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Abstract: Bones are non-homogeneous, porous and 
anisotropic. Bone is a live tissue, it can grow, self-repair 
when damaged, and continuously being renewed by 
internal remodeling. It is accepted that the main path of 
bone remodeling process overlaps the principal stresses 
angles. Although this process makes it stronger, it makes 
bone quite anisotropic. A finite element analysis shows 
the influence of three constitutive options (isotropic, 
transversally isotropic and orthotropic) to, both, 
principal stress/strain and principal angles results.  
Keywords: bone anisotropy, finite element, principal 
stresses 
 
Introduction 
  

The bone structure is responsible for sustaining the 
human body, and thus, is submitted to the action of the 
muscles loads. A femur, for instance, provides stability 
and support for a person to remain standing or walking. 

In this work, a four forces model, adapted from [1], 
is used to generate the static loading condition at 
proximal femur of a Finite Element (F.E.) model. Three 
different constitutive models (orthotropic, transversally 
isotropic and isotropic) were used to estimate principal 
stress/strain values and principal angles, at medial 
external surface of a human femur, at a specific path, 
see [2].  In this work, the results shows that the principal 
angles at a medial external surface of a human femur 
have values compatible with [3] propositions, where the 
dominant osteonal direction is related with the first 
principal stress angle. 

 
 
 
 
 
 
 
 
 
 
 
 

Material Anisotropy 
 

Bone is, from macroscopic viewpoint, a non-
homogeneous, porous and anisotropic tissue [4]. In a 
human femur can exist cortical and trabecular bone 
tissues. In this work a medial cross section was 
analyzed, where only cortical bone (mineralized and 
dense tissue) exists.  

It is very difficult to obtain experimentally the bone 
elastic mechanical properties. Some authors like [5] 
have obtained orthotropic bone elastic properties 
indirectly, through the utilization of modal analysis and 
Finite Element Method approach. 

[6] and [7] presents the differences between 
constitutive models. Among them, three are especially 
important for this work, the isotropic, the transversally 
isotropic and the orthotropic constitutive models. The 
isotropic materials have only two independent 
mechanical elastic constants, the Young modulus E and 
the Poisson ratio ν. The transversally isotropic materials 
have five independent mechanical elastic constants, two 
Young moduli, one shear moduli and two Poisson ratio. 
The orthotropic materials have nine independent 
mechanical elastic constants, three Young moduli, three 
shear moduli and three Poisson ratios.  

These mechanical elastic constants are placed at the 
stiffness matrix S, which relates stresses and strains. In a 
general way, the Hooke’s law can be written as 

 
      (1) 
 
where e is the strains, S is the stiffness,  is the 

stresses and j,r,l,m = 1,2,3 (e, S and  are matrices).  
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Finite Element Model 
  

For this model, the loading is composed by the joint 
reaction force and three principal muscles forces, that 
are positioned at the femur head region, as shown at 
Figure 1, adapted from [1]. 

 

 
Figure 1: Femur schematic load. 

 
The numerical model was developed with the F. E.  

ANSYS software. The bottom side of the bone is fixed 
to ensure equilibrium requirements. To extract the 
results, one path, on the medial cross section along the 
bone external surface, was created, as shown in Figure 
2. The purple arrow indicates the path orientation. 

                    
Figure 2: Path created to extract the results. 

 
Figure 3 shows the mesh used at the human femur 

bone. The mesh at medial section, where the path is 
located, was refined to access more realistic results. As 
the geometry has a quite irregular shape, hexagonal 
elements, with eight nodes, were used.  

Three simulations were done, maintaining the 
loading, boundary conditions, geometry and mesh. Only 
the elastic mechanical properties were changed for each 
three cases (isotropic, transversally isotropic and 
orthotropic). 

 
Figure 3: Mesh used on the F.E. simulations. 
 

The range of these mechanical properties on the 
literature is wide. This can be explained by the existing 
differences between people’s bones, as age, diseases, 
gender..., also the exact state of the bone specimen 
(fresh or frozen) influences the test results. Table 1 
shows the used loading forces and geometric constants. 

 
Table 1: Loading forces and geometric constants. 
Joint reaction force -  P1 (N) (–1,062; -130; -2,800) 
Abductors force –      P2 (N) (430; 0; 1,160) 
Iliopsoas force –        P3 (N) (78; 560; 525) 
Iliotibial tract force – P4 (N) (0; 0; -1,200) 
P1 point of application (mm) (50.7; -2.7; 158) 
P2 point of application (mm) (-13.5; -6.5; 140) 
P3 point of application (mm) (18.8; -29.3; 83.7) 
P4 point of application (mm) (-24.6; -4.2; 108) 
ro (external radius) (mm)* 16 
 ri (internal  radius) (mm)* 7.66 

* approximate measure 
 
Table 2 shows the elastic mechanical properties 

obtained, in technical literature, for isotropic, 
transversally isotropic and orthotropic bone materials. 
 
Table 2: Elastic mechanical properties. 
Material 
Properties 

Isotropic  
[8] 

Transversally 
 Isotropic [9] 

Orthotropic 
[10] 

E   (GPa) 20 - - 
E1 (GPa) - 18.8 12 
E2  (GPa) - 18.8 13.4 
E3 (GPa) - 27.4 20 
G   (GPa) 8.1 - - 
G12 (GPa) - 7.17 4.53 
G23 (GPa) - 8.71 6.23 
G13 (GPa) - 8.71 3.56 
ν 0.3 - - 
ν12 - 0.312 0.376 
ν23 - 0.193 0.234 
ν13 - 0.193 0.222 
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Results 
 
In this section the results of the F.E. model, 

described on the previous section, are shown. The 
principal stresses and principal strains are presented, as 
well as, the respective principal angles, which are 
especially important to check if they can be related with 
bone lamellae orientation.  

Figure 4 shows the maximum principal stresses 
distribution for orthotropic material.  

 

           
       (a)           (b) 

Figure 4: Maximum principal stresses distribution for 
orthotropic material: (a) external surface and (b) path. 

 
Note that using path approach, from 0º to 360º, 

makes possible a more precise results achievement.  
For all next figures, Ortho, Trans and Iso are related, 
respectively, with orthotropic, transversally isotropic 
and isotropic materials. For Figures 5 and 6, the max, 
mid and min are related, respectively, to the maximum, 
middle and minimum principal stress/strain. The three 
principal stresses are plotted in Figure 5.  

 
Figure 5: Principal stresses, at path. 
 

Note that the path is along a free external surface, 
thus one of the principal stresses is always zero. The 
principal stresses modulus is almost equal for the three 
cases.  

 
 
 
 

Figure 6 shows the principal strains results.  

 
Figure 6: Principal strains, at path. 
 

Note that although the principal strains distribution, 
maintained the main shape for three material cases, 
there are significant differences in strains values. 
Figures 7.a and 7.b show, respectively, the principal 
stress and strains angles. 

 

 
           (a) 

  
            (b) 

Figure 7: (a) Principal stresses angles and (b) principal 
strains angles, both, at path.  
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Figure 8 shows the difference between the principal 
strains and the principal stresses angles. 
 

 
             

Figure 8: Difference between the principal strains and 
the principal stresses angles, at path. 

 
Figure 8 shows that there are no differences between 

principal stresses and principal strains angles for 
isotropic case. For transversally isotropic and 
orthotropic cases, there are measurable differences. 
 
Discussion 
  

 Three material cases (isotropic, transversally 
isotropic and orthotropic) were used to model the 
cortical bone tissue in a F.E. analysis. A path, at medial 
human femur cross section, was used to obtain the 
principal stress and the principal strains distribution as 
well the respective principal angles. 

The range of principal stress angles values, shown at 
Figure 7.a, within the shaded area between -12º and 
+12º angles, were compatible with dominant osteonal 
range angles experimentally obtained by [2]. Also, for 
the three material cases, Figure 7.a shows little 
differences in principal stress angles and Figure 7.b 
shows substantial differences in principal strain angles.  

 
Conclusion 
  

The F.E. analysis shows that bone anisotropy was 
less important at principal stress distribution, but has a 
significant effect at principal strain distribution. Also, 
the principal stress angle distribution was less sensitive 
to bone anisotropy than the principal strain angle 
distribution.  

In other words, the results show that it is important 
to take into account significant differences, mainly in 
principal strains values and principal strain angles, 
connected to the level of anisotropy of long bones 
cortical tissues.  
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