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Summary: The aim of the paper is to develop a procedure for determination of elasto-visco-plastic consti-
tutive model with damage for human single trabecula. The procedure is suited for indirect establishing of
material model based on nanoindentation and three-point bending test. Constants of the material model are
identified by Finite Element (FE) simulations and curve fitting using an algorithm based on least squares
fitting of the experimental curves. In the case of nanoindentation, the penetration depth of tip during the
FE analyses (FEA) is fitted to experimental nanoindentation curves. In the case of three-point bending,
displacements of nodes are compared with displacements of markers observed during the experiment using
digital image correlation.
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1. Introduction

Knowledge of mechanical properties at level of a single trabecula is important for understanding of
overall deformation behaviour of bone tissue as well as for simulation of osteoporotic changes. Nanoin-
dentation is usually used for determination of elastic properties of material, whereas yield properties as
well as softening behaviour can not be directly measured. On the other hand, mechanical testing (tension
test, three-point bending test etc.) is often carried out to describe nonelastic deformation behaviour. In
this study an elasto-visco-plastic constitutive model with damage for human single trabecula was devel-
oped using two different procedures including experimental tests and FEA. The first procedure is based
on nanoindentation and inverse FE modelling. In the second procedure a three-point bending is per-
formed and the constants are identified from the comparison between displacement of nodes in FEA and
displacements observed during the experiment using digital image correlation (DIC) technique.

2. Materials and Methods

For nanoindentation test a polished sample from human (72-year male) femoral head with average sur-
face roughness 25 nm was used. The nanoindentation test with two peak forces (10, 20 mN), three hold-
ing times (10, 20, 40 s) and loading rates (20, 120, 240 mN/min) were performed. Young’s modulus
was determined directly from nanoindentation curves by Oliver-Pharr method [Oliver and Pharr (1992)].
For FE simulations of the nanoindentation test a rotationally axisymmetric plane model was created and
elasto-visco-plastic material model with damage was used. For the considered model it is necessary to
identify 10 material constants: (i) Young’s modulus (E) and Poisson’s ratio (ν); (ii) yield point (σy) and
tangent modulus (Etan) for plasticity with von Mises yield criterion and bilinear isotropic hardening;
(iii) C1, C2, C3, C3 for implicit creep with time hardening; (iv) D1, D2 for damage model published
in Zhang (2010). Material constants (except the elastic constants which were determined directly from
experiment) were identified using FEA of the nanoindentation test. For the three-point bending test sam-
ples of trabeculae were extracted from the same proximal human femur and cleaned off marrow and
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Tab. 1: Resulting material constants identified using different techniques

E[GPa] µ[-] σy[MPa] Etan[MPa] C1[-]

Exp-nano. 15.4±1.4 0.2 - - -

Exp-3pb. 9.3±1.3 - 185.6±42 - -

FEM-nano. - - 180±43 1854±336 (3.1±4)e-18

FEM-3pb 12.1±0.7 0.2±0.05 170±4.9 1924±263 (8.6±5.1)e-18

C2[-] C3[-] C4[-] D1[-] D2[-]

FEM-nano 6.1±0.4 0.88±0.7 0 0.73±0.03 25.3±7.4

FEM-3pb 4.7±0.9 2.1±0.7 0 0.52±0.1 30.1±1.4

grease. A novel experimental setup was developed for the purpose of the test. Configuration of setup en-
ables to acquire images of deformation behaviour of the single trabecula during the bending test. Groups
of markers were selected in the captured image data and their position were tracked using DIC. From
the identified vertical displacements of middle span markers, strain values were calculated. Young’s
modulus and the yield stress were established from stress-strain curve by the 0.2% offset method. For
numerical simulation an accurate model of the single trabecula was developed based on inverse Radon
transform. To simulate the bending test, the same material model for the single trabecula as in case of
the nanoindentation was used. All ten constants were varied and resulting displacements of nodes were
compared with displacements of the markers obtained during experiment.

3. Results

In case of the nanoindentation experiment, only the elastic constants were directly identified from the
experiment. In the case of the three-point bending test of the single trabecula Young’s modulus and yield
stress were directly determined. Remaining constants were found using minimizing error based on least
squares method in the optimization procedure and are shown in Tab. 1.

4. Conclusions

The visco-plastic-damage constants were assessed from inverse FE modelling in both experiments.
Young’s modulus and yield stress were also determined by numerical analyses but only for the three-
bending test. Influence of individual constants were investigated using sensitivity analysis of the nanoin-
dentation test. The study confirms the possibility of using the indirect determination of the numerical
material model for single trabecula based on FEM and experimental methods (nanoindentation and the
micromechanical testing).
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