Physical Imaging of Bone Sequential Light Microscopy Observations
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Résumé — We propose to evaluate the precision of Digital Image Correlation applied to sequential
light microscopy observations of fracturing human Haversian cortical bone. The displacement field on
the surface of 3D samples is tracked using a cross-correlation formulation. Due to the potential high
number of sequential observations, this study focuses on evaluating displacements at a given growth
step obtained by direct comparison of the studied step and the undeformed initial state or by iterative
comparisons of successive pairs of observations.
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1 Introduction

The experimental setting monitors and characterises micro cracks in bone by successive light mi-
croscopy observations of the surface of human Haversian cortical bone millimetric 3D samples. The
subsequent construction of a mechanical model is made possible by measuring mathematically compa-
tible displacements that become the essential boundary conditions of a finite element model [1]. The
displacements are measured using a zero-centered normalised cross-correlation formulation that sup-
presses differences in average luminosity and contrast between the reference and the deformed observa-
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where X; and x; are the pixel/subpixel coordinates of a point i in the reference picture Sp and the deformed
picture S, respectively. f and g are the grey-level of pixel/subpixel i in Sy and S, respectively. 7915 and
8y are the average grey-levels on the correlation domain in So and S, respectively.

Because such experiments generate numerous successive observations, this study focuses on two
alternative procedures where the method is applied either directly between an initial and the considered
observations or gradually between successive pairs of images.
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2 Methodology

The displacements are evaluated at a given crack growth step either by direct comparison of the stu-
died step and the undeformed initial state or by iterative comparisons of successive pairs of observations.
The cross-correlation formulation is applied for the correlation between grey-level intensities [6] where
the subpixel precision is achieved by means of a gradient-based descent algorithm [2] that is reliable
for large grey-level discontinuities and using full optimisation [7, 8, 2, 4, 5]. In each correlation domain
centered around a studied points, the local displacement field is most commonly assumed bilinear on the
sample surface [9, 10, 2, 3], which supposes that the local deformations are homogeneous. Because bone
is an heterogeneous material, a domain partitioning algorithm is necessary and coupled to the digital
image correlation.

In the gradual correlation procedure, two cases are studied. In one case, the deformation gradient bet-
ween a first and second images determines the analogous domain between this first pair of images ; this
domain is used to calculate the correlation between the following pair of images composed of the second
and third images. In the other case, the correlation between the second and third images is calculated in



the same manner as between the first pair of images by using a circular correlation domain of predefined
radius in the second image. Additionally the precision of the procedures is assessed in images genera-
ted or “simulated” by controled uniform deformations and compared when applied to “experimental”
observations.

3 Results

In order to compare the accuracy between cross-correlation methods, three indicators are calculta-
ted. The first indicator is the evolution of the coefficient of correlation is first studied in the frame of
direct and gradual analysis for a series of images. The second indicator is the average difference in dis-
placements calculated by cross-correlation methods and visual measurements. The third indicator is the
“error map” of the normalised difference in displacement calculated by cross-correlation methods and
visual measurements. - In the case of the analysis of four consecutive crack growth step, the reference
average difference in displacements calculated by cross-correlation methods and visual measurements
varies from 0.29 and 0.85 percent for direct and gradual correlation in “simulated” images. The average
difference in displacements calculated by cross-correlation methods and visual measurements in expe-
rimental images varies from 3.8 and 3.7 percent for direct and gradual correlation. The error maps are
shown in Fig 1

FI1G. 1 — Maps of normalised displacement error in “simulated” images for (a) direct cross-correlation,
(b) gradual cross-correlation retaining the deformed domain of correlation, (c) a gradual cross-correlation
where the correlation domain in the first image is set circular.
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