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Abstract—Studying stress and strain trends in the femur and 

recognizing femur failure mechanism is very important for 
preventing hip fracture in the elderly. The aim of this study was to 
identify high stress and strain regions in the femur during normal 
walking and falling to find the mechanical behavior and failure 
mechanism of the femur. We developed a finite element model of the 
femur from the subject’s quantitative computed tomography (QCT) 
image and used it to identify potentially high stress and strain regions 
during the single-leg stance and the sideways fall. It was found that 
fracture may initiate from the superior region of femoral neck and 
propagate to the inferior region during a high impact force such as 
sideways fall. The results of this study showed that the femur bone is 
more sensitive to strain than stress which indicates the effect of 
strain, in addition to effect of stress, should be considered for failure 
analysis.  
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I. INTRODUCTION 

HE femur is one of the long bones in the human body. For 
the elderly, especially for those who have osteoporosis, 

the femur is prone to facture during walking and falling. Hip 
fracture is increasing annually and leads to social problems for 
the elderly. It is associated with an up to 20% chance of death, 
a 25% chance of long term disability and less than a 50% 
chance of full recovery [1]. The devastating squeal of hip 
fracture in individual’s long-term life have motivated us to 
identify high stress and strain regions in the femur during 
walking and falling to provide an appropriate plan to prevent 
hip fracture in the elderly.   

The stress and strain distributions in the femur is affected 
by a number of factors, for example, the subject’s height and 
weight, the size of femur, and the bone mineral density 
(BMD). All these factors are subject-dependent. Therefore, a 
subject-specific finite element model is more accurate to 
predict femur stresses and strains. High stress and strain 
regions in the femur are the potential locations of developing 
cracks and then leading to hip fracture. By finding the high 
stress and strain regions of the femur during normal walking 
and falling, its mechanical behavior and failure mechanism 
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can be recognized. Dual-energy x-ray absorptiometry (DXA)-
and quantitative computed tomography (QCT)-based finite 
element (FE) modeling are two non-invasive methods for in-
vivo assessment of the human femur under the loading 
conditions. Whereas DXA-based FE models are two-
dimensional (2-D) and are not able to represent the real-world 
case; a QCT-based FE model, which is three-dimensional (3-
D), is preferred.  

Several reported studies used QCT-based finite models to 
predict potential fracture location, bone strength, fracture load, 
and stress/strain distribution [2]-[6]. Although there were 
exceptions, clinical observations have revealed that the 
majority of hip fractures occurred at either the smallest 
femoral neck, or the intertrochanteric, or the sub trochanteric 
cross-section [7]. Therefore, in our study, the objective is to 
develop a FE model of femur from the subject’s QCT image to 
identify the stress and strain trends at the three critical cross-
sections.  

II. MATERIALS AND METHODS  

In this section the methodology to construct the QCT-based 
FE model and analysis of femur under the loading and 
boundary conditions is described.  

A. QCT-Scan of Femur 

The 3-D model of the femur can be constructed from the 
subject’s femur QCT image. QCT slices are produced using 
multiple scanners with a set of proper acquisition and 
reconstruction parameters (Fig. 1 (a)). Slice thickness of 1mm 
is commonly used. The scanned QCT images are stored in the 
format of Digital Imaging and Communications in Medicine 
(DICOM), which can be used for the construction of a 3-D FE 
model. A proper segmentation is done to separate the femur 
for constructing the 3-D model. Each voxel in the QCT scan 
has an intensity (or grey scale) that is expressed as Hounsfield 
Unit (HU), which is correlated to bone density [8], [9]. QCT 
images of 10 clinical cases (5 females and 5 males), totally 20 
right and left femurs, were acquired from the Winnipeg Health 
Science Centre in an anonymous way under a human research 
ethics approval. The subjects are in the age scope from 50 to 
74 years (average 64.4 years). 

B. Construction of Finite Element Model 

In the first step, the geometrical model of the femur is 
generated from clinical QCT images using Mimics 
(Materialize, Leuven, Belgium). QCT images (in DICOM 
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format) are imported to Mimics for segmentation (Fig. 1 (a)) 
and construction of 3-D geometric model of the femur (Fig. 1 
(b)). With the 3-D geometric model, a FE mesh is generated 
using the 3-matic module in Mimics (Fig. 1 (c)). The 4-node 
linear tetrahedral element SOLID72 in ANSYS was used in 
this study. To investigate model convergence, FE models with 
different maximum element edge lengths were created. For 
each FE model, displacement was calculated under the same 
loading and boundary conditions. The maximum element edge 
length that produced converged finite element solutions was 
obtained and used in all the rest FE simulations. 

 

 

     (a)                     (b)             (c)               (d) 

Fig. 1 Construction of subject-specific QCT-based finite element 
model: (a) QCT-scan of the subject’s femur; (b) 3-D geometric model 
generated from the QCT scans; (c) 3-D finite element model; and (d) 

inhomogeneous material properties distribution 

C. Assignment of Material Properties 

To construct a faithful FE model, bone material properties 
are considered inhomogeneous and isotropic in this study. 
Information on the inhomogeneous isotropic mechanical 
properties of the bone can be derived from the CT data using a 
mathematical relationship between the CT numbers and the 
mechanical properties of bone. The following empirical 
equation was used to determine bone ash density ( ) 
according to the HU number [5], [10]: 

 
	0.04162 0.000854	 				 ⁄              (1) 

 
Equations (2) and (3), derived by Keller [11], were 

respectively used to assign Young’s modulus ( ) and the yield 
stress ( ) according to the bone ash density:  

 
10500 . 			 	                                (2) 

 
116 . 			 	                               (3) 

 
A constant Poisson’s ratio ( 0.4) was considered [12]-

[14]. To assign material properties, elements are grouped into 
several discrete material bins using Mimics (Materialize, 
Leuven, Belgium), which are used to approximately represent 
the continuous distribution of the inhomogeneous bone 
mechanical properties. To determine the maximum number of 
material bins, convergence study was performed. Models with 

different material bins were created for convergence study. 
For each FE model, displacement was calculated under the 
same loading and boundary conditions. The maximum number 
of material bins that generated converged finite element 
solutions was obtained. Fig. 1 (d) shows the isotropic 
inhomogeneous distribution of material properties.        

D. Finite Element Analysis Using ANSYS 

A finite element model of femur with the assigned material 
properties output from Mimics was imported to ANSYS for 
finite element analysis. For a precise assessment of hip 
fracture risk during the single-leg stance and the sideways fall, 
loading and boundary conditions simulating the single-leg 
stance and the sideways fall configurations are required in the 
FE model. To simulate the single-leg stance statue, 2.5 times 
of the patient’s body weight was applied as a distributed load 
on the femoral head [15] and femur was fixed at the distal end 
[12], [16] (see Fig. 2 (a)): 

 
2.5 				                                    (4) 

 
where  is the subject’s body weight in Newton (N). To 
simulate sideways fall configuration, the distal end of femur 
were completely fixed and the surface of femoral head were 
fixed in the loading direction (Fig. 2 (b)) [6], [17]. The impact 
force during the sideways fall acting on the greater trochanter 
(Fig. 2 (b)) is given by [15], [18]: 
 

8.25 					                         (5) 
 
where  is the height of the subject in centimeter (cm). 
Loading and boundary conditions on the greater trochanter, 
the femoral head, and the distal end of femur were applied to a 
group of nodes using ANSYS Parametric Design Language 
(APDL) codes (Figs. 2 (a) and (b)). After importing the QCT-
based FE model and applying the loading and boundary 
conditions, finite element analysis was performed and finite 
element solutions were obtained. In all the analysis, stresses 
and strains were obtained for each subject.  

A. Detection of the Three Critical Cross-Sections on the 
Femur 

Hip fractures usually are categorized into three major types 
based on the anatomical locations: femoral neck, 
intertrochanteric, and sub trochanteric fracture (Fig. 3). 
According to clinical observations, 49 percent of hip fractures 
are intertrochanteric, 37 percent are at femoral neck, and 14 
percent are sub trochanteric [7]. Therefore, the smallest 
femoral neck cross-section (SFN CS), the intertrochanteric 
cross-section (IntT CS), and the sub trochanteric cross-section 
(SubT CS) are three critical cross-sections of femur that 
usually have the highest fracture risk (Fig. 3). To determine 
the smallest femoral neck cross-section and the 
intertrochanteric cross-section, neck-shaft angle is needed. 
The neck-shaft angle is the angle between the femoral neck 
axis and the femoral shaft axis. This angle traditionally is 
measured on conventional radiography images, or using 2-D 
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images projected from CT/MRI data. In spite of their 
popularity, these methods are based on over simplification of 
the real 3-D anatomy and may lead to large errors due to the 
inaccuracy in selection of the measurement plane [19]-[21]. In 
this study, the neck-shaft angle was measured using a 3-D 
measurement technique based on fitting functions. In this 
technique, the shapes of particular parts of the femur are 
approximated using geometric entities such as circle, cylinder, 
sphere, and etc., which are well-fitted to the actual anatomy, 
and the geometrical relationships between these entities are 
obtained to estimate the neck-shaft angle.  

 

 

                             (a)                             (b) 

Fig. 2 Application of loading and boundary conditions during (a) the 
single-leg stance, and (b) the sideways fall 

 
With the femoral neck-shaft angle, the intertrochanteric 

cross-section and the smallest femoral neck cross-section were 
found using in-house computer codes. The smallest femoral 
neck cross-section has the smallest area in the neck region and 
the intertrochanteric cross-section has the largest area in the 
intertrochanteric region [22]. The sub trochanteric cross-
section is located five centimeter below the lesser trochanter 
[23] (Fig. 3).   

 

 

Fig. 3 Three critical cross-sections of femur: the smallest femoral 
neck cross-section (A-A), the intertrochanteric cross-section (B-B), 

and the sub trochanteric cross-section (C-C) 

III. RESULTS 

A. Convergence Study 

The convergence of finite element solutions is usually 
achieved by refining the finite element mesh with the same 
loading and boundary conditions. The displacement at a 

predefined point is monitored to judge if a convergence has 
been achieved, or not. The results of the convergence study 
showed that the displacements did not change significantly for 
the FE models with the maximum element edge length lower 
than 8 mm, meaning that a convergence was achieved with the 
above maximum element edge length. Therefore, in the 
construction of all femur FE models, the maximum element 
edge length was set to 8mm. 

For convergence study in assigning the inhomogeneous 
material properties, 3-D femur FE models with different 
material bins were created. For each FE model with different 
material bins, the maximum displacement at the smallest 
femoral neck cross-section was monitored under the same 
loading and boundary conditions. The displacements were 
compared among the FE models with different material bins. 
The results of the convergence study showed that the 
displacement did not change significantly in the FE models 
with the number of material bins higher than 50. Therefore, in 
the assignment of femur inhomogeneous material properties, 
50 discrete material bins were considered. 

B. Stress and strain Distributions at the Three Critical 
Cross-Sections 

The results of the finite element analyses showed that 
during the single-leg stance, the tensile stress ( ) in the 
superior region of the femoral neck is higher than that in the 
inferior region (Figs. 4 (a) and 6 (a)); and the compressive 
stress ( ) in the inferior region is higher than that in the 
superior region (Figs. 4 (b) and 6 (b)). Conversely, during the 
sideways fall, the tensile stress in the inferior region of 
femoral neck is higher than that in the superior region (Figs. 5 
(a) and 7 (a)) and the compressive stress in the superior region 
is higher than that in the inferior region (Figs. 5 (b) and 7 (b)). 
During the single-leg stance; the maximum tensile stress, 
occurring at the superior femoral neck, is lower than the 
maximum compressive stress, occurring at the inferior femoral 
neck; while during the sideways fall, the maximum 
compressive stress, occurring at the superior femoral neck, is 
larger than maximum tensile stress, occurring at the inferior 
femoral neck (Table I).  

For the 10 clinical cases (5 females and 5 males, totally 20 
right and left femurs), the maximum von Mises stress and 
strain at the three critical cross-sections of femur during both 
the single-leg stance and the sideways fall were calculated and 
the results are respectively shown in Figs. 8 and 9. It was 
observed that during the sideways fall, the femoral neck and 
the intertrochanteric region experience higher stresses than the 
sub trochanteric region (Table III); but during the single-leg 
stance, there is not very much difference between the stresses 
in the three regions (Table II); for some cases, the stresses at 
the sub trochanteric region are in the same range as (or even 
higher than) the stresses at the femoral neck and the 
intertrochanteric region during the single-leg stance (Fig. 8). 
Strains at the femoral neck and the intertrochanteric region are 
also much higher than those at the sub trochanteric region 
during both the single-leg stance and the sideways fall (Tables 
IV and V). 
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                   (a)                                                      (b) 

Fig. 4 (a) The tensile stress (MPa) and (b) the compressive stress 
(MPa) distributions in the femur during the single-leg stance 

 

                        (a)                                                   (b) 

Fig. 5 (a) The tensile stress (MPa) and (b) the compressive stress 
(MPa) distributions in the femur during the sideways fall 

 

 

                                                      (a)                                                                                                (b)  

Fig. 6 (a) The tensile stress (MPa) and (b) the compressive stress (MPa) distributions at the smallest femoral neck cross-section during the 
single-leg stance 

 
TABLE I  

COMPARISON OF TENSILE STRESS AND COMPRESSIVE STRESS DISTRIBUTIONS IN THE FEMORAL NECK OF A CLINICAL CASE DURING THE SINGLE-LEG STANCE 

AND THE SIDEWAYS FALL

Single-Leg Stance Sideways Fall 

Maximum Tensile Stress (MPa) Maximum Compressive Stress (MPa) Maximum Tensile Stress (MPa) Maximum Compressive Stress (MPa)

6.41 24.58 10.11 29.66 
Corresponding 

occurring region 
Superior femoral neck Inferior femoral neck Inferior femoral neck Superior femoral neck 
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(a)                                                                                                                  (b)  

Fig. 7 (a) The tensile stress (MPa), and (b) the compressive stress (MPa) distributions at the smallest femoral neck cross-section during the 
sideways fall 

 

 

Fig. 8 The maximum von Mises stress (MPa) at the smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-section (IntT 
CS), and the subtrochanteric cross-section (SubT CS) of right and left femurs of 10 clinical cases during the single-leg stance and the sideways 

fall 
 

TABLE II 
AVERAGE MAXIMUM VON MISES STRESS (MPA) AT THE SMALLEST FEMORAL NECK CROSS-SECTION (SFN CS), THE INTERTROCHANTERIC CROSS-SECTION 

(INTT CS), AND THE SUBTROCHANTERIC CROSS-SECTION (SUBT CS) OF RIGHT AND LEFT FEMURS OF 10 CLINICAL CASES DURING THE SINGLE-LEG STANCE 

 Right femurs Left femurs 

 SFN CS IntT CS SubT CS SFN CS IntT CS SubT CS 

Range 21.7-49.96 22.23-45.37 26.93-52.47 19.56-52.38 23.55-47.8 27.09- 43.04 

Average 33.63 32.97 37.89 32.93 32.41 35.84 
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TABLE III 
AVERAGE MAXIMUM VON MISES STRESS (MPA) AT THE SMALLEST FEMORAL NECK CROSS-SECTION (SFN CS), THE INTERTROCHANTERIC CROSS-SECTION 

(INTT CS), AND THE SUBTROCHANTERIC CROSS-SECTION (SUBT CS) OF RIGHT AND LEFT FEMURS OF 10 CLINICAL CASES DURING THE SIDEWAYS FALL 

 Right femurs Left femurs 

 SFN CS IntT CS SubT CS SFN CS IntT CS SubT CS 

Range 26.69-148.53 21.57-74.3 9.8-70.63 22.78-69.97 16.2-60.3 6.73-33.2 

Average 57.22 40.74 27.08 46.52 33.48 18.66 

 
TABLE IV 

AVERAGE MAXIMUM VON MISES STRAIN AT THE SMALLEST FEMORAL NECK CROSS-SECTION (SFN CS), THE INTERTROCHANTERIC CROSS-SECTION (INTT CS), 
AND THE SUBTROCHANTERIC CROSS-SECTION (SUBT CS) OF RIGHT AND LEFT FEMURS OF 10 CLINICAL CASES DURING THE SINGLE-LEG STANCE 

 Right femurs Left femurs 

 SFN CS IntT CS SubT CS SFN CS IntT CS SubT CS 

Range 3.54E-03 -1.46E-02 5.89E-03 -1.74E-02 2.3E-03 - 4.75E-03 5.25E-03 - 1.55E-02 5.49E-03 - 1.87E-02 2.14E-03 - 4.34E-03 

Average 9.15E-03 1.08E-02 3.32E-03 9.55E-03 1.05E-02 3.11E-03 

 
TABLE V 

AVERAGE MAXIMUM VON MISES STRAIN AT THE SMALLEST FEMORAL NECK CROSS-SECTION (SFN CS), THE INTERTROCHANTERIC CROSS-SECTION (INTT CS), 
AND THE SUBTROCHANTERIC CROSS-SECTION (SUBT CS) OF RIGHT AND LEFT FEMURS OF 10 CLINICAL CASES DURING THE SIDEWAYS FALL 

 Right femurs Left femurs 

 SFN CS IntT CS SubT CS SFN CS IntT CS SubT CS 

Range 1.67E-02 -1.04E-01 4.34E-02 - 1.50E-01 1.12E-03 - 6.38E-03 1.67E-02 - 7.43E-02 3.35E-02 - 1.91E-01 5.08E-04 - 3.31E-03 

Average 5.29E-02 9.80E-02 2.44E-03 4.26E-02 9.37E-02 1.74E-03 

 

 

Fig. 9 The maximum von Mises strain at the smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-section (IntT CS), and 
the subtrochanteric cross-section (SubT CS) of right and left femurs of 10 clinical cases during the single-leg stance and the sideways fall 

IV. DISCUSSION 

The superior femoral neck only experiences low tensile 
stresses during the single-leg stance (Table I and Fig. 6 (a)); 
according to the Wolff’s law, bone in this region tends to 
weaken over time if alternative loading is not regularly 
applied. During the sideways fall, however, the same area, 

weakened in the normal walking, is heavily loaded in 
compression (Table I and Fig. 7 (b)). High compressive stress 
in the superior region of femoral neck during the sideways fall 
may initiate a fracture in this region; it propagates into the 
inferior aspect of the femoral neck. These results show a good 
agreement with the previous experimental findings [24]-[28]. 
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However, to prevent this phenomenon during falling, femur 
needs to experience alternative loads within daily affairs. 
Therefore, physical activities are highly recommended for 
bone remodeling and preventing the creation of weak regions 
in the femur based on the Wolff’s law.  

The maximum von Mises stress in the femoral neck and the 
intertrochanteric region were larger than that in the 
subtrochanteric region during the sideways fall (Fig. 8 and 
Table III). The maximum von Mises stresses during the 
single-leg stance (Fig. 8 and Table II) are in the same range as 
those during the sideways fall (Fig. 8 and Table III). 
Therefore, based on the stress distribution, we should not 
expect significant difference between the hip fracture risk 
during the single-leg stance and the sideways fall, while from 
mechanical viewpoint, fracture risk in the sideways fall should 
be larger than that in the single-leg stance, as the impact force 
is much larger than the stance force. However, the influence of 
other parameters, in addition to the stress effects, should be 
considered to justify the larger fracture risk in the sideways 
fall. Bone is classified as a brittle material and the effective 
strains are important parameters in the failure of brittle 
materials, it encouraged us to investigate the effects of strains 
in the three critical regions of femur. Results of this study 
show that the maximum von Mises strains in the femoral neck 
and the intertrochanteric region are much higher than those in 
the sub trochanteric region during both the single-leg stance 
and the sideways fall (Fig. 9, Tables IV and V). The strains 
during the single-leg stance (Fig. 9 and Table IV) are much 
lower than those during the sideways fall (Fig. 9 and Table V), 
which may explain the lower hip fracture risk during the 
single-leg stance.  

The differences between the strains in the three critical 
regions of femur during both the single-leg stance and the 
sideways fall (Fig. 9, Tables IV, and V) are much higher than 
the differences between the corresponding stresses (Fig. 8, 
Tables II, III), indicating bone failure is more sensitive to the 
strains because of its fragility property, so, the effects of 
strains should also be considered in bone fracture risk 
assessment. Therefore, in failure analysis of femur, an 
appropriate failure theory, considering both the stress and 
strain intensities, is needed. Strain energy criterion, which is 
product of both stress and strain tensors, may be an 
appropriate failure theory for hip fracture risk assessment and 
femur failure analysis based on bone failure mechanism. In 
our future work, strain energy criterion will be considered for 
hip fracture risk assessment of clinical cases.   

V. CONCLUSION 

 In this study, stress and strain trends in the critical regions 
of femur for 10 clinical cases were identified during the 
single-leg stance and the sideways fall configuration. Based on 
the acquired stress and strain patterns; the superior region of 
femoral neck is highly potential location for fracture initiation 
during the sideways fall. It was also found that femur is more 
sensitive to the strain than the stress. Therefore, in failure 
analysis of femur, the strain effects should also be considered 
as well as the stress effects.  

By subject-specific QCT-based finite element analysis of 
femur, critical regions and potential fracture locations can be 
recognized which it can help us in providing a proper health 
care planning and treatment to prevent future probable hip 
fractures in the elderly.   
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