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Abstract: Precise evaluation of hip fracture risk leads to reduce hip fracture occurrence 
in individuals and assist to check the effect of a treatment. A subject-specific QCT-based 
finite element model is introduced to evaluate hip fracture risk using the strain energy, 
von-Mises stress, and von-Mises strain criteria during the single-leg stance and the 
sideways fall configurations. Choosing a proper failure criterion in hip fracture risk 
assessment is very important. The aim of this study is to define hip fracture risk index 
using the strain energy, von Mises stress, and von Mises strain criteria and compare the 
calculated fracture risk indices using these criteria at the critical regions of the femur. It is 
found that based on these criteria, the hip fracture risk at the femoral neck and the 
intertrochanteric region is higher than other parts of the femur, probably due to the larger 
amount of cancellous bone in these regions. The study results also show that the strain 
energy criterion gives more reasonable assessment of hip fracture risk based on the bone 
failure mechanism and the von-Mises strain criterion is more conservative than two other 
criteria and leads to higher estimate of hip fracture risk indices. 
 
Keywords: Hip fracture risk, finite element model, strain energy, von Mises stress, von 
Mises strain. 

1 Introduction 
The most common injury of the elderly during the sideways fall is hip fracture. It was 
reported that hip fracture may lead to long term disability and death of individuals 
[Resnick and Greenspan (1989)]. The total number of hip fracture is increasing over the 
world [Gullberg, Johnell and Kanis (1997)]. Therefore, a special attention must be 
dedicated on this important issue in order to provide appropriate plans for prevention and 
treatment of hip fracture. Accurate assessment of hip fracture risk in the elderly helps us 
to consider proper preventing schemes such as effective design of hip protectors and or 
providing proper treatment plans to protect the elderly against future hip fracture. 
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By integrating an imaging technology such as Dual-Energy X-ray Absorptiometry (DXA) 
or Quantitative Computed Tomography (QCT) and a numerical method such as the finite 
element (FE) method, a category of more reliable tools for assessing hip fracture risk 
have been developed which do not have the limitations of statistical models and methods 
which are based on measuring bone mineral density (BMD). However, in numerical and 
computational models such as QCT-based finite element models, choosing a proper 
failure criterion based on the bone microstructure is very important for accurate 
assessment of hip fracture risk. The human femur consists of inhomogeneous (porous) 
cancellous bone and nearly homogenous cortical bone, so, their failure mechanism is 
totally different due to their different microstructures. Failure mechanism of the 
cancellous bone is often in the form of buckling, and the failure of denser cancellous 
bone and the cortical bone is mostly characterized by local cracking [Mirzaei, 
Keshavarzian and Naeini (2014); Stölken and Kinney (2003)]. Although stress- and 
strain-based failure criteria are accurate for ductile materials such as metal, they may not 
be accurate for bone because it is categorized as a brittle material [Cordey and Gautier 
(1999)]. The tensile strength of bone is smaller than their compressive strength, 
indicating bone should be classified as a brittle material [Cordey and Gautier (1999)]. 
Due to this property of bone, strain energy criterion which is a combination of both stress 
and strain effects may lead to more accurate assessment of hip fracture risk. In the 
literature, hip fracture risk was usually estimated using von Mises stress and von Mises 
strain criteria [Lotz, Cheal and Hayes (1991); Keyak, Rossi, Jones et al. (1997); Luo, 
Ferdous and Leslie (2013)], maximum principle stress and strain criteria [Ota, Yamamoto 
and Morita (1999); Testi, Viceconti, Baruffaldi et al. (1999); Schileo, Taddei, Cristofolini 
et al. (2008); Gong, Zhang, Fan et al. (2012)], maximum shear stress criterion [Keyak 
and Rossi (2000)], maximum distortion energy criterion [Keyak and Rossi (2000)], and 
strain energy criterion [Kheirollahi and Luo (2015); Kheirollahi (2015)]. To the best of 
our knowledge, there is no comparative study on hip fracture risk assessment by using 
different failure criteria. The objective of this study is to compare hip fracture risk indices 
calculated by the strain energy, von Mises stress, and von Mises strain criteria at the 
critical cross-sections of human femur. 
We construct finite element model of the femur from the QCT image of clinical cases and 
then simulate the single-leg stance and sideways fall configurations by finite element 
analyses, and finally fracture risk indices are assessed in the critical regions of femur 
using the strain energy, von Mises stress, and von Mises strain criteria, and then we 
evaluate and discuss about their rate of conservation and accuracy based on the bone 
failure mechanism.    

2 Methodology 
The proposed methodology for assessment of hip fracture risk in the critical regions of 
femur using the strain energy, von Mises stress, and von Mises strain criteria determined 
from QCT-based finite element model is shown in Fig. 1. The procedure is explained in 
detail in the following subsections.  
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2.1 QCT-Based finite element modeling 
2.1.1 QCT scan of femur 
To accurate assessment of hip fracture risk, a three-dimensional (3D) finite element 
model of subject’s femur is required. The 3D model is constructed from the QCT image 
of subject’s femur. Thickness of QCT slices is usually considered 1 mm. The QCT 
images are saved in the Digital Imaging and Communications in Medicine (DICOM) 
format. To construct a 3D model of a femur, an appropriate segmentation is required to 
separate the femur from the soft tissue. Each voxel of the QCT image has an intensity 
defined as Hounsfield Unit (HU), which is associated with bone density [Keyak, Meagher, 
Skinner et al. (1990); Keaveny, Borchers, Gibson et al. (1993)]. In this study, QCT 
images of 20 clinical cases, including 10 females and 10 males, were obtained from the 
Winnipeg Health Science Centre in an anonymous way based on a human research ethics 
approval. The cases are in the age range of 51 to 78 years (average of 64.5 years). 
Statistical information of the clinical cases is listed in Tab. 1. 

 
Figure 1: The proposed methodology for calculating hip fracture risk index using the 
strain energy, von Mises stress, and von Mises strain criteria 
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Table 1: Statistical information of the 20 clinical cases 
 Age (years) Height (cm) Body weight (kg) BMI (kg/m2) 
Range 51-78 155.8-193.2 51.7-111.4 18.83-43.36 
Average 64.5 170.33 81.28 28 

2.1.2 Generation of finite element mesh 
First of all, the 3D model of the femur is constructed from the subject’s QCT image using 
Mimics (Materialise, Leuven, Belgium). QCT images, saved in DICOM format, are 
imported to Mimics for the required segmentation (Fig. 2(a)) and generation of 3D model 
of the femur (Fig. 2(b)). Then, a FE mesh is generated by employing the 3-matic module 
of Mimics (Fig. 2(c)). In this study, the 4-node linear tetrahedral element SOLID72 in 
ANSYS is utilized. In order to analyze the model convergence, FE models with different 
maximum element edge lengths are employed. The maximum von Mises stress is 
obtained for each FE model under the same conditions. The maximum element edge 
length leading to converged solutions is calculated and utilized in all FE analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: QCT-based finite element analysis of the femur: (a) QCT-scan of the femur; (b) 
3D model constructed from the QCT image; (c) 3D finite element model; (d) 
inhomogeneous isotropic material properties assignment; (e) single-leg stance 
configuration; and (f) sideways fall configuration. (Color should be used for this figure) 

2.1.3 Material properties assignment 
To generate a more real FE model, inhomogeneous isotropic material properties are 
assigned to the femur. The inhomogeneous isotropic mechanical properties of the femur 
are extracted from the QCT image data using a correlation between the CT numbers and 
the bone material properties. The bone ash density (𝜌𝜌𝑎𝑎𝑎𝑎ℎ) is determined according to the 

(a)  (b)  (c)  (d)  (e)  (f)  
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HU number by the following empirical equation [Les, Keyak, Stover et al. (1994); 
Dragomir-Daescu, Buijs, McEligot et al. (2010)], 
𝜌𝜌𝑎𝑎𝑎𝑎ℎ =  0.04162 + 0.000854 𝐻𝐻𝐻𝐻    (g cm3⁄ )                                                                          (1) 
Eqs. (2)-(4), developed by Keller [Keller (1994)], were used to determine Young’s 
modulus (𝐸𝐸), the yield stress (𝜎𝜎𝑌𝑌), and the yield strain (𝜀𝜀𝑌𝑌), respectively, according to the 
bone ash density, 
𝐸𝐸 = 10500𝜌𝜌𝑎𝑎𝑎𝑎ℎ2.29   (𝑀𝑀𝑀𝑀𝑀𝑀)                                                                                                              (2) 
𝜎𝜎𝑌𝑌 = 116𝜌𝜌𝑎𝑎𝑎𝑎ℎ2.03   (𝑀𝑀𝑀𝑀𝑀𝑀)                                                                                                                  (3) 
𝜀𝜀𝑌𝑌 = 0.011𝜌𝜌𝑎𝑎𝑎𝑎ℎ−0.26                                                                                                                            (4) 
A constant Poisson’s ratio (𝜈𝜈 = 0.4) is assigned [Keyak, Rossi, Jones et al. (1997); Reilly 
and Burstein (1975)]. To apply bone material properties, elements are categorized into 
several discrete material bins using Mimics (Materialise, Leuven, Belgium), representing the 
continuous distribution of the inhomogeneous bone mechanical properties. A convergence 
study is fulfilled to determine the required number of material bins. To this purpose, models 
with different material bins are constructed. The maximum von Mises stress is acquired for 
each model under the same conditions. The maximum number of material bins generating 
converged solutions is calculated and employed in all rest simulations. Fig. 2(d) illustrates an 
isotropic inhomogeneous distribution of bone material properties.  

2.2 Finite element analysis  
A femur finite element model with the assigned material properties, extracted from 
Mimics, is imported to ANSYS for further analyses. In finite element analysis, the single-
leg stance and sideways fall configurations are simulated. For simulation of the single-leg 
stance configuration, 2.5 times of the subject’s body weight is imposed as a distributed 
load on the femoral head [Yoshikawa, Turner, Peacock et al. (1994)] and the distal end of 
the femur is considered completely fixed [Keyak, Rossi, Jones et al. (1997); Bessho, 
Ohnishi, Matsumoto et al. (2009)] (see Fig. 2(e)), 
𝐹𝐹𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 = 2.5𝑤𝑤    (𝑁𝑁)                                                                                                                      (5) 
where 𝑤𝑤 is the subject’s body weight in Newton (N). In sideways fall configuration, the 
femur is completely fixed at the distal end and the head of femur is fixed in the loading 
direction (Fig. 2(f)) [Koivumäki, Thevenot, Pulkkinen et al. (2012); Nishiyama, Gilchrist, 
Guy et al. (2013)]. The representative impact force of sideways fall configuration 
applying on the greater trochanter (Fig. 2(f)) is given by Yoshikawa et al. [Yoshikawa, 
Turner, Peacock et al. (1994); Robinovitch, Hayes and McMahon (1991)],  

𝑭𝑭𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 = 𝟖𝟖.𝟐𝟐𝟐𝟐𝟐𝟐( 𝒉𝒉
𝟏𝟏𝟏𝟏𝟏𝟏

)
𝟏𝟏
𝟐𝟐     (𝑵𝑵)                                                                                                    (6) 

where ℎ  is the height of the subject in centimeter (cm). All loading and boundary 
conditions are applied to a group of nodes at the greater trochanter, the femoral head, and 
the distal end of femur (Fig. 2(e) and Fig. 2(f)). All FE simulations are performed 
automatically using ANSYS Parametric Design Language (APDL) codes. The required 
solutions for hip fracture risk assessment, including the nodal displacements, stresses, and 
strains, are obtained from the finite element analysis. 
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2.3 Critical cross-sections of femur 
Three major types of hip fractures are: femoral neck fracture, intertrochanteric fracture, 
and subtrochanteric fracture (Fig. 3). The intertrochanteric, femoral neck, and 
subtrochanteric fractures constitute 49, 37, and 14 percent of the total hip fractures, 
respectively [Michelson, Myers, Jinnah et al. (1995)]. Thus, three critical cross-sections of 
femur are the smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-
section (IntT CS), and the subtrochanteric cross-section (SubT CS) which commonly have 
the highest fracture risk (Fig. 3). In this study, we determine theses critical cross-sections 
based on the method proposed in the literature [Kheirollahi and Luo (2015); Kheirollahi 
and Luo (2017)].  

 
Figure 3: Critical femoral cross-sections: the smallest femoral neck cross-section (A-A), the 
intertrochanteric cross-section (B-B), and the subtrochanteric cross-section (C-C) 

2.4 Hip fracture risk index definition 
In this section, hip fracture risk index is defined using the strain energy, von Mises stress, 
and von Mises strain criteria. The strain energy, von Mises stress, and von Mises strain at 
the three critical cross-sections of the femur induced by the applied forces are computed 
using in-house developed MATLAB codes and the data extracted by APDL codes from 
the obtained finite element solutions. The plane boundaries of the three critical cross-
sections, extracted from the finite element mesh, are imported to MATALB to generate a 
two dimensional (2-D) mesh for calculating the cross-section strain energy, von Mises 
stress, and von Mises strain. Fig. 4 shows the generated triangle elements over the 
smallest femoral neck cross-section, the intertrochanteric cross-section, and the 
subtrochanteric cross-section. 
The strain energy, von Mises stress, and von Mises strain at the three critical cross-
sections induced by the applied forces are, respectively, the sum of strain energy, the sum 
of von Mises stress, and the sum of von Mises strain in all triangle elements of the cross-
section, i.e., 
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𝐻𝐻 = ∑ 𝐻𝐻𝑆𝑆  𝑚𝑚
𝑖𝑖=1                                                                                                                                    (7a) 

𝜎𝜎 = ∑ 𝜎𝜎𝑆𝑆 𝑚𝑚
𝑖𝑖=1                                                                                                                                     (7b) 

𝜀𝜀 = ∑ 𝜀𝜀𝑆𝑆 𝑚𝑚
𝑖𝑖=1                                                                                                                                      (7c) 

 

 
Figure 4: Generated triangle elements over (a) the smallest femoral neck cross-section, 
(b) the intertrochanteric cross-section, and (c) the subtrochanteric cross-section 

where 𝐻𝐻, 𝜎𝜎, and 𝜀𝜀 are, respectively, the strain energy, von Mises stress, and von Mises 
strain at the three critical cross-sections of the femur; 𝐻𝐻𝑆𝑆,  𝜎𝜎𝑆𝑆, and 𝜀𝜀𝑆𝑆 are, respectively, the 
strain energy, the von Mises stress, and the von Mises strain in a triangle element (𝑒𝑒) of 
the proposed cross-section induced by the applied forces and 𝑚𝑚 is the number of triangle 
elements created over the proposed cross-sections. Gaussian integration method is used to 
calculate the strain energy, the von Mises stress, and the von Mises strain in a triangle 
element ( 𝑒𝑒 ) of the cross-section. Integration points in each triangle element are 
determined using in-house MATLAB codes. By using the Gaussian integration method, 
the strain energy, the von Mises stress, and the von Mises strain of a triangle element (𝑒𝑒) 
induced by the applied forces are calculated as, 
𝐻𝐻𝑆𝑆 = ∫∫𝐻𝐻�𝑆𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝐻𝐻�𝑖𝑖                                                                                                 (8a) 
𝜎𝜎𝑆𝑆 = ∫∫𝜎𝜎�𝑆𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝜎𝜎�𝑖𝑖                                                                                                 (8b) 
𝜀𝜀𝑆𝑆 = ∫∫ 𝜀𝜀�̂�𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝜀𝜀�̂�𝑖                                                                                                   (8c) 
where 𝐻𝐻�𝑆𝑆, 𝜎𝜎�𝑆𝑆, and 𝜀𝜀�̂�𝑆 are, respectively, the strain energy density, the stress, and the strain 
functions of a triangle element (𝑒𝑒); 𝐻𝐻�𝑖𝑖, 𝜎𝜎�𝑖𝑖, and 𝜀𝜀�̂�𝑖 are, respectively, the strain energy density, 
the von Mises stress, and the von Mises strain values at the integration points of a triangle 
element e; 𝑊𝑊𝑖𝑖  is the weight at the integration points; |𝐽𝐽| is determinant of the Jacobean 
matrix of the triangle element; and 𝑛𝑛 is the number of integration points over the triangle 
element (integration domain). The von Mises stress and the strain values at the integration 
points of the triangle elements of the proposed cross-sections are obtained from the results 
of FE analysis. The strain energy density at an integration point (𝑖𝑖) is determined from the 
finite element solution obtained by the 3D QCT-based FE model, i.e., 

𝐻𝐻�𝑖𝑖 = 1
2

{𝜎𝜎}𝑇𝑇{𝜀𝜀}                                                                                                                                  (9) 

(a) (b) (c) 



                                                                               CMC, vol.63, no.2, pp.567-591, 2020 574 

where {𝜎𝜎} = [𝐷𝐷]{𝜀𝜀} and {𝜀𝜀} = [𝐵𝐵]{𝑑𝑑}. The strain energy density at each integration point 
can be expressed by the finite element solution as, 

𝐻𝐻�𝑖𝑖 = 1
2

{𝑑𝑑}𝑆𝑆𝑇𝑇 [𝐵𝐵]𝑆𝑆𝑇𝑇[𝐷𝐷]𝑆𝑆[𝐵𝐵]𝑆𝑆{𝑑𝑑}𝑆𝑆                                                                                                   (10) 

where {𝑑𝑑} is the displacement vector consisting of displacements at element nodes of the 
tetrahedral element where the integration point is located; matrix [𝐵𝐵] is the derivatives of 
shape functions of the tetrahedral element; and [𝐷𝐷] is the material property matrix of the 
tetrahedral element, 

[𝐷𝐷]𝑆𝑆 = 𝐸𝐸
(1+𝜈𝜈)(1−2𝜈𝜈)

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
1 − 𝜈𝜈      𝜈𝜈      𝜈𝜈      0      0      0 
𝜈𝜈      1 − 𝜈𝜈      𝜈𝜈      0      0      0
𝜈𝜈      𝜈𝜈      1 − 𝜈𝜈      0      0      0
0      0      0      1

2
− 𝜈𝜈      0      0

0      0      0      0      1
2
− 𝜈𝜈      0

0      0      0      0      0      1
2
− 𝜈𝜈⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

                                                             (11) 

where Poisson’s ratio is constant (ν = 0.4 ) and Young’s modulus is function of the bone 
density obtained from Eq. (2). For each integration point, its Young’s modulus is 
calculated according to the bone density at the point, which is the density of the 
tetrahedral element where the integration point is located.  
The maximum allowable strain energy, stress, and strain of the three critical cross-
sections of the femur are also computed using in-house MATLAB codes and the data 
extracted by APDL codes from the obtained finite element solutions. The maximum 
allowable strain energy, stress, and strain (or the yield strain energy, yield stress, and 
yield strain) of the three critical cross-sections are, respectively, the sum of the yield 
strain energy, the sum of yield stress, and the sum of yield strain in all triangle elements 
of the cross-section i.e., 
𝐻𝐻𝑌𝑌 = ∑ 𝐻𝐻𝑌𝑌𝑆𝑆𝑚𝑚

𝑖𝑖=1                                                                                                                                (12a) 
𝜎𝜎𝑌𝑌 = ∑ 𝜎𝜎𝑌𝑌𝑆𝑆𝑚𝑚

𝑖𝑖=1                                                                                                                                 (12b) 
𝜀𝜀𝑌𝑌 = ∑ 𝜀𝜀𝑌𝑌𝑆𝑆𝑚𝑚

𝑖𝑖=1                                                                                                                                  (12c) 
where 𝐻𝐻𝑌𝑌𝑆𝑆 , 𝜎𝜎𝑌𝑌𝑆𝑆 , and 𝜀𝜀𝑌𝑌𝑆𝑆  are, respectively, the yield strain energy, yield stress, and yield 
strain in a triangle element (𝑒𝑒). The Gaussian integration method is also used to calculate 
the maximum allowable (yield) strain energy, stress, and strain in each triangle element. 
The maximum allowable strain energy, stress, and strain that a triangle element (𝑒𝑒) can 
sustain are given by, 
𝐻𝐻𝑌𝑌𝑆𝑆 = ∫∫𝐻𝐻�𝑌𝑌𝑆𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝐻𝐻�𝑌𝑌𝑖𝑖                                                                                           (13a) 
𝜎𝜎𝑌𝑌𝑆𝑆 = ∫∫𝜎𝜎�𝑌𝑌𝑆𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝜎𝜎�𝑌𝑌𝑖𝑖                                                                                            (13b) 
𝜀𝜀𝑌𝑌𝑆𝑆 = ∫∫ 𝜀𝜀�̂�𝑌𝑆𝑆 𝑑𝑑𝑑𝑑 ≈ ∑ 𝑊𝑊𝑖𝑖|𝐽𝐽|𝑆𝑆

𝑖𝑖=1 𝜀𝜀�̂�𝑌𝑖𝑖                                                                                              (13c) 
where 𝐻𝐻�𝑌𝑌𝑆𝑆, 𝜎𝜎�𝑌𝑌𝑆𝑆, and 𝜀𝜀�̂�𝑌𝑆𝑆 are, respectively, the yield strain energy density, yield stress, and 
yield strain functions in a triangle element (𝑒𝑒); and 𝐻𝐻�𝑌𝑌𝑖𝑖, 𝜎𝜎�𝑌𝑌𝑖𝑖, and 𝜀𝜀�̂�𝑌𝑖𝑖 are, respectively, the 
yield strain energy density, yield stress, and yield strain values at the integration points of 
a triangle element (𝑒𝑒) of the proposed cross-section. The yield stress and yield strain of 
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each integration point is obtained using Eqs. (3) and (4) based on its density, which is the 
density of the tetrahedral element where the integration point is located. The yield strain 
energy density at an integration point (𝑖𝑖) is calculated as, 

𝐻𝐻�𝑌𝑌𝑖𝑖  = 1
2
𝜎𝜎𝑌𝑌𝑖𝑖𝜀𝜀𝑌𝑌𝑖𝑖 = 𝜎𝜎𝑌𝑌𝑌𝑌

2

2𝐸𝐸𝑌𝑌
                                                                                                                    (14) 

where 𝐸𝐸𝑖𝑖, 𝜎𝜎𝑌𝑌𝑖𝑖, and 𝜀𝜀𝑌𝑌𝑖𝑖 are, respectively, the Young’s modulus, the yield stress, and the 
yield strain at the integration point, where all of them are functions of the bone density, 
which is the density of the tetrahedral element where the integration point is located, as 
given in Eqs. (2)-(4). 
Hip fracture risk index at the three critical cross-sections of the femur using the strain energy, 
the von Mises stress, and the von Mises strain criteria is defined, respectively, as the ratio of 
the strain energy, the stress, and the strain induced by the applied forces to the maximum 
allowable strain energy, stress, and strain of the femur over the proposed cross-sections,  

η = U
UY

                                                                                                                                            (15a) 

η = σ
σY

                                                                                                                                            (15b) 

η = ε
εY

                                                                                                                                             (15c) 

where η is the fracture risk index at one of the three critical cross-sections of the femur 
based on the strain energy, the von Mises stress, and the von Mises strain criteria; and 𝐻𝐻, 
σ, ε and UY, σY, εY are, respectively, obtained from Eqs. (7) and (12).     

3 Results 
3.1 Convergence studies 
3.1.1 Element size in femur finite element analysis  
The convergence of finite element solutions in a representative case is shown in Fig. 5. 
The convergence study shows that the maximum von Mises stress at the narrowest 
femoral neck converges with the maximum element edge length smaller than 8 mm. 
Therefore, in construction of the rest of femur FE models, the maximum element edge 
length is set to 8 mm.  
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Figure 5: Convergence of the maximum von Mises stress at the femoral neck with 
element size 

3.1.2 Assignment of inhomogeneous material properties 
3D femur FE models with different material bins are constructed to investigate model 
convergence in the inhomogeneous material properties assignment. For each model, the 
maximum von Mises stress at the narrowest femoral neck is monitored under the same 
loading and boundary conditions. As shown in Fig. 6, the results of the convergence 
study indicate that there is no significant change in the maximum von Mises stress with 
the number of material bins larger than 50. Thus, 50 discrete material bins are considered 
in the material properties assignment of all cases. 

3.1.3 Element size in calculating fracture risk index 
Convergence study is also performed to determine the element size used in integrating 
the cross-sectional strain energy, as it influences on the calculation of fracture risk index 
(FRI). The FRI at the smallest cross-section of femur is calculated with different 
maximum element edge lengths. The results are plotted in Fig. 7. The FRI does not 
change significantly with the maximum element edge length smaller than 5mm. 
Therefore, the maximum element edge length is set to 5 mm in calculating the cross-
sectional strain energy. 

0

4

8

12

16

20

510152025303540

M
ax

im
um

 V
on

 M
is

es
 S

tre
ss

 (M
Pa

)

Maximum element edge length (mm)



Hip Fracture Risk Assessment based on Different Failure Criteria                       577 

 
Figure 6: Convergence of the maximum von Mises stress at the femoral neck with the 
material bins 

 

 
Figure 7: Convergence of the fracture risk index (FRI) with the maximum element edge 
length of triangle elements generated over the smallest cross-section of femur 
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3.1.4 Number of integration points in calculating cross-section strain energy, von Mises 
stress, and von Mises strain  
The effect of number of integration points on the calculation of FRI is investigated in this 
section. FRI at the smallest femoral neck cross-section is computed for 5 clinical cases 
with different numbers of integration point. The relative errors between FRIs obtained 
with 3 and 7 integration points are shown in Tab. 2. As it can be seen, the errors are not 
significant. Therefore, the 3-point integration rule is used in this study to reduce the 
computational time. 

Table 2: Femoral neck FRI obtained with different numbers of integration point 

FRI 
Case No. 3 integration points 7 integration points Relative error (%) 

1 0.239 0.2416 1.07 
2 0.6898 0.6975 1.1 
3 0.2966 0.2976 0.33 
4 0.8885 0.899 1.16 
5 1.1482 1.1701 1.87 

3.2 Stress and strain patterns at the critical cross-sections 
Figs. 8 and 9 show the maximum von Mises stress and von Mises strain at the three 
critical cross-sections of the femur during both the single-leg stance and the sideways fall 
for 10 clinical cases including 5 females and 5 males. For the single-leg stance 
configuration, the patterns in the stresses are different (Tab. 3); first, the differences 
between the stresses over the three regions are much smaller, and for some cases, the 
stresses at the subtrochanteric region are higher than those in the other two regions (Fig. 
8). The results illustrate that the femoral neck and the intertrochanteric region receive 
higher stresses than the subtrochanteric region during the sideways fall (Tab. 4). However, 
strains at the three critical regions of the femur have similar trends in both the single-leg 
stance and the sideways fall configurations (Tabs. 5 and 6 and Fig. 9). 

Table 3: 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 the femur for 10 clinical cases during the single-leg stance 

Maximum von Mises stress (MPa) 

 SFN CS IntT CS SubT CS 

Range 19.56-52.38 23.55-47.8 27.09-43.04 

Average 32.93 32.41 35.84 
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Table 4: 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 the femur for 10 clinical cases during the sideways fall 

Maximum von Mises stress (MPa) 

 SFN CS    IntT CS    SubT CS 
Range  22.78-69.97   16.2-60.3   6.73-33.2 
Average       46.52           33.48 18.66 

Table 5: 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 the femur for 10 clinical cases during the single-leg stance 

Maximum von Mises strain 

 SFN CS IntT CS SubT CS 

Range 5.25E-03-1.55E-02 5.49E-03-1.87E-02 2.14E-03-4.34E-03 

Average 9.55E-03 1.05E-02 3.11E-03 
 

Table 6: 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 the femur for 10 clinical cases during the sideways fall 

Maximum von Mises strain 
 SFN CS IntT CS SubT CS 

Range 1.67E-02-7.43E-02 3.35E-02-1.91E-01 5.08E-04-3.31E-03 

Average 4.26E-02 9.37E-02 1.74E-03 
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Figure 8: Maximum von Mises stress (MPa) at the smallest femoral neck cross-section 
(SFN CS), the intertrochanteric cross-section (IntT CS), and the sub-trochanteric cross-
section (SubT CS) of the femur for 10 clinical cases during the single-leg stance and the 
sideways fall. (Color should be used for this figure) 
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Figure 9: Maximum von-Mises strain at the smallest femoral neck cross-section (SFN 
CS), the intertrochanteric cross-section (IntT CS), and the sub-trochanteric cross-section 
(SubT CS) of the femur for 10 clinical cases during the single-leg stance and the 
sideways fall. (Color should be used for this figure) 
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during the single-leg stance and the sideways fall configurations. The calculated fracture 
risk indices at the three critical cross-sections of the femur using these three criteria for 
10 females and 10 males are shown in Figs. 10-12. 
As shown in Figs. 13 and 14, there is not so much difference between the average FRI 
obtained using the strain energy criterion and that obtained using the von Mises stress 
criterion for the smallest femoral neck, the intertrochanteric, and the subtrochanteric 
cross-sections during the sideways fall, however, the average FRI obtained using the 
strain energy criterion is much higher for these three cross-sections.  
During the single-leg stance, as shown in Figs. 10-14, the FRIs obtained using the von 
Mises stress and von Mises strain criteria are much higher than those obtained using the 
strain energy criterion. The FRIs obtained using the von Mises stress and von Mises 
strain criteria during the single-leg stance are to some extent high for a static loading such 
as stance loading on the femur and they are in the range of the FRIs obtained using the 
strain energy criterion during the sideways fall. It indicates that based on the von Mises 
stress and von Mises strain criteria, the elderlies are in the risk of hip fracture even during 
the normal walking. Hence, it is concluded that hip fracture risk assessment using the von 
Mises stress and von Mises strain criteria is more conservative than hip fracture risk 
assessment using the strain energy criterion.  
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Figure 10: Hip fracture risk index (FRI) at the smallest cross-section of the femoral neck 
(SFN CS) for 10 females and 10 males during the single-leg stance and the sideways fall 
configurations using the strain energy, von Mises stress, and von Mises strain criteria. 
(Color should be used for this figure) 
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Figure 11: Hip fracture risk index (FRI) at the intertrochanteric cross-section of femur 
(IntT CS) for 10 females and 10 males during the single-leg stance and the sideways fall 
configurations using the strain energy, von Mises stress, and von Mises strain criteria. 
(Color should be used for this figure) 
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Figure 12: Hip fracture risk index (FRI) at the subtrochanteric cross-section of femur 
(SubT CS) for 10 females and 10 males during the single-leg stance and the sideways fall 
configurations using the strain energy, von-Mises stress, and von-Mises strain criteria. 
(Color should be used for this figure) 
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Figure 13: Average FRI at the smallest femoral neck cross-section (SFN CS), the 
intertrochanteric cross-section (IntT CS), and the subtrochanteric cross-section (SubT CS) 
of femur for 10 females during the single-leg stance and the sideways fall configurations 
using the strain energy, von-Mises stress, and von-Mises strain criteria. (Color should be 
used for this figure) 
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Figure 14: Average FRI at the smallest femoral neck cross-section (SFN CS), the 
intertrochanteric cross-section (IntT CS), and the subtrochanteric cross-section (SubT CS) 
of femur for 10 males during the single-leg stance and the sideways fall configurations 
using the strain energy, von-Mises stress, and von-Mises strain criteria. (Color should be 
used for this figure) 
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4 Discussions 
Choosing a proper bone failure criterion is challenging. In the literature, stress and strain 
based failure criteria such as the von Mises stress and von Mises strain criteria and the 
maximum principle stress and strain criteria were commonly used to assess hip fracture 
risk. In our previous study [Kheirollahi and Luo (2015)], the strain energy based failure 
criterion was used for hip fracture risk assessment. Whereas the cancellous bone failure is 
in the form of buckling and deformation (strain intensity) and the cortical bone failure is 
related to its local cracking (stress intensity), strain energy failure criterion, which is a 
combination of both stress and strain intensities, is theoretically more reasonable than 
other failure criteria for hip fracture risk assessment. There are significant differences 
between the strains in the three critical regions of the femur during both the single-leg 
stance and the sideways fall (see Tabs. 5 and 6, and Fig. 9) while the differences between 
corresponding stresses are not too high (see Tabs. 3 and 4, and Fig. 8), indicating the 
bone sensitivity with respect to the strains because of its fragility property. Thus, the 
effects of strains in bone fracture risk assessment have a great importance.  
In this study, a comparison has been done between the strain energy, von Mises stress, 
and von Mises strain criteria on hip fracture risk assessment. The results of the study 
indicate that for the sideways fall configuration, the von Mises strain criterion gives 
higher estimate of hip fracture risk indices and is more conservative than the von Mises 
stress and strain energy criteria in hip fracture risk assessment. While, for the single-leg 
stance configuration, the von Mises stress and von Mises strain criteria give higher 
estimate of hip fracture risk with respect to the strain energy criterion and the calculated 
FRIs using the von Mises stress and von Mises strain criteria for the single-leg stance are 
in the range of those obtained by the strain energy criterion for the sideways fall 
configuration. Therefore, based on von Mises stress and von Mises strain criteria, the 
elderlies are in the risk of hip fracture even during the normal walking. However, it can 
be concluded that the von Mises strain criterion is the most conservative failure criterion 
in hip fracture risk assessment.  
Based on these three failure criteria, the femoral neck and the intertrochanteric region 
have higher fracture risk than the subtrochanteric region (see Figs. 10-14), which is 
consistent with the fact that the femoral neck and the intertrochanteric region have a 
larger proportion of cancellous bone than the subtrochanteric region; and the cancellous 
bone is generally weaker than the cortical bone. Hence, hip fracture is most likely to 
initiate first at the femoral neck and then in the intertrochanteric region or in the 
subtrochanteric region. 
Therefore, based on the importance of hip fracture risk assessment and its conservation, 
the strain energy criterion, the von Mises stress criterion, and or the von Mises strain 
criterion can be used in evaluation of hip fracture risk in the individuals to consider 
proper preventive and treatment plans. However, the strain energy criterion can give more 
reasonable assessment of hip fracture risk based on the bone failure mechanism, because 
it considers both effects of stress and strain simultaneously. 

5 Conclusion 
Choosing a reliable failure criterion to assess hip fracture risk in the individuals is 
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crucially important for preventing hip fracture and initiating a treatment. The purpose of 
this study is to compare the strain energy, von Mises stress, and von Mises strain criteria 
in estimation of hip fracture risk. The results of this study show that the strain energy 
failure criterion leads to more reliable assessment of hip fracture risk than the von Mises 
stress and von Mises strain criteria. However, the von Mises strain criterion is more 
conservative than other two criteria. The results of this study can be used in clinical 
applications to evaluate hip fracture risk and monitor the effects of corresponding 
treatments, and also in future studies regarding hip fracture risk assessment.   
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regarding the present study. 
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