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Abstract
Bone mechanical and biological properties are closely linked to its internal tissue composition and mass
distribution, which are in turn governed by the purposeful action of the basic multicellular units (BMUs).
The orchestrated action of osteoclasts and osteoblasts, the resorbing and forming tissue cells respectively,
in BMUs is responsible for tissue maintenance, repair and adaptation to changing load demands through
the phenomenon known as remodelling. In this work, a computational mechano-biological model of bone
remodelling based on the inhibitory theory and a new scheme of bone resorption introduced previously in
a 2D model, is extended to a 3D model of the real external geometry of a femur under normal walking
loads. Starting from a uniform apparent density (ratio of tissue local mass to total local volume)
distribution, the BMU action can be shown to lead naturally to an internal density distribution similar to
that of a real bone, provided that the initial density value is high enough to avoid unrealistic final mass
deposition in zones of high energy density and excessive damage. Physiological internal density values are
reached throughout the whole 3D geometry, and at the same time a ‘boomerang’-like relationship
between apparent and material density (ratio of tissue mass to tissue volume) emerges naturally under
the proposed remodelling scheme. It is also shown here that bone- specific surface is a key parameter
that determines the intensity of BMU action linked to the mechanical and biological requirements. Finally,
by engaging in simulations of bone in disuse, we were able to confirm the appropriate selection of the
model parameters. As an example, our results show good agreement with experimental measurements of
bone mass on astronauts a fact that strengthens our belief in the insightful nature of our novel 3D
computational model.
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1. INTRODUCTION
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2. MODEL 

.  

2.1. Tissue composition 



Figure 1. Volume of a bone sample, where  is the volume of tissue bone matrix and   
the volume of pores. Bone matrix consisting of: organic matrix, water and mineral 
content so that   can in turn be divided into further sub-volumes corresponding to the 
mineral phase ( ), the organic phase ( ), and water ( ).  



2.2. Remodelling dynamics.
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2.3. Mineralization and resorption strategy
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2.4. Mechanical model. 

N=

Force Fx [N] Fy [N] Fz [N] 

Table 1: Applied loads during walking on geometry of figure 3, extracted from  
Martínez-Reina et al. [34] and Heller et al. [35]. 

3. METHODS 



Figure 2: Iterative scheme of the numerical algorithm to solve the coupled remodelling-
mechanical problem. The process starts by proposing the initial value of the parameters. 
Using the Abaqus software, the mechanical problem is solved by obtaining the 
deformation field by means of the finite element method. Then remodelling process is 
solved in a UMAT and the value of the elastic parameters of the material is updated by 
means of an algorithm implemented in Fortran language. The process continues until 
steady state is reached, for which a convergence criterion is evaluated. 

 



Table 2: Parameters values of the model. Values of the scaling parameter between 50 
and 3000 days were also used, but the optimum that allows fitting the numerical results 
to the experimental measurements is the one reported in the table. 

4. RESULTS AND DISCUSSION. 

4.1 Bone apparent density distribution depends ultimately on external loads in normal 
circumstances.  

.  
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Figure 3. Top: Final density distribution for the four bone volume homogeneous 
initializations (  ) , the mass distribution is similar to 
that of a real bone

. 



Figure 4. Top: Damage of converged simulations for two initializations:  
(presenting high damage values) and  (with low damage values). Both 

situations correspond to those of Fig. 3 for the corresponding  values. Despite both 
initializations reaching a final steady state in equilibrium with the applied loads, the 
situation for is dominated by damage instead of the mechanical stimulus leading 

to high BMU activation rates. Bottom: Activation rate of BMUs. Note that for , 
there are overall higher activation rates than those observed for , and at zones 
where compact bone should develop in the natural case and higher activities would not 
be expected.  



Figure 5. Qualitative comparison between the frontal section of the proximal zone of a 
human femur (A) and the result of the distribution of apparent densities of the numerical 
model (B). A good similarity in the marked zones is observed with respect to the 
distribution of the bone mass.  Zone 1, called Ward's triangle, shows a reduction of bone 
in an area of very low mechanical stress. Zone 2: beginning of the medullary channel, 
containing very low apparent density. Zone 3: areas of cortical bone, with high apparent 
density, and a very similar morphology between both images. Zone 4: area of lower 
mechanical stress with variable bone densities.  Zone 5: Transition zone with densities 
somewhat higher than the surrounding cancellous bone, which transmits the head load 
to the lower cortical zone. Zone 6: zone away from the loads applied to the model, with 
very low densities. The frontal section of the real bone was extracted from a Yale 
University  a model to describe the tissue structure, which was 
selected for having an external morphology similar to the geometric model used in this 
work. C) Apparent densities of points A (blue squares) and B (red triangles) from figure 
5-B.  

4.2 A boomerang-like shape relationship between apparent and material densities 
emerges naturally for different regions of the bone when applying the correct 
resorption strategy. 



Figure 6. A: Proximal part of a frontal section of the femur, showing the distribution of 
apparent densities and the points at which the values of these densities and material 
densities are evaluated. B: Location of the densities predicted by the model on the 
experimental curve performed by Zioupos et al. for three resorption windows. Note 
that the points for the proposed strategy (those superficial pieces with a minimum 
mineral content are preferentially removed by osteoclasts, =170 days are located 
within the experimental data zone, showing a good agreement between the numerical 
predictions and the experimental values at all points explored. 

4.3 Evolution of bone density is governed by mechanical and biological requirements.   
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Figure 7. Evolution images for From top to bottom: First line: Evolution of the 
distribution of apparent densities in a frontal section of the femur, starting from a 
uniform distribution of 1.5 g/cm3 at t=0 days. Second line: von Mises stress. The 
relationship between mechanical stresses and apparent densities is remarkable. Note 
that apparent density is higher at those places where stresses are higher too, showing a 
link between the mass distribution and the mechanical requirements. The apparent 



density value of 1.3 g/cm3 considered as a natural separation from compact to 
cancellous bone was proposed by Zioupos et al. .  Third line: Material density. Note 
that mineral content tends to increase in areas of cortical and very spongy bone, which 

is manifested by high material density values. Fourth line: BMU activation rate ( ). 

Note that the highest values of ( higher BMU activity) for the converged situation 
(8000 days) appear in areas of lower mineral content. During the first stages, it can be 
noted that higher activity is manifested in those areas where mass rapidly decreases.

4.4 The specific surface plays a dominant role in the remodelling scheme.  

4.5 Absence of external loads leads to severe bone mass loss and redistributes the 
apparent densities.



Figure 8: Distribution of apparent densities for a bone under the loads in Table 1 before 
(left ) and after (right) one year of disuse.  In the middle the graph shows the loss of bone 
mass during two years of disuse. The mass is normalized to the initial mass at the start 
of the disuse period.  

5. CONCLUSIONS 
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