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Introduction 

The high resistance of bone to fracture originates from 

multiple toughening mechanisms that span several 

length scales [1]. Aging and disease lead to increased 

risk of bone fracture and it remains important to under-

stand the mechanisms of crack growth in relation to 

these structural length scales to improve fracture pre-

vention strategies. Here, we evaluate local fracture prop-

erties from full-field displacements in cortical bone tis-

sue at the microscale. We combine in situ high-resolu-

tion synchrotron radiation micro-computed tomography 

(SRμCT) indentation and digital volume correlation 

(DVC) to quantify three-dimensional crack opening dis-

placements and stress intensity factors along the crack 

front. 
 

Materials and methods 

Ovine cortical bone specimens (3 mm diameter, 4 mm 

length) were subjected to in situ step-wise indentation in 

beamline ID19 at ESRF using a custom-made microin-

denter equipped with a 30 μm high Berkovich tip. Spec-

imens were loaded with three ~10 μm displacements 

steps and phase-contrast SRμCT images (0.67 μm voxel 

size) were acquired after mechanical relaxation. DVC 

was used to evaluate the full-field displacement distri-

bution around indentation-induced cracks. Mode I, II 

and III crack opening displacements were obtained from 

the displacement difference on either side of the crack. 

We used a least-square regression to fit the crack open-

ing displacement data to Williams [2] expansion of near 

crack-tip displacement from which we extracted the 

stress intensity factors in Mode I, II, and III (i.e., 𝐾𝐼 , 𝐾𝐼𝐼, 
and 𝐾𝐼𝐼𝐼) along the crack front following [3], assuming 

an elastic modulus and Poisson’s ratio of 20 GPa and 

0.3, respectively [4]. 
 

Results 

3D crack opening displacements under the indenter tip 

were obtained (Figure 1). Median opening (Mode I) at 

the crack mouth amounted to 1.93 μm, while only 0.54 

μm at the crack tip. Shear displacement (Mode II) re-

mained below 1.5 μm at the crack mouth and 0.7 μm at 

the tip. Out of plane motion (Mode III) was less than 0.5 

μm and 0.1 μm at the crack mouth and tip, respectively. 

Similarly, Mode I stress intensity factors were larger 

than Mode II and III in all analysed cracks and vary 

along the crack front. 𝐾𝐼  ranged between 0.28 MPam0.5 

and 2.96 MPam0.5, whilst 𝐾𝐼𝐼 ranged between 0.01 

MPam0.5 and 0.50 MPam0.5, and 𝐾𝐼𝐼𝐼 between 𝐾𝐼𝐼𝐼 0.02 

MPam0.5 and 0.37 MPam0.5. 

 

 
Figure 1: Mode I crack opening displacements (CODv) 

under a Berkovich tip at (a, c) 20 μm and (b, d) 30 μm 

indentation depth. (a, b) 2D cross-sections 50 μm under 

the tip and (c, d) 3D renders showing segmented cracks. 
 

Discussion 

Crack opening displacements indicated a predominant 

Mode I fracture, as expected from the loading condi-

tions. However, indentation loading with a Berkovich 

tip induced significant shear (Mode II). Variations of the 

stress intensity factors along the crack front emphasize 

the importance of a 3D characterization of the fracture 

toughness. 𝐾𝐼  values were consistent with previous stud-

ies on a similar length scale, but lower than macroscale 

fracture testing [4]. Whilst we used here a linear-elastic 

fracture mechanics approach, future work will combine 

the experimental data with finite element analysis to ac-

count for the energy associated to plastic deformation 

[5]. Ultimately, this approach will allow us to explore 

bone failure in relation to microstructural changes due 

to aging or disease.  
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