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SUMMARY 
Cylindrical sample of human trabecular bone has been 
incrementally compressed and its deformed microstructure 
captured using time-lapse microtomography. From the 
captured projections the deformed microstructure has been 
reconstructed and the displacement and deformation fields 
computed using a digital volume correlation (DVC) method. 
The approach is based on a modified Lucas-Kanade algorithm 
and optimized for accuracy. Displacement and strain fields are 
then compared to a FE model of the sample subjected to the 
same boundary conditions and loaded similarly with the 
experiment. Precision of the method is assessed using 
artificially deformed micro-CT images as well as data from 
the compression test. Results show possibility of used DVC 
algorithm to capture the displacements and strains in 
trabecular bone microstructure with high accuracy when a 
high-resolution X-ray detector is used. 
  
INTRODUCTION 
Precise strain measurement in deformed trabecular bone is a 
challenging and important task in the process of verification of 
microstructural FE models of the bone inner structure. To 
enable precise and reliable comparison of the ability of these 
micro-FE models to capture the deformational behavior of 
trabecular bone it is necessary to have reliable experimental 
data. The overall material properties of trabecular bone are 
influenced not only by the quality of the bone at the tissue 
level, but as it has been shown by several authors, by the 
microstructural arrangement of individual trabeculae [1].  
To develop proper and reliable material model for the 
trabecular bone at the level of trabeculae precise strain 
measurement plays an important role. Nowadays, it is possible 
to combine microfocus X-ray source with high-resolution X-
ray detector to capture the three-dimensional microstructure of 
very thin trabeculae with high accuracy [2], [3]. It is possible 
to place a custom experimental device able to load a sample 
gradually directly in the X-ray field and to capture the 
deformation of the microstructure in the response to every 
increment in the applied load. 
With the three dimensional image data capturing the deformed 
structure with high spatial resolution it is possible to identify 
the displacements and strains in a loaded sample directly, 
using algorithms known from two dimensional applications as 
image correlation techniques. In this study we modified these 
algorithms to three-dimensional case to compute the 
displacements and strains in a loaded sample of trabecular 
bone. For this purpose a custom loading device has been 

developed with very low attenuation of the X-rays in the 
material of its loading frame and placed in a custom micro-CT 
device.  
Displacements and strains in the loaded sample are then 
computed in every load step by applying DVC algorithm to 
two successive image data captured by the micro-CT system. 
Presented full-field measurement of deformations in loaded 
microstructures is very important for verification of FE 
models. Not only exact geometry of the microstructure but 
proper constitutive model of the tissue is essential for proper 
FE modeling. In the micro-FE models it is possible to use 
material properties at the level of individual trabecula obtained 
by nanoindentation [4], [5]. To verify the possibility of 
derived material models to capture the localized strains in the 
microstructure it is necessary to enable precise strain 
measurement in three dimensions even at high strains. 
 
 
METHODS 
A cylindrical specimen of trabecular bone was extracted by 
drilling from human femoral head. The specimen with a 
diameter 5 mm and length 10 mm was considered as 
representative volume element with regard to the 
microstructure with average trabecular thickness 150 μm. The 
sample with provided with parallel ends using a fast-setting 
two-component glue and placed in a custom uniaxial loading 
device which was developed specifically for the testing in 
field of X-rays.  

 
Figure 1:  Experimental setup showing a loading device with 
sample of trabecular bone in a shielded X-ray box.  
 
An incremental loading with 0.5% increments up to 8 % 
apparent deformation was applied in the experiment. The 
loading device was mounted on a rotational table and placed 



in the micro-CT chamber. As the X-ray microfocus source 
Hamamatsu L8601-01 with wolfram anode was used together 
with X-ray detector Medipix-2 [6] in quad setup. Each of the 
four detector chips is equipped with a single common backside 
electrode and a front side matrix of electrodes. The active area 
of the quad setup gives images with 512×512 pixel resolution 
and 55 μm pitch. 
From the projections taken by the detector in each load step 
the three dimensional image data has been reconstructed using 
FDK cone-beam CT reconstruction algorithm [7]. Application 
of the DVC algorithm which utilizes the Lucas-Kanade 
tracking algorithm [8] can be described in three steps: (i) 
definition of the control points in which the displacements will 
be tracked in the image data (tetrahedralization of the volume 
using Marching Cubes approach), (ii) image correlation 
performed in a 20x20x20 pixel image subvolume around the 
control point, (iii) displacement calculation of each of the 
control points using a minimization of correlation coefficient 
by a nonlinear optimization technique, (iv) calculation of the 
strains in the tetrahedral elements by computing the matrix of 
coefficient of transformation between the undeformed and 
deformed states. 
Definition of the control points in which the displacements are 
tracked using a tetrahedral mesh of linear elements has an 
advantage of easy comparison between the FE results 
(displacements, strains) and the values obtained from 
correlation (the strain tensor is evaluated in the centre of 
gravity of each tetrahedra and since the shape functions are 
linear, the strain is constant in an element; the strain field is 
then smoothed in the entire model). 
 
 
RESULTS AND DISCUSSION 
To test the precision of the DVC method volumetric image 
data of the undeformed sample were artificially deformed 
using image processing algorithms. To avoid addition of 
auxiliary noise to the data by the image transformations the 
3D matrices has been resampled in all 3 directions to ensure 
necessary precision. Virtual compression/tension, shear and 
torque has been applied to the undeformed sample and 
maximal and mean errors has been computed for all cases. 
From these virtual deformations accuracy of the DVC method 
applied to micro-CT data with specific resolution has been 
assessed.  
To compute the displacements and strains in the sample during 
the real test displacements in all nodal points of the FE mesh 
were tracked incrementally from the state of zero deformation. 
Increment of displacement vectors has been computed using 
DVC applied to every nodal point in the entire FE model. The 
FE model consisted approximately of 150,000 elements.  
To enable easy visual comparison between the DIC and FEM 
results a smaller part of the trabecular structure has been cut 
from the cylindrical sample in its central part. The central part 
was also used to evaluate the maximal and mean error in terms 
of displacements and strains avoiding the poorly correlated 
image data at the boundaries. The poor correlation at the 

boundaries is caused by the insufficient size of the correlation 
template (<20x20x20 pixels).  

 

Figure 2:  A smaller model is cut from the sample in its 
central part. Visualization of displacements is presented. 
 
CONCLUSIONS 
The presented DVC technique enables easy and reliable 
method for verification of microstructural FE models against 
experiments. In case of artificially deformed image data from 
the zero-strain state the DVC method gives excellent results 
both in terms of displacements and strains. The maximum 
error in displacements for all deformation cases was smaller 
than 0.1 pixel (voxel) dimension. Maximum error in strains 
was smaller than 0.2%.  
In case of real deformations the image data became more 
noisy, however, the displacement fields evaluated using the 
DVC method were in good correspondence with expected 
values. However, to enable precise strain computation from 
the noisy displacements without any smoothing a more precise 
experiment needs to be performed. For proper strain 
computation using presented DVC technique, required 
resolution should be much smaller (~1 μm). This requires 
using either a sample smaller in diameter or large detector 
area.  
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