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ABSTRACT: Osteoporosis is a bone disease related to age, it weakens bone structure by 
deterioration of the trabecular architecture and decreases the cortical envelop width and 
increases its porosity. Hip fractures are the more recurrent consequences of osteoporosis, 
and are the cause of morbidity and increase the rate of mortality. The fracture risk due to 
osteoporosis, is undertaken with Dual-Energy X-ray Absorptiometry (DEXA) which is an 
average of  bone mineral density measurement, without taking into account the bone 
structure. 
The objective of this study was an experimental test to solicit the human proximal femurs by a 
physiological configuration (one leg stance phase of walking) to retrieve the clinical 
osteoporosis fractures and analysis the contribution of both cortical envelop and trabecular 
bone in the strength of femur structure. For this, transversely isotropic finite element models 
were developed from CT scan acquisition. The failure load assessment was insured by 
anisotropic yield behaviour criteria based on distortion energy criterion (Hill’s criterion) and 
taking into account the difference between tension and compression yield properties (Tsai–
Wu’s criterion).   
The results found in this study showed the significance part of anisotropic yield behaviour of 
bone on proximal femur. The difference between compression and tension behaviour of 
human cortical bone, taken into account in the Tsai–Wu’s criterion, hold possible to predict 
the failure load.  
KEY-WORDS: 3D- reconstruction, finite element model, anisotropic yield behaviour. 
 

 

1. Introduction 

Osteoporosis is a worldwide health problem with about 1700 fractures per day 
only in Europe (World Health Organisation). Related to age, this disease weakens 
bone structure by deterioration of the trabecular architecture (Hajjar R.R., and 
Kamel H. K., 2004) and also decreases the cortical envelop width and increases its 
porosity (Bell el al., 1996). Hip fractures are the more recurrent consequences of 
osteoporosis, and are the cause of morbidity and increase the rate of mortality.  

In spite of the important incidence on the public health, assessment of hip 
fracture risk is usually undertaken with Dual-Energy X-ray Absorptiometry 
(DEXA), but this has the limitation that only the integral bone mass and the areal 



bone density (grams per square centimeter) can be measured, without taking into 
account the bone structure. 

In order to improve the assessment of fracture risk, investigators have turned to 
develop non–invasive methods based on densitometric properties of human bone 
(Lockmüller et al., 2002), geometric and structural engineering properties of human 
proximal femur (Beck et al., 1990). These techniques have been somewhat 
successful, but their precision for estimating fracture load and identifying subjects 
with high fracture risk is limited by their inability to take into account the complex 
geometry, heterogeneity, and anisotropic behaviour of human bone.  

In order to obtain more sophisticated evaluations of fracture load, finite element 
models were developed in mechanical study of proximal femur. The finite element 
models used linear analysis to assess the stress distribution under physiologic 
loading, in bone tissue (Lotz et al., 1991a), or non linear models of bone behaviour 
to evaluate fracture loads (Lotz et al., 1991b,  Keyak et al., 2002). Those models 
don’t take into account either the orthotropic behaviour of human bone (Pithioux M., 
2000) or the anisotropic yield behaviour of human (Cezayirlioglu et al., 1985).  

Our aim was to develop an experimental test to solicit the human proximal 
femurs by a physiological configuration (one leg stance phase of walking) and to 
analyse the contribution of both cortical envelop and trabecular bone in the strength 
of femur structure. For this, transversely isotropic finite element models were 
developed from CT scan acquisition. The failure load assessment was insured by 
anisotropic yield behaviour criteria based on distortion energy criterion (Hill’s 
criterion) and taking into account the difference between  tension and compression 
yield properties (Tsai–Wu’s criterion). 

 

2. Material : 

The study involved 3 proximal femurs of human donors obtained from the 
Anatomy laboratory of La Timone Hospital, Marseilles. The Femurs conservation 
was insured by Winkler injection and a –20 °C freezing. CT scan of femurs was 
performed by helicoid scanner acquisition with 0,625 mm native cuts thickness 
(General Electric LightSpeed Pro 16, 140 Kv; Medical imagery service of LaTimone 
hospital, Marseilles).  

For testing in one leg stance position, femurs were fixed by an Epoxy resin 
device designed in PVC sleeves with respect of physiological orientations in both 
sagital and frontal planes. This device allowed to adapt femurs to vertical loading 
(fig.1). The mechanical testing was performed by an INSTRON machine equipped 
with cell load (measure loads going up to 1000 daN±2.5N), under quasi–static load 
with a controlled displacement (2mm/min). The load was applied on femora heads 
with an indenter equipped with an elastomer ring for a better repartition of load 
within contact surface.   



 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1 : Fixation device of proximal femur :  

 1–screw  2–PVC sleeve  3–Epoxy resin F1 4–Treaded rod.  

 

The CT scan was used to generate voxel finite element model by CT2FEM 
(CT2FEM, 1996). This method allows to assign to each generated voxel, a density 
described by grey level from CT scans. Thus, each element has an effective bone 
density. The apparent density of the bone was calculated according to the method 
described by Taylor et al., 2002. 

 
Figure 2.  (a) Voxel based mesh model of the first femur. 
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Two separated tissues were considered in the model, cortical bone and 
cancellous bone. The cortical bone was separated from the cancellous bone by 
apparent density threshold. For an apparent density greater than 0.2g/cm3, the bone 
was considered cortical; under it was considered cancellous (Bessho et al 2006).  

The cortical bone was considered transversely isotropic (Huiskes et al., 1981, 
Katz and Meunier, 1987, Pithioux, 2000). In this model, the cortical bone elastic 
properties were calculated from density by a power law described by Keyak et al., 
2005. The grey level reported in scanners was related to apparent density by a linear 
interpolation. The apparent density was then used to calculate the Young modulus in 
principal direction for cortical bone (Eq. 1).  

1,86
,,1 14900 kappkE ρ=                                                                        [1] 

Moreover, the elastic properties of the kth element in the other direction (Ei;k ; 
Gij;k), were given function of the calculated Young modulus in the principal 
direction (Ei;k) according to experimental data (Pithioux M., 2002).  

kkkkkk EGGEEE ,1,13,12,1,3,2 25.0;6.0 ====                  [2] 

The cortical bone was considered brittle with difference in tension and 
compression. The longitudinal yield limit in compression was correlated to apparent 
density with Keyak’s power relation described in Eq. 2 (Keyak et al, 2005).  
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By the same way, yield limits of the kth element and ith direction, in tension, 
compression and shear, were given by empiric correlation according to experimental 
data reported by Pithioux M., 2002.  
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The cancellous bone was assumed to present a large-scale isotropy (Brown and 
Ferguson, 1980), with strong variability according to studied region. This variation 
is strongly dependant on the orientation of trabeculae. In this model, the spongy part 
was considered isotropic and its elastic modulus was calculated from bone mineral 
density by the Keyak’s power law (Eq. 1). The value of Poisson coefficient (ν = 0.3) 
was taken from experimental data (Black and Hastings 1998). 

1,86
,14900 kappkE ρ=                                                                               [5] 

The boundary condition and load case represent the experimental conditions. The 
load was applied to a restricted region of the femoral head as in mechanical tests 
according to Yoshida et al. 2002. The governing equations of the model were solved 
using standard finite element method (ABAQUS, Hibbitt, Karlsson and Sorensen, 
Inc.).  
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The failure load (fFE) was predicted by failure criteria and compared to 
experimental results. The failure occurs when an element reach a limit define by a 
stress function. The general form of failure function is  

1)( ≥k
ijf σ                                                                                                   [6] 

In this model, the Hill and the Tsai–Wu criteria were used. The first is an 
extention to orthotropic materials of Von–Mises failure criteria, the second is an 
extension of Hill criteria taking into account the difference in compression and 
tension behaviour of cortical bone.  

The general form of the Hill criteria for the kth element, in case of transversely 
isotropic material is   

 

[7] 

 

Where k
ijσ are the stress components kth elment and F, H, L and N are 

coefficients calculated from yield limits of this element.   
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The general form for the Tsai–Wu criteria for transversely isotropic material is  
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Where F1 ; F2 ; F11 ; F22 ; F44 ;F66 are coefficients calculated from yield limits of 
kth element and F12 ; F23 are determined experimentally. In this model, they were 
accepted to be equal to zero.  

2
,2366

2
,1244

,2,222,1,111

,2,22,1,11

1;1

;)(1;)(1

;11;11

kk

C
k

T
k

C
k

T
k

C
k

T
k

C
k

T
k

FF

FF

FF

σσ

σσσσ

σσσσ

==

==

−=−=

                                          [10] 

3. Results  

The three femurs sustained a sub–capital neck fracture with a vertical bifurcation 
after rupture (fig.3). The failure force was 256daN for the femur–1, 300daN for the 
femur–2 and was 466daN for femur–3.  



 
 
 
 
 
 
 
 

 

 

 
Fig. 3.   Rupture profiles obtained. (A) Rupture line of femur–1observed by photo acquisition 

system. (B) Schema of femur–1, femur–2 and femur–3 rupture profile.  
 

The predicted failure loads estimated by Hill failure criteria was 227daN for 
femur–1, 368daN for femur–2 and 678daN for femur–3. The Tsai–Wu failure 
criteria estimation was 244daN for femur–1, 248daN for femur–2 and 483daN for 
femur–3. Figure 4 shows a comparison between experimental and numerical failure 
loads.  
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Fig. 4. Experimental and numerical failure loads comparison (daN). 

 
The location of the first element with reached failure limit in both failure criteria 

was in femoral neck.  For femur–1, the element was located in superior face of 
cortical neck bone, at sub–capital section. For the femur–2 and femur–3, the element 
was located in inferior face of cortical neck bone, in cervical section (fig.5).  
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Fig. 5. Location of the first element with reached failure limit. 

 
4. Discussion  

The goal of this study was to assess the power of anisotropic failure criteria to 
predict fracture load of the proximal femur. For this, the strength of three femurs 
was measured in–vitro by an original test, designed to simulate one leg stance of 
human walking. The results obtained were comparable with those obtained in 
vertical loading by Lochmüller (442±168daN for men, 291±93daN for women). 
Moreover, the rupture profiles obtained in this experience were close to the 
clinically observed fractures (sub–capital neck fractures, see Fig.3). 

The finite element models used were CT scan based models which elastic 
properties were directly related to grey level observed in scans. The cortical bone 
was considered transversly isotropic to better simulate the orthotropic behaviour of 
human bone (Pithioux M., 2000). Furthermore, the failure criteria used were 
designed for orthotropic materials, Hill’s criterion, with anisotropic yield behaviour 
Tsai–Wu’s criterion. For the first femur, the Tsai–Wu’s and the Hill’s criteria have 
the same prediction of failure. For the second and the third femur, the Tsai–Wu’s 
criterion was more predictive than the Hill’s criterion. In comparable study, Keyak 
et al., 2000, found that the Von–Mises’s criterion was the most robust in failure 
prediction. In spite of the fact that the Hill’s criterion is an extension to orthotropic 
materials of the Von Mises’s criterion, we have shown that the recognition of the 
difference between compression and tension behaviour of human cortical bone in 
the Tsai–Wu’s criterion,gave better prediction of failure load. In both criteria, the 
first element reaching the failure limit was located in cortical envelop of the femoral 
neck, as observed experimentally in similar section.  

The results found in this study show the significance part of anisotropic yield 
behaviour of bone on proximal femur strength and appear in agreement with the 
results found by Cezayirlioglu et al., 1985 for cortical bone samples under combined 
loading.  



Finally, the present work shows the results of three femurs. In further study six 
other femurs tested under the same configurations will be added to the present 
results. Moreover, to improve the accuracy of the criteria models, an experimental 
identification of Tsai–Wu’s criterion coefficient by combined testing of cortical 
bone samples may improve the rupture prediction.   
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