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ABSTRACT 

Bone is a hierarchical structural material, since several organizational levels can be 
identified from the macroscale to the nanoscale. The two top levels corresponding to the 
entire bone and trabecular structure respectively show a suitable distribution of physical 
properties, such as bone density and corresponding mechanical properties, to achieve 
the functional requirements of bone tissue. 

In this work a three-dimensional model for bone remodelling is developed taking into 
account the hierarchical structure of bone. The process of bone tissue adaptation is 
mathematically described with respect to functional demands, both mechanical and 
biological factors, to obtain the bone apparent density distribution (at the macroscale) 
and the trabecular structure (at the microscale). At global scale bone is assumed as a 
continuum material characterized by equivalent (homogenized) mechanical properties. 
At local scale a locally periodic cellular material model approaches bone trabecular 
anisotropy in terms of mechanical properties. For each scale there is a material 
distribution problem governed by density based design variables which at the global 
level can be identified with bone relative density [1].  

The law of bone remodelling assumes that bone adapts to functional demands in order 
to satisfy a multi-criteria objective base on structural stiffness (maximization) and 
metabolic cost k of bone formation (minimization). Assuming such a multi-criteria and 
setting a weighted set of P loads, characterizing the loading environment applied to 
bone, the bone distribution on the micro level is given by the remodelling rate equation,  
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where μ is the microscale density (trabecular level),  ( )uε r  is the strain tensor for the 
displacement field ur  solution of the equilibrium equation for the global problem and 
the rth load, and H

ijklE  is the homogenized properties for the trabecular bone. The macro-
density ρ is obtained by the micro-density μ through, ( ) ( ), d ,
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Ω  corresponds to the whole bone domain and Y is the micro-cell domain.  

 



 

Three-dimensional examples are presented to illustrate the model. The density 
distribution for a femur is shown in figure 1a and figure 1b illustrates the 
microstructures of elements selected from different anatomic regions. The model is able 
to provide a density distribution that fairly approximates the real femur bone at 
macroscale. At microscale the microstructures give a good mechanically 
characterization of the local microstructure of trabecular bone with the respective 
anisotropic properties. Previous results show that some microstructures with maximum 
mechanical efficiency do not match porosity levels observed in real bone [2]. In this 
work biological requirements, such as porosity constraints, are carefully considered for 
a better representation of bone tissue adaptation. The inclusion of porosity constraints 
produces a model able to obtain microstructures that are mechanically acceptable and 
simultaneously satisfy biological requirements. Figure 2 shows compact bone obtained 
with the model. The porosity and the material symmetry obtained compares fairly with 
experimental data [3].  
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Figure 1 - (a) Density distribution on femur. (b) Microstructures for selected regions of bone. 

 
Figure 2 - Porosity of compact bone. 
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