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The microstructure of many biological materials consists of various constituents and different 

characteristic length scales that were optimized by evolution with respect to geometry and 

material properties. The main ingredient for achieving these optimal properties, e.g. stiffness, 

strength and damage tolerance, is a hierarchical microstructure, which spans many scales 

including characteristic lengths ranging from a few nanometres up to one millimetre.  

 

This contribution is concerned with the modelling and computation of the mechanical 

behaviour, in particular with the failure, of the enamel of a bovine tooth [1, 2]. Dental enamel 

is the outermost layer of a tooth crown consisting of a hierarchical and graded structure. 

Approximately 90 vol% of enamel consist of the hydroxyapatite mineral, the rest being 

protein and water. For the underlying model description on the very basic microstructural 

level, which is the nanometer scale, we resort to a non-linear Neo-Hookean model for the 

fibrous mineral and to the Arruda-Boyce model for the protein, in combination with a 

cohesive zone approach for modelling the various failure mechanisms. The model accounts 

for non-linear, large-deformation kinematics and softening at the first level hierarchy and it is 

validated against experimental data. 

 

The numerical implementation is carried out with the help of the finite element method. A 

representative microstructural unit consisting of a few fibres on the smallest scale is 

simulated, with the above mentioned models for deformation and a three-dimensional 

cohesive zone model which maps cracking of the mineral fibres as well as debonding between 

the mineral fibre and the protein, see [3] and also [4]. The next hierarchical level, which spans 

the characteristic length of a few microns, is formed by fibres consisting of the composite 

material from the nano level and a thin protein layer in between. The fibre volume fraction is 

similar to that from the lower scale such that the microstructure can be assumed to be self-

similar. For the modelling of the second level numerical homogenization of the hyperelastic 

behaviour and the damage has been conducted. 

Orthotropic elastic properties are derived from the hyperelastic response of the RVE, whereas 

the failure behaviour is extracted as a traction-separation law based on the softening 

behaviour of the cell.  

Numerical results of the representative unit cells and the complete microstructure agree very 

well with the features of the microstructural behaviour seen in experiments. 
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