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INTRODUCTION

Finite element analyses have been used to interpret the experimental data of nanoindentation tests for cortical bone (Tai et al., 2005). However, a simple perfect plastic model cannot take into consideration the damage accumulation which is an important part of the material behavior in bone tissue. In this study, a damaged plastic model was proposed to simulate indentation tests of cortical bone. 

METHODS
A semi-empirical constitutive model of cortical bone tissue behavior was developed (Leng et al, 2007). Prior to yielding, the initial elastic modulus of bone (E0) was constant and the bone tissue followed the linear elastic behavior. After yielding, the relationship between the instantaneous strain ((i) and stress ((i) was described by the following equation
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where m was a material constant related to the sensitivity of bone to the damage accumulation; (y was the yield stress; and k was the parameter indicating the capability of bone to sustain permanent deformation.

The simulation of nanoindentation tests was conducted using a general purpose finite software ABAQUS. The model contained a bone sample and a Berkovich indenter, which was represented by an equivalent conical indenter with an effective angle of 70.3( (Figure 1). The indenter was modeled as an analytical rigid body without deformation. Axis-symmetric quadrilateral elements (CAX4R) were used to simulate bone tissue. A refined mesh was formed directly beneath the indenter tip whereas the rest of the model had a relatively coarse mesh.

[image: image2]
Figure 1. Schematic illustration of an axis-symmetric finite element model

The contact interaction between the pyramidal tip and the bone specimen was represented by a master surface and a slave surface, respectively (Figure 1). A velocity-independent Coulomb friction model was used to describe surface interactions. 

A shear damage criterion was used to describe the damage initiation of bone tissue. Once damage was initiated, a damage evolution law was used to delineate the progression of damage until failure in bone tissue. The failure of bone tissue was defined by a material parameter relevant to fracture energy dissipation.
RESULTS AND DISCUSSION

Experimental data about the nanoindentation test of bovine cortical bone were obtained from the literature (Tai et al., 2005). The results from the damaged plastic model were consistent with experimental data (Figure 2). The elastic modulus and yield stress of bone tissue from the damaged plastic model were 16 GPa and 180 MPa, respectively. However, a perfect plastic model with the same elastic modulus and yield stress produced an indentation load about 10% greater than the experimental data.
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Figure 2. Comparison between experimental data and finite element simulations of nanoindentation tests for cortical bone.

For a perfect plastic model, stresses in bone beneath the indenter tip reached the yield stress for all elements (Figure 3a). However, there was a damage area directly under the tip for the damaged plastic model. In the damage area, the von Mises stress was less than the yield stress.
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                 (a)                              (b)
Figure 3. Comparison of von Mises stresses in bone tissue for a perfect plastic model (a) and a damaged plastic model (b).
The damaged plastic model took into consideration the failure strain of bone tissue while the perfect plastic model did not consider the failure of bone tissue and bone tissue continued to deform at a high stress level.
In the study from Tai et al., the elastic modulus (E0=9GPa) was underestimated and the yield stress ((y=240MPa) was overestimated. The elastic modulus and yield stress calculated from the damaged plastic model are in agreement with experimental data in the literature (Martin et al., 1998). It indicates that an appropriate constitutive model for bone tissues is required to simulate nanoindentation tests for cortical bone.
There are some limitations in this study. First, the viscoplastic behavior of bone tissue is not considered. Second, the anisotropic behavior of bone tissue is not examined. In addition, microstructures and ultrastructures of cortical bone have not been taken into consideration.
SUMMARY/CONCLUSIONS

A damaged plastic model is a realistic representation for bone tissue.  It can be used to extract more accurate information about material properties of bone tissue from nanoindentation tests than a perfect plastic model.   
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