficulty in FE modelling lies in how to create complex 
three-dimensional (3D) shape and represent non-uniform 
material properties of bones. Consequently, it is impossible 
to achieve the 3D reconstruction of bone models through 
regular CAD software packages. Mimics is a software 
package that can be used to deal with such problems [8-9]. 
The objective of this research project was to establish and 

validate a comprehensive three-dimensional finite element 
model for hip and pelvis and conduct FE analysis of stress 
and strain mechanical properties of the bones under a normal 
loading condition during standing. 

II. MATERIALS AND METHODS 

A healthy male (height: 170cm, mass: 65kg, age: 24 year 
old) volunteered to participate in this study.  An informed 
consent, approved by the local ethics committee, was 
obtained prior to the test. The hips and upper femurs of both 
sides were scanned using a 16-slice spiral computer 
tomographic (CT) system (SOMATOM SENSATION, 
Siemens AG, Erlangen, Germany). The participant was in a 
supine position during CT scanning with a slice thickness of 
1.5 mm with an observation window of 396 Hounsfield 
values (HU) in height and 1536 HU in width. The slice 
images were stored in a 512 × 512 pixel format (*.DCM). 

The CT images were imported in to Mimics (12.1, 
Materialist’s Interactive Medical Image Control System, 
Belgium).  In order to accurately extract the contour line of 
the pelvis and femur, CT HU values were used to 
differentiate the bones from other tissues and the “regional 
growth” tool of the software was used to extract regional 
partition of the bones for each CT slice as contrasting grey 
scales.  After edge segmentations, selective editing, filling 
gaps, removing redundant data and 3D interpolation, the 2D 
images were transformed into 3D models (Fig. 1). 

The surface meshes were created in the FEA module of 
Mimics (Fig. 2). The quantity and quality of the triangular 
elements were adjusted and were smoothed to insure that the 
majority of the triangular elements were equilateral triangles. 
Tetrahedral elements were used to transform the surface 
meshes into 3D body meshes of the finite element model in 
the FEA module of Mimics.  
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Figure 1.   Establishment of the hip and pelvic model in Mimics. 

 
Figure 2.  Flowchart of the study. 

Based upon the grey scales of CT images, the material 
properties of the nodes were assigned. The pelvis and both 
femurs were assigned ten different material properties, each 
representing the material property of a particular region 
(Table 1). The major parameters of bone material properties 
were obtained from the published literature, which suggests 
that the main component of bone is hydroxyl apatite and 
collagen fibers. The bone is an anisotropic material that has 
different density and elastic modulus along different 
directions. Based on relations between grey-scale images and 
the material mechanical properties, each tetrahedron unit was 
assigned a material property. From the cortical bone to the 
cancellous bone, four different material properties were 
assigned.[10]. The cortical bone has the highest density and 
was assigned a density of 13.50 g/cm3, a Young's elastic 
modulus of 8.01GPa, and a Poisson's ratio of 0.3 (Table 1).  
The cancellous bone has the lowest density and was assigned 
a density of 0.59g/cm3, Young's modulus of elasticity of 
0.35GPa, and Poisson's ratio of 0.3. The “lis” data files were 
imported into ANSYS software to complete the setup of the 
FE models with the material properties (Fig. 2). 

 
TABLE I.  MATERIAL PROPERTIES OF THE HIP FINITE ELEMENT 

MODEL. 

Location Number Density 
(105Gv) 

Elastic 
modulus 

(GPa) 

Poisson's 
coefficient

Left femur 

1 1.62 0.96 0.3
2 5.58 3.31 0.3
3 9.55 5.66 0.3
4 13.50 8.01 0.3

Right femur 

1 1.31 0.77 0.3
2 5.33 3.16 0.3
3 9.35 5.54 0.3
4 13.40 7.93 0.3

Pelvic 

1 0.59 0.35 0.3
2 4.07 2.41 0.3
3 7.55 4.47 0.3
4 11.00 6.53 0.3

Loading conditions to the human hip joint are rather 
complicated and are related to patterns of movements. In this 
study, a simple physiological load, a vertical force equivalent 
to the body weight of the participant, was applied to a 
location in front of the sacrum of the pelvis.  The symphysis 
pubis and hip joints were connected via the coupling 
function so that the load applied to the pelvis could be 
transmitted to the femur.  The gluteus maximus, gluteus 
medius and gluteus minimus were represented by three 
springs connecting the origins and insertion sites between the 
greater trochanter and ilium with a tension set at the 1/8th of 
the body weight to simulate the static loading condition 
during standing.  

The right femur was the target of the simulations.  For 
every 15th CT image, a slice was created, for a total of six 
slices. Two points were sampled for analysis at both ends of 
the coronary axis of the femur, for a total of 12 sampling 
points. The grey-scales of the 12 sampling points on the CT 
images as well as the stress and strain were obtained and 
analysed. 

III. RESULTS 

The comprehensive 3D hip joint finite element model 
was established with a total of 180,504 individual elements 
with 121,148 nodes and 70,356 elements for the pelvis, 
83,738 nodes and 49,855 elements for the left femur, and 
97836 nodes and 60293 elements for the right femur. 

 
Figure 3.  . a) The coronal section of the femur: the red for bone density 

andthe blue fordensity of cancellous bone, and b) 4 different material finite 
element models with bone density arranged in an ascending order. 

 

Figure 4.  Grey value and finite element analysis of 6 layers 12 points. 

In order to directly observe the actual bone material 
properties during the experiment, slices of the coronal 
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section of the femur were obtained (Fig. 3a). In the ANSYS, 
the four different kinds of material properties were 
represented and displayed (Fig. 3b).  When the gravity load 
was applied to the finite element model, images such as 
cloud Von Mises stress and cloud strain were obtained.  The 
grey scales and stress-strain of the 12 points on the 6 slices 
were further obtained (Fig. 4). 

There is a positive linear relationship between the grey 
scales and BMD. The empirical equation can be found 
between the BMD and the Young's modulus and used to 
describe the b BMD distribution.  The equation E = KρN 
(GPa) was found through the use of regression analysis. By 
curve fitting, the values of K and N were solved numerically 
where ρ is the horizontal axis and E is the vertical axis [11].  
The regression equation was used to examine the 
relationships of the 12 points between elastic modulus and 
apparent density and shown as y =12950.328x0.9345.  The R2 
is 0.751 (p < 0.001).  The relationship between the elastic 
modulus (E) and the apparent density () was further 
demonstrated in Fig. 5. 

 
Figure 5.  Regression line between the elastic modulus (E) and the 

apparent density (). 

Since the bone’s in vivo E values cannot be measured 
directly in vivo, techniques have been developed using the in 
vivo CT or ultrasound to estimate the E values based upon 
the X-ray absorption from CT images, decay coefficient u 
with unit of CT HU values [12].  The HU value of any point 
on a CT image of a bone is based upon its existing linear 
relationship with the bone mineral density (BMD).  The 
equations of the relationship between the elastic modulus (E) 
values and density () have been established [6-13-15]. One 
of these is the Carter-Hayes empirical formula [16] and was 
used to estimate the E values of any given point on the CT 
image slices (Table 2). 

 
Density () = -13.4 + 1017 × Grey value        (1) 

 
Modulus (E) = -388.8 + 5925 × Density         (2) 

TABLE II.  THE STRESS, STRAIN AND HU VALUES OF THE 12 
OBSERVATION POINTS IN THE 6 LAYERS OF THE RIGHT FEMUR.  

Layer Nodes Stress(von 
mises)

Strain CT HU values

1 112567 6.60E-02 4.31E-11 123.96±44.81
115630 4.34E-02 5.08E-11 223.26±62.10

2 115737 5.15E-02 6.30E-11 445.89±132.86
115045 1.3916 2.04E-10 1114.14±269.85

3 114210 0.55002 9.07E-11 713.53±358.24
114122 1.3636 1.75E-10 1336.49±119.63

4 111306 0.38974 5.74E-11 1404.74±95.46
111585 1.0962 1.84E-10 1365.65±115.00

5 110580 0.36904 4.77E-11 1413.85±39.24
111891 0.71027 8.96E-11 1349.95±182.41

6 108250 1.0345 1.37E-10 1401.06±69.27
11398 0.16547 2.57E-11 1310.60±297.09

IV. DISCUSSION 

 
Previous studies [6-17-18] usually treat the femur as a 

separate and isolated model and do not examine the whole 
hip joint. In this study, the entire hip joint including the 
pelvis and femur was modelled to simulate the static loading 
condition in the normal standing posture. When the body is 
in an upright standing position, each hip joint bears about 
one thirds of the body weight, which is equivalent to one half 
of the body weight above the hip.  The actual loading 
conditions at the joint are far more complicated.  In order to 
maintain the stability of the body, hip abductors, gluteus 
maximus, iliopsoas and other related muscles all contract 
which greatly increase loading to the hip joint. The loads 
applied to the hip joint are also closely related to the weight, 
exercise level, muscle contraction and the distance between 
the center of gravity and weight-bearing lines of the joint .To 
analyse loading applied to the hip, we can first analyze the 
hip joint in the coronal plane in a single-leg standing posture.  
Based upon the static analysis, three forces were applied to 
the femoral head: 1) a force due to the body weight minus 
the weight of the leg which is equivalent to 5/6 of the body 
weight, 2) the forces applied by the hip abductors, and 3) 
joint reaction force. 

Based on the grey-scale calculation from the CT images, 
the distribution of the effective stress in the proximal femur 
is similar to the CT grey-scale distributions.  The bone 
density was higher in the femoral head and the outer layers 
of the shaft and lower in the central layers of the shaft. The 
low density areas were very visible between the femoral 
neck and the greater trochanter (Ward's triangle). The 
distribution of the strain energy density was different from 
the distribution of effective stress.  However, the distribution 
of strain energy density calculated based on the CT-based 
grey scales was still consistent with the basic characteristics 
mentioned above, and strain energy density of the 
homogeneous material model for the central femoral shaft is 
significantly higher, in contrary to the grey-scale distribution.  
The previous research findings on the BMD of the different 
parts of the hip showed that BMD of the femoral shaft is 
greater than that of the femoral greater trochanter.  The BMD 
of the greater trochanter is greater than the femoral neck, 
which is greater than the Ward's triangle area.  The BMD of 
the Ward’s area is greater than that of the upper neck.  The 
changes in BMD are mostly seen in the femoral shaft, 
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femoral greater trochanter and ward's area with change in 
age. 

The FE model requires elastic modulus E, shear modulus 
G, Poisson's ratio ν, among which the elastic modulus (E) is 
a measurement of hardness. For bone, a composite material, 
its elastic constants change with the changes in the symmetry 
of the bone. Anisotropy of the material can be associated 
with up to 36 elastic constants and 21 independent elastic 
constants.  With simplifications, the number of constants can 
be reduced to nine.  It is believed that it cannot only show a 
certain extent of anisotropic characteristics of the bone 
materials, but also are relatively simple and easy to 
implement. 

BMD as a parameter can describe the structural 
properties. Martens and Ishida[19] suggest that BMD 
changes with bone mineralization and porosity, and also 
affects the E value. Rho et al.[20] established the linear and 
nonlinear equations between anisotropic E values and the 
BMD.  They show that the E value has a positive correlation 
with the BMD, with a power between 1.35 - 1.75.  The 
results by Bu Bin [13] showed that the power value is 0.44. 

By using the Carter’s algorithm [21-22], there is a 
positive and linear relationship between the BMD and strain 
energy density distribution, and the square root of the 
effective stress.  Therefore, the distribution of effective stress 
and strain energy density from the finite element analysis 
and the grey distribution should have the similarity 
relationships. Literature has shown that the relationship 
between the elastic modulus and apparent density of bone is 
proportional to the third power. Furthermore, variability of 
the near linear relationship between the elastic modulus and 
apparent density established by Shu et al. [23] is mainly 
related to different models used.  

The limitation of the study includes that the accuracy of 
the FE model is limited by imperfection of the model. The 
entire FE modeling process is rather time consuming due to 
the individualization of the model.  In order to increase 
efficiency, future work may require first to establish generic 
models of human joints and then allow individualization 
based upon a few key measures that can truly capture loading 
related structure characteristics of individuals. However, the 
success of the model has been demonstrated in a couple of 
studies that examine stress and strain of femoral neck[24] 
and effectiveness of selected fitness exercises on optimizing 
stress and strain of femoral neck [25]. 

 

V. CONCLUSIONS  

 
Under the normal physiological loading, the results of 

finite element analysis based on the grey scales are in 
agreement with the principle of functional adaptation of 
bone. The results of the study showed that the FE model and 
related methods are suitable to conduct the numerical 
simulation studies to examine internal stress, deformation, 
and fractures. 
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