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a b s t r a c t 

The development of treatment strategies for skeletal diseases relies on the understanding of bone me- 

chanical properties in relation to its structure at different length scales. At the microscale, indention 

techniques can be used to evaluate the elastic, plastic, and fracture behaviour of bone tissue. Here, we 

combined in situ high-resolution SRμCT indentation testing and digital volume correlation to elucidate 

the anisotropic crack propagation, deformation, and fracture of ovine cortical bone under Berkovich and 

spherical tips. Independently of the indenter type we observed significant dependence of the crack devel- 

opment due to the anisotropy ahead of the tip, with lower strains and smaller crack systems developing 

in samples indented in the transverse material direction, where the fibrillar bone ultrastructure is largely 

aligned perpendicular to the indentation direction. Such alignment allows to accommodate the strain 

energy, inhibiting crack propagation. Higher tensile hoop strains generally correlated with regions that 

display significant cracking radial to the indenter, indicating a predominant Mode I fracture. This was 

confirmed by the three-dimensional analysis of crack opening displacements and stress intensity factors 

along the crack front obtained for the first time from full displacement fields in bone tissue. The X-ray 

beam significantly influenced the relaxation behaviour independent of the tip. Raman analyses did not 

show significant changes in specimen composition after irradiation compared to non-irradiated tissue, 

suggesting an embrittlement process that may be linked to damage of the non-fibrillar organic matrix. 

This study highlights the importance of three-dimensional investigation of bone deformation and fracture 

behaviour to explore the mechanisms of bone failure in relation to structural changes due to ageing or 

disease. 

Statement of significance 

Characterising the three-dimensional deformation and fracture behaviour of bone remains essential to 

decipher the interplay between structure, function, and composition with the aim to improve fracture 

prevention strategies. The experimental methodology presented here, combining high-resolution imag- 

ing, indentation testing and digital volume correlation, allows us to quantify the local deformation, crack 

propagation, and fracture modes of cortical bone tissue. Our results highlight the anisotropic behaviour of 

osteonal bone and the complex crack propagation patterns and fracture modes initiating by the intricate 

stress states beneath the indenter tip. This is of wide interest not only for the understanding of bone 

fracture but also to understand other architectured (bio)structures providing an effective way to quantify 

their toughening mechanisms in relation to their main mechanical function. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Bone is a stiff, strong, and tough multifunctional material pri- 

arily composed of water, collagen, and hydroxyapatite. Its highly 

ierarchical structure determines its mechanical properties at dif- 

erent length scales [1] . At the macroscale, bone consist of a dense 

nd hard cortical shell enclosing a trabecular core, with cortical 

one playing a major role in determining the overall mechanical 

ompetence [2] . Cortical bone is composed by osteonal and in- 

erstitial bone. Osteons are cylindrical structures made of concen- 

ric lamellae that surround and protect blood vessels. Each individ- 

al lamella comprises bundles of mineralised collagen fibrils orien- 

ated at different angles to the osteon axis in a plywood-type motif 

3–5] . The resistance of bone to fracture originates from the multi- 

le deformation and toughening mechanisms that span across sev- 

ral length scales. However, as the risk of bone fracture increases 

ith ageing [6–9] and disease [10] , it remains essential to under- 

tand the mechanisms of bone failure in relation to these struc- 

ural length scales to develop treatment strategies that prevent or 

everse these negative effects. 

Indentation techniques are widely used to evaluate bone me- 

hanical properties from tissue to lamellar length scales [11] . Prop- 

rties of bone such as hardness and elastic modulus can be ex- 

racted from the indentation curves [12] , while the yield proper- 

ies may be assessed using inverse methods [ 13 , 14 ]. However, the

nalysis of the plastic deformation during indentation is complex 

ue to the multiaxial stress state present in the deformation zone 

elow the indenter tip. Such stresses develop differently during 

ndentation depending on the indenter shape and the anisotropic 

issue organisation. While spherical tips minimise the plastic de- 

ormation and damage, providing a smooth transition from elas- 

ic to elasto-plastic contact, Berkovich tips induce plasticity at very 

mall loads and the measured mechanical properties are, therefore, 

ore sensitive to damage in comparison to indentation tests with 

pherical tips [15] . In that perspective, a simultaneous analysis of 

one deformation under different indenter geometries may provide 

reater insight on the damage mechanisms, i.e., microcrack devel- 

pment, leading to bone fracture. 

A key advantage of indentation testing relies on the robust- 

ess of the technique and the possibility to rapidly screen large ar- 

as of complex heterogeneous materials such as bone, allowing to 

robe localised microstructural features. As such, indentation test- 

ng has grown popularity for the evaluation of both local and bulk 

racture properties of hard tissues by making direct measurements 

f cracks created using sharp indenter tips [16–22] . However, this 

echnique remains semi-quantitative for fracture toughness evalu- 

tion [23] . Moreover, most indentation tests have so far restricted 

he examination of cracks to the material surface upon unload- 

ng using scanning electron microscopy [ 22 , 24 ], thus, hindering the 

eformation analysis of the material below the indenter tip dur- 

ng indentation. Recent in situ micro-computed tomography (μCT) 

ndentation tests have proved to be useful to visualise the three- 

imensional (3D) cracking and fracture behaviour not only in bone 

 25 , 26 ], but also in dentin [27] , and non-biological brittle materials

 28 , 29 ]. Most importantly, the deformation beneath the indenters 

ould be measured by digital volume correlation (DVC) of the ac- 

uired tomographs [ 25 , 27 , 29 ]. 

The combination of high-resolution μCT and DVC remains 

nique for the assessment of the 3D structure-function relation- 

hips in materials undergoing deformation, and has, therefore, 

een previously used to study the deformation patterns of corti- 

al bone specimens loaded in compression [30–32] , during frac- 

ure toughness testing [33] , and following indentation loading [25] . 

arali et al. [25] recently showed that cortical bone specimens in- 

ented in the axial direction developed larger cracks and higher 

esidual strains compared to those indented in the transverse di- 
84 
ection using a lab-based μCT system. However, the specimens 

ere imaged after the indenter was retracted, thus the strain dis- 

ribution under indentation loading was not evaluated. Moreover, 

he limited spatial resolution, hindered the analysis of the defor- 

ation beneath the indenter tip, as well as the crack propagation 

atterns in relation to cortical bone microstructural features. To 

ain a better insight of the deformation mechanisms at the tissue 

evel and the crack paths developing under the indenter tip, image 

esolutions in the order of one micrometre that can be achieved 

sing synchrotron radiation (SR)μCT remains essential [ 32 , 33 ] as 

his helps to improve the DVC-spatial resolution, and consequently 

he displacement and strain field accuracy [34] , and allow us to 

uantitatively analyse crack propagation in cortical bone. 

The displacement field around cracks quantified using DVC pro- 

ide the necessary information to measure crack opening dis- 

lacements [ 29 , 32 ], modes of fracture, and stress intensity factors 

ear the crack tip [35–37] . To our knowledge, only one study has 

ssessed the crack opening displacements in cortical bone [32] . 

hristen et al. [32] evaluated crack opening displacements up to 

 μm in murine pre-notched femurs loaded in compression. Yet, 

he analysis was restricted to 20 SRμCT cross-sections, and stress 

ntensity factors and local modes of fracture have not been ob- 

erved. This information is important to measure local toughening 

echanisms at the crack tip and to improve our current under- 

tanding of crack growth in relation to cortical bone microstruc- 

ure. 

Here, we aim to investigate (1) the influence of the indenter 

ip shape and tissue orientation on the cracking behaviour and lo- 

al deformation of cortical bone under indentation loading, and (2) 

he local fracture properties obtained from experimental displace- 

ent fields around indentation-induced cracks. To do so (1) we 

ombine stepwise in situ SRμCT indentation testing and DVC to ex- 

lore the interplay between crack initiation and local deformation 

nder spherical and Berkovich indenters in ovine cortical bone; 

2) we quantify local crack opening displacements, fracture modes, 

nd stress intensity factors at indentation-induced crack tips from 

he DVC-measured displacements fields. This will ultimately serve 

o evaluate the elastic, plastic, and fracture behaviour of bone in 

elation to its microstructure. We anticipate that this experimen- 

al technique will improve our understanding of indentation tests 

nd their results and will be applicable to a wide variety of hard 

issues. 

. Materials and methods 

.1. Specimens 

60 cylindrical specimens were produced from ovine cortical 

one. Parallelepipeds of approximately 4 × 4 × 35 mm were cut 

rom the femoral diaphysis of mature animals along (axial) and 

ransverse to the diaphyseal main direction using a high preci- 

ion band saw (EXACT, Germany). The parallelepipeds were dried 

t ambient temperature for 24 h and then trimmed into approxi- 

ately 4 mm long sections which were glued on aluminium cylin- 

ers with 8 mm diameter and 12 mm height using cyanoacrylate. 

o reduce weight the aluminium cylinders featured a blind hole 

f 5 mm diameter and 10 mm depth. Parallelepipeds were then 

athed to 3 mm diameter cylinders using a desktop lathe (PRO- 

AC, Taiwan). These cylinders were subsequently milled to ap- 

roximately 4 mm height with an ultra-miller (Leica, Germany) so 

hat the surfaces at the free ends were flat and smooth. 

.2. Stepwise indentation and SRμCT imaging 

A custom-made indentation device was used in this study Fig- 

re S1. The dry samples were loaded in stepwise manner in three 
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Fig. 1. (a) Exemplary force-time curves of four different specimens illustrating the stepwise loading for the two different indenters and the two different load directions. 

The thin black curves extrapolate the mechanical relaxation period to illustrate the expected relaxation behaviour without the beam. For this, non-normalised Prony-series 

F = F ∞ + 

3 ∑ 

i =1 

F i exp( −t / τi 
) with F ∞ long-term force, F i force parameters, and τi characteristic time were fitted to the 5 min relaxation data. (b, c) Schematic of local coordinate 

system (b) around the indenter tip and (c) crack tip in an exemplary bone specimen indented with a Berkovich tip in the axial direction. The SRμCT cross-sections shows the 

vascular porosity (black), the primary osteons (dark grey), the interstitial tissue (light grey), and the cellular porosity (i.e., osteocyte lacunae) visible as small black ellipsoids. 

Crack systems under the indenter tip are also seen in (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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oad steps with approximately 10 μm displacement per load step 

 Fig. 1 a). After each load step a waiting time of 5 min was intro-

uced to minimize sample creep induced drift in the imaging data. 

ylinders with either axial or transverse material orientation were 

ested with two different custom made indenter tips. A Berkovich 

ip with an indentable height of 30 μm and a sphero-conical dia- 

ond tip with a cone angle of 90 ° and a cone radius of 100 μm

Synthon MDP, Switzerland) were used. Prior to loading, a SRμCT 

can was acquired to image the unloaded configuration. Subse- 

uently, the sample was imaged after each load step. A final scan 

as acquired following unloading of the sample. This resulted in 

ve scans in total per tested sample. 

We performed SR phase-contrast μCT on beamline ID19 at Eu- 

opean Synchrotron Radiation Facility (ESRF) using a harmonic 
85 
1 keV and 200 mA (7/8 multibunch mode) setup with 1499 pro- 

ections over 360 ° angular range and a shutter time of 0.2 s. 

o monochromators were used. Instead, the peak was isolated 

rom the undulator source U17.6 with a specific filter combination 

2 mm Aluminium + 0.25 mm Cu + gap 15 mm). Source to de- 

ector distance was 145,0 0 0 mm and sample to detector distance 

as 40 mm. The transmitted X-ray beam was captured with a 

048 × 1024 CCD FReLoN detector [38] that was mounted behind 

 Europium doped Gadolinium Gallium Garnet scintillator with a 

hickness of 10 μm and a microscope optics with a 10 × objective 

NA 0.3) and a 2 × eyepiece. To facilitate fast read out, we operated 

he camera in frame-transfer mode (see [39] for more details). 

Phase retrieval was performed using Paganin’s algorithm 

40] with a δ/ β of 3/1. 3D reconstructions were performed us- 
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ng pyHST (python High Speed Tomography), an ESRF specific 

mplementation of a filtered back projection [41] . Ring artefacts 

ere corrected using a custom-made MATLAB (MathWorks, Mas- 

achusetts) software [42] in two steps (Table S1). Reconstruction 

as performed using 4 GPU Tesla C1060 cards with 240 proces- 

ors per GPU. Datasets of 2048 ×2048 ×1024 were reconstructed in 

pproximately 240 s. The resulting isotropic voxel size in the im- 

ges was 670 nm. 

.3. Image analysis 

We performed all image processing operations to segment bone 

issue, vascular and cellular porosity, microcracks, indenter, and air 

sing ITK, Python, NumPy, scikit-image and SimpleITK [43–45] . De- 

ails on image segmentation may be found in the supplementary 

aterial Section 

.3.1. Contact depth, contact area, and hardness 

To determine the contact depth, we combined the masks of air 

nd indenter and applied a closing operation. We fitted a plane to 

he surface voxels and its distance to the known indenter position 

as taken as the indentation depth, h . We determined the area 

t maximum indentation depth by the equations A = π( 2 Rh − h 2 ) 

or the sphero-conical indenter and A = 24 . 5 h 2 for the Berkovich 

ndenter [46] . We calculated hardness as the force at the end of 

he relaxation time divided by the area at maximum indentation 

epth at each loading step. 

.3.2. Microcrack systems 

To compare microcrack systems under the indenter tips, we de- 

ermine slice-wise polar plots for each tested specimen and for 

oad steps 1, 2, and 3 at 360 angular steps. For each angular step, 

he microcrack voxels lying on a Bresenham line were counted. The 

ength of the line corresponded to the radius of the largest possi- 

le circle around the indenter apex. We projected the slice-wise 

olar plots on one plane and load steps 1,2, and 3 were overlaid to 

llustrate microcrack propagation. 

.3.3. Cellular porosity 

We analysed the cellular volume in a 30 0 ×30 0 ×30 0 voxel 

201 ×201 ×201 μm 

3 ) volume of interest (VOI) centred under the 

ndenter tip. The VOI started at the specimen surface so that sink- 

n during the indentation was compensated. The cell porosity, �, 

as determined from the segmented images following Eq. (1) , 

here V cel l s , V tip and V air represent the volume occupied by the 

ells, the indenter tip, and the air, respectively, within the defined 

OI. We used linear regressions to identify possible correlations 

etween pore closure and indentation depth. 

= 

V cel l s 

V OI − V tip − V air 

(1) 

.4. Digital volume correlation 

We performed DVC analysis (DaVis v8.4, LaVision, Germany) on 

he SRμCT images after masking out the indenter tip and air to 

nvestigate the displacement and strain fields underneath the in- 

enter tip at increasing indentation depth. We used the image ac- 

uired at step 0 as a reference. The DaVis software is based on a 

ocal approach of deformable registration, and details on the oper- 

ting principles of the algorithm have been extensively reported 

lsewhere [ 47 , 48 ]. The image volumes were correlated using a 

ultipass scheme that used the displacement gradient from the 

revious pass to deform the subvolumes on the subsequent passes. 
86 
 Fourier-fast-transform pre-shift window of 112 voxels size pre- 

eded a direct correlation DVC computation with decreasing sub- 

olume sizes (i.e., interrogation window) of 64, 56, 48 and 40 vox- 

ls with 75%, 50%, 50% and 0% overlap between subvolumes, re- 

pectively, and two passes for each step was used. These param- 

ters were found to be optimal (Supplementary Material, section 

4) with correlation coefficient > 0.9, random errors in the dis- 

lacements not exceeding 0.082 μm, and accuracy and precision of 

he strain components [48–50] of 2.3 × 10 −4 and 7.7 × 10 −5 , re- 

pectively. 

Rigid body motion due finite frame compliance was removed 

y geometrical transformation of the DVC-obtained displacement 

eld, setting the relative displacement between load steps 0 and 

 to zero at their base, where the deformation due to indenta- 

ion should be negligible. From the resulting displacement fields, 

he strain tensor was derived and expressed in spherical coor- 

inates (radial, ε r , hoop, ε ϕ , and circumferential ε θ , directions), 

ith the origin of the reference system located at the indenter tip, 

 = ( x t , y t , z t ) ( Fig. 1 b). 

.5. Crack opening displacements and stress intensity factors 

We investigated the crack opening displacements and stress in- 

ensity factors in five samples indented with the Berkovich tip in 

xial direction. This selection was based on cracks that propagated 

adially from the indenter edges (i.e., peaks were visible at given 

ngles in the polar plots) and that did not extend outside the anal- 

sed field of view. Moreover, we excluded short cracks ( < 50 μm) 

hat mostly remained within the plastic deformation zone of the 

ndent. In total, we analysed the front of 14 cracks (two at load 

tep 2 and 12 at load step 3). 

For each of the cracks analysed, the displacement field in the 

riginal coordinate system ( u x , u y , u z ) was transformed to a local 

oordinate system centred at the crack tip ( u x ′ , u y ′ , u z ′ ) = ( u, v , w ) 

 Fig. 1 c). The crack opening displacements were estimated from 

he DVC-computed displacement difference between two planes 

aken parallel on either side of the crack [37] . To avoid image cor- 

elation errors due to the discontinuity, the two planes were cho- 

en at a distance of 100 voxels (67 μm), which were sufficiently 

emote from the crack [29] . 

We extracted the stress intensity factors from the elastic K- 

ominated field of the cracks of interest following previous ap- 

roaches [35–37] . First, we assumed that each plane orthogonal to 

he indentation loading axis (nearly orthogonal to the mean direc- 

ion of the crack front, ( x, y ) plane in Fig. 1 c), could be treated 

eparately [ 36 , 37 ]. For each of these planes, the crack-tip displace-

ent fields can be expressed as a Williams [51] expansion of the 

ollowing form: 

u I 

v I 

)
= 

⎛ 

⎜ ⎝ 

∞ ∑ 

n =1 

a n 
2 μ

√ 
2 π

ρ
n 
2 

[(
κ + 

n 
2 

+ ( −1 ) 
n 
)

cos nψ 
2 

− n 
2 

cos ( n −4 ) ψ 
2 

]
∞ ∑ 

n =1 

a n 

2 μ
√ 

2 π
ρ

n 
2 

[(
κ − n 

2 
− ( −1 ) 

n 
)

sin 
nψ 

2 
+ 

n 

2 
sin 

( n − 4 ) ψ 

2 

]
⎞ 

⎟ ⎠ 

(2) 

or Mode I, and 

u II 

v II 

)
= 

⎛ 

⎜ ⎝ 

−
∞ ∑ 

n =1 

b n 
2 μ

√ 
2 π

ρ
n 
2 

[(
κ + 

n 
2 

− ( −1 ) 
n 
)

sin nψ 
2 

− n 
2 

sin ( n −4 ) ψ 
2 

]
∞ ∑ 

n =1 

b n 

2 μ
√ 

2 π
ρ

n 
2 

[(
κ − n 

2 
+ ( −1 ) 

n 
)

cos 
nψ 

2 
+ 

n 

2 
cos 

( n − 4 ) ψ 

2 

]
⎞
⎟⎠

(3) 

or Mode II, where ( u, v ) are the displacements in the crack co- 

rdinate system ( Fig. 2 b), μ is the second Lamé’s coefficient ( μ = 

/ 2( 1 − υ) ), κ is the Kolossov’s constant ( κ = ( 3 − υ) / ( 1 − υ) for
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Fig. 2. Descriptive indentation data for all load steps 0 to 4. Load step 0 was defined as unloaded situation. However, an initial deformation is present due to the loading 

protocol where contact was defined to be established as soon as a small load ( ≤1 N) was detectable. Load step 4 was the unloading step to zero force. ∗ indicates significant 

differences to the previous load step. 
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lane stress conditions, and κ = 3 − 4 υ for plane strain condi- 

ions), ρ and ψ are the coordinates of a point in the local cylindri- 

al system with origin at the crack tip, O 

′ , ( Fig. 1 c) and E and υ are

he elastic modulus and Poisson’s ratio of bone. Here we assumed 

 = 20 GPa [52–54] and υ = 0 . 3 [15] . 

The factor 
√ 

2 π is introduced to match the standard singular 

rack field definition [55] obtained for n = 1 , so that the ampli-

udes a 1 and b 1 correspond to the stress intensity factors in Mode 

, K I , and Mode II, K II , respectively. 

Out of plane motions, w , induced by Mode III displacement can 

e defined as [37] : 

w I I I = 

K I I I 

2 μ
√ 

2 π
ρ

1 
2 sin 

ψ 

2 

(4) 

ith K I I I the stress intensity factor in Mode III. 

We used a least-square regression to fit the crack opening dis- 

lacement data on either side of the crack ( ψ = ±180 ◦) in a region

xtending 250 μm underneath the indenter tip to Eqs. (2) - (4) to 

xtract K I , K II , and K I I I . Elastic fields up to the order n = 5 were

onsidered. We excluded fits with r 2 < 0 . 8 . We assumed plane 

train conditions, given that our sample diameters (3 mm) were 

 2 . 5 ( K / σy 
) 2 , which is ∼ 0.25 mm (for an average crack initiation

oughness of 1 MPam 

0.5 and a yield stress, σy , of 100 MPa [33] . Ad-

itionally, we excluded planes where the in-plane measured crack 
87 
ength was shorter than 50 μm to ensure that the crack exten- 

ion was greater than the plastic zone size around the crack tip, 

 y = 

1 / 2 π( K / σy 
) 2 in plane strain conditions [56] , which is ∼10 μm. 

.6. Irradiation-induced damage 

We evaluated the force-time signal during beam exposure. Vi- 

ual inspection of the force-time data suggested a linear decay of 

he force signal after beam start ( Fig. 1 a). Therefore, a moving re- 

ression with a window width of 300 s was used and the slope 

ith a maximum Pearson’s correlation coefficient was recorded as 

eam relaxation rate, K, in N/s. 

We performed Raman spectroscopy on six irradiated samples 

ost-test and six untested specimens not exposed to SRμCT to in- 

estigate a possible influence of the beam on sample composition. 

aman spectra were collected using a commercial confocal sys- 

em (Nova Spectra, NT-MDT, Russia), equipped with a 100X objec- 

ive (Olympus, NA 0.95) and 632 nm HeNe laser excitation source. 

e made ten separate measurements on each irradiated and non- 

rradiated sample using a 60 s integration time (single acquisition) 

nd a 60 0/60 0 grating with approximately 2.7 cm 

−1 spectral reso- 

ution. In addition, we obtained detailed spectra around the amide 

 and III peaks using a 1200s integration time (single acquisition) 

nd a finer 180 0/50 0 grating with approximately 0.3 cm 

−1 spec- 
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ral resolution. The laser power at the sample surface was approx- 

mately 0.7 mW. To account for autofluorescence, the Raman spec- 

ra were baseline corrected following James et al. [57] using Spec- 

ools. 

We analysed the v 1 PO 4 , v 2 PO 4 , amid I, and amid III bands with

espect to full width half maximum (FWHM), peak intensity, inte- 

rated peak area, and peak position following Mirzaali et al. [9] . 

e averaged and treated the data in a repeated measures analy- 

is to reduce the variance in a sample with a limited number of 

pecimens [58] . 

.7. Statistical analysis 

Indentation and imaging data were grouped in Berkovich axial, 

erkovich transverse, spherical axial, and spherical transverse. Me- 

ian, minimum, and maximum values for all samples within each 

roup were computed to allow a boxplot-like representation, Data 

valuation was performed with Gnu R (R Development Core Team, 

008) or python. Non-parametric tests to a significance level of 

p = 0 . 05 were chosen due to the small sample number. 

. Results 

.1. In situ stepwise microindentation 

A total of 41 specimens survived mounting and could be 

canned in the available beamtime. From those specimens, one 

pecimen was lost due to beam-down in the middle of the scan, 

hile 12 specimens were lost during the initial indentation load- 

ng, which resulted in a large initial indentation imprint. Therefore, 

8 specimens, seven in four groups, were left for the analyses. 

The load where we considered contact as being established in- 

uced indentations of 10 to 20 μm depth. Afterwards, indenta- 

ion depth increased significantly due to external loading ( Fig. 2 ). 

edian indentation depths at maximum load (i.e., load step 3) 

ere 31.4 μm, 31.6 μm, 30.1 μm, and 27.9 μm for Berkovich ax- 

al, Berkovich transverse, spherical axial, and spherical transverse 

roups, respectively. Increasing indentation depth was accompa- 

ied by a significant increase in force, and indentation area. Hard- 

ess increased significantly only for the spherical indentations due 

o the self-similar shape of the Berkovich indenter. 

.2. Cellular porosity and crack propagation 

Median cellular porosity under the tip was 4.6%, 4.4%, 4.5%, and 

.2% at the beginning and 3.5%, 3.8%, 3.7%, and 4.0% at the end of 

he experiment for Berkovich axial, Berkovich transverse, spherical 

xial, and spherical transverse, respectively (Figure S3). The cellular 

orosity decreased significantly for the Berkovich indenter in ax- 

al and transverse direction and for the spherical indenter in axial 

irection but not in transverse direction. The slope of the signif- 

cant regression lines of cellular density versus indentation depth 

as steepest for the axial Berkovich indentations and lowest for 

he spherical indentations in transverse direction (Figure S4). The 

ecrease in cellular porosity was associated with the closure of the 

ellular lacunae as well as an increase in crack volume underneath 

he indenter. 

Significantly more microcracks were induced when indenting 

n axial than in transverse direction ( Fig. 3 , Figure S3). Compar- 

ng both indenter types shows that the Berkovich indentation re- 

ulted in more cracks than the spherical indentation in axial direc- 

ion, but less cracks in the transverse direction ( Fig. 3 ). The crack

ystems induced by the Berkovich indenter emanated from the 

hree corners of the tip for specimens loaded in the axial direction 

 Fig. 4 ), with microcracks clearly detectable from load step 2. In the 

ransverse direction, only small microcracks were observed, which 
88 
eem to initiate from vascular canals and to propagate perpendic- 

lar to the Berkovich tip edges ( Fig. 4 , Figure S5). Large monodi-

ectional crack systems were observed in the case of the spheri- 

al indenter, both in the axial and transverse direction at load step 

 ( Fig. 3 , Fig. 4 , Figure S5). Additionally, specimens loaded in the

ransverse direction presented ring (cone) cracking at load step 3 

blue arrows, Fig. 4 , Figure S5). Some microcracks were present be- 

ore indentation, which widened with increased loading (white ar- 

ows, Figure S5). 

Crack trajectories were more deflected when propagating 

hrough the transverse orientation of the specimens, while rela- 

ively linear in the longitudinal direction, independently on the in- 

enter tip. Cracks deflected when hitting vascular canals and/or 

ellular lacunae (green arrows, Fig. 4 , Figure S5). While most cracks 

enetrated the osteons, some appeared to deflect when reaching 

steons (yellow arrows, Fig. 4 , Figure S5). Formation of uncracked 

igaments was also observed along the crack paths (orange arrows, 

ig. 4 , Figure S5). 

.3. Strain field mapping 

DVC-computed strains showed a general increase in strain 

agnitude with increasing indentation load, irrespective of the 

ndenter type and indentation direction both in the radial ( Fig. 5 ) 

nd hoop ( Fig. 6 ) direction. Radial strains were axially symmet- 

ic ( Video 1 ), reflecting the indenter profile. A region of tensile 

ideo 1. 3D animation of radial strain, ε r , distribution computed using digital vol- 

me correlation during indentation loading for an exemplary sample of each group 

i.e., Berkovich axial, Berkovich transverse, spherical axial, and spherical transverse). 

he full analysed volume of interest is first shown, followed by a high-magnification 

f the region underneath the indenter tip. 

radial strains was observed underneath both Berkovich and 

pherical indenter tips, which extended to ∼100 μm at load step 

, and extensive compressive deformation further from the tip 

 Fig. 5 ). The built-up of radial strains was more extensive for spec- 

mens indented in the axial direction, surpassing 1% at load step 3, 

hile those specimens indented with the Berkovich tip displayed 

he lowest deformation, with radial strains below 0.8% at load 

tep 3 ( Fig. 5 ). Hoop strains reflected the anisotropy of bone, with

trains more significant for axially orientated specimens compared 

o transverse ones ( Fig. 6 , Video 2 ). Slice-wise polar plots demon-

trated that microcracks ahead of the tip were mostly accommo- 
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ated by the hoop strains, with high tensile strain regions, above 

% in axially indented specimens and above 1% in transversely ori- 

ntated ones, associated with Mode I cracks ( Fig. 6 ). However, large 

icrocracks in transverse-orientated specimens were observed in 

egions of large tensile radial strains, indicating a mix-mode frac- 

ure ( Video 3 ). 

ideo 2. 3D animation of hoop strain, ε ϕ , distribution computed using digital vol- 

me correlation during indentation loading for an exemplary sample of each group 

i.e., Berkovich axial, Berkovich transverse, spherical axial, and spherical transverse). 

he full analysed volume of interest is first shown, followed by a high-magnification 

f the region underneath the indenter tip. 

ideo 3. 3D animation of the interplay between crack propagation, cortical bone 

icrostructure and deformation for an exemplary sample of each group (i.e., 

erkovich axial, Berkovich transverse, spherical axial, and spherical transverse). 

he top row reveals the vascular porosity (i.e., Harversian and Volkmann’s canals, 

hite), cellular porosity (i.e., cellular lacunae, yellow), and microcracks (red) de- 

eloping during indentation loading underneath the indenter tip, while the bottom 

ow shows the hoop strains, ε ϕ , for axially indented samples and radial strains, ε r ,

or transversely indented samples. 

.4. Crack opening displacement and stress intensity factors 

The crack opening displacement data obtained from the dis- 

lacement fields on either side of the cracks indicate a predom- 

nant Mode I opening (Figure S6). Median opening at the crack 

outh amounted up to 1.93 μm while only up to 0.54 μm at the 

rack tip. Some shear displacement (Mode II) was also present, al- 

hough it remained below 1.49 μm at the crack mouth and 0.68 μm 

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

.50 μm at the crack mouth and 0.09 μm at the crack tip. 
89 
Fig. 7 shows the analysis CODs and crack driving forces in a 

ample indented with the Berkovich tip in the axial direction, 

here the front of two radial cracks was analysed at load steps 

 and 3. Crack opening displacements decreased with increasing 

adial and axial distance from the indenter tip ( Fig. 7 g, h), with an

pening of ∼2 μm at the crack tip 100 μm below the indenter tip 

 Fig. 7 i). At load step 3, further propagation and consequent open- 

ng of the crack could be observed. Mode I opening was significant 

igher than Mode II, while out of plane motion remained close to 

 ( Fig. 7 i). At load step 2, K I along the crack profile was constant,

ith median values of 1.1 – 1.3 MPam 

0.5 . Increasing the indenta- 

ion load resulted in an increase of K I , reaching values above 3 

Pam 

0.5 ( Fig. 7 h). For the blue-coloured crack in Figs. 7 d-f, the

arger values of K I measured in the region extending from 50 to 

00 μm below the indenter tip were consistent with the longer 

racks observed. On the other hand, the large scatter of the data 

or the yellow-coloured cracks 50 to 150 μm below the indenter 

ip at both load steps 2 and 3 were associated to pre-existing mi- 

rodamage in the sample (red arrow) in proximity to the crack tip. 

Mode I stress intensity factors ( K I ) were larger than Mode II 

 K II ) and III ( K I I I ) in all analysed crack profiles (Figure S6). No cor-

elations were observed between the measured crack length and 

tress intensity factors, although K I tended to be higher for larger 

racks (Figure S6). Median K I ranged between 0.28 MPam 

0.5 and 

.96 MPam 

0.5 , whilst median K II ranged between 0.01 MPam 

0.5 and 

.50 MPam 

0.5 , and median K I I I between K I I I 0.02 MPam 

0.5 and 0.37 

Pam 

0.5 . 

.5. Irradiation-induced damage 

Beam relaxation rate decreased in all load steps (Figure S7). 

eam relaxation was not different when comparing Berkovich and 

pherical indenters. Normalising beam relaxation rate to the inden- 

ation force of the respective load step showed increasing slopes 

or later load steps (Figure S7). Raman measurements using a rela- 

ively short integration time (60 s) was first utilised, while collect- 

ng a statistically relevant number of 10 spectra per sample. FWHM 

as affected by irradiation in case of all four observed variables 

Figure S8). Peak height was significantly affected by irradiation in 

ase of all observed peaks except v 1 PO 4 . For the integrated area 

nder the curve differences were found for both amide peaks. Peak 

osition changed significantly only for the amide I band. It was 

oted that the experimental scatter of these measures increased 

ignificantly for the irradiated samples, casting doubt on the valid- 

ty of the found statistical differences. In order to verify whether 

r not these differences were an artefact of the strong background 

nd the resulting decreased signal to noise ratio, further measure- 

ents using a finer spectral resolution and longer integration time 

1200s) were performed for the amide I and amide III peaks on 

wo irradiated samples and two samples in their original state. The 

esulting representative spectra did not yield clear differences be- 

ween irradiated and non-irradiated samples (Figure S9). 

. Discussion 

We combined in situ indentation testing with time-lapsed 

RμCT and DVC to investigate microcrack systems and local defor- 

ation under a Berkovich and a spherical indenter. We performed 

tepwise in situ indentations in axial and transverse material direc- 

ion, with high resolution SRμCT images acquired at increasing in- 

entation depths. From the SRμCT data, we investigated changes in 

orosity due to the indentations as well as the microcrack systems 

merging under the indenter due to the induced loading, while 

e quantified local strain fields, crack opening displacements and 

tress intensity factors by means of DVC of the acquired tomo- 

raphs. 
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Fig. 3. Slice-wise polar plots illustrate the microcrack evolution under two different indenter tips for the two different testing directions. Crack volume in μm 

3 is shown on 

the radial axis and angle in degrees on the angular axis. 
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.1. In situ stepwise SRμCT indentation 

The observed trends in the indentation process, such as, 

ncreasing depth and force are consistent with what could be 

xpected for such a stepwise process. The increase in indenta- 

ion area for both indenters as well as the smaller indentation 

rea for spherical indenters are also consistent with literature 

n nanoindentation [ 15 , 46 ]. The observed trends in hardness 

omply with data by Schwiedrzik and Zysset [15] who reported 

epth-independent hardness for Berkovich indenters and increas- 

ng hardness with increasing indentation depth for spherical 

ndenters due to their lack of self-similarity. However, loading 
90 
he sample into the custom-made indenter led to considerable 

nitial imprints on the indentation surface. A large number of 

amples were lost largely due to operator error when mounting 

he samples too fast. This resulted in several visible imprints 

n the indentation surface so that no clear start of the inden- 

ation process could be defined. Such samples were not further 

nalysed. 

Pore closure in the process zone ( Fig. 4 ) may indicate densi- 

cation at the cellular level. However, the used indenters lead to 

 stress concentration underneath the tip so that ongoing stress 

elaxation could blur the image due to internal flow processes. 

ince cellular lacunae feature a less pronounced contrast than 
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Fig. 4. Anisotropic crack propagation under Berkovich and spherical indenters. Two orthogonal SRμCT cross-sections are shown at load step 0 and load step 3, which 

correspond to the unloaded and maximum loading configurations, respectively. The green boxes locate the volume of interest that was used for the cellular porosity analysis. 

Green arrows indicate microcracks deflected as they hit vascular canals or cellular lacunae. Orange arrows point to uncracked-ligament bridging. Blue arrows indicate ring 

(cone) cracking under the spherical indenter. Yellow arrow points to microcrack that hit an osteon and deflected. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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ackground or vascular porosity, this stress induced blurring could 

hadow cellular lacunae. However, the mechanical relaxation (see 

rony series in Fig. 1 a) seemed to be quite stable at the end of

he holding time so that global relaxation may not unfold such 

n impact. Other studies [ 31 , 59–61 ], did not report diminished im-

ge quality due to such a relaxation effect when analysing trabec- 

lar and cortical bone at a coarser or similar spatial resolution. 

he used indenters and the achieved indentation depths are large 

nough to affect the analysed process zones and pores contained 

herein which suggests that densification is indeed taking place. In 

ddition, pores not closed as well as emerging microcracks within 

he analysed zone and close to the indenter ( Figs. 4 , Figure S5) re-
91 
ain sharp and unaffected by motion artefacts. This indicates that 

 steady state could be assumed, and densification driven by clo- 

ure of cellular pores takes place. 

.2. Anisotropic crack propagation and deformation 

The observed crack maps ( Figs. 4 , Video 3) due to the Berkovich 

ndenter in axial direction resemble the three-armed feature ex- 

ected for the three-sided pyramid [46] . However, even indenta- 

ions to similar depths ( Fig. 3 ) lead to smaller crack systems in

ransverse direction ( Fig. 3 ). Karali et al. [25] reported similar be- 

aviour in bovine cortical bone specimens subjected to large in- 
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Fig. 5. Radial strains, ε r , computed using digital volume correlation at load steps 1 to 3 as a function of the radial distance to the indenter tip. Strains were integrated over 

all orientations. Solid lines indicate the median strain values between specimens in each group and shaded areas the maximum and minimum strain values. 
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entations in both axial and transverse direction. While the au- 

hors argued that the transverse orientation of the Harversian 

anals assisted in maintaining the structural integrity, the mecha- 

ism behind the differences observed in crack formation is mostly 

ue to the underlying anisotropy of the lamellar structure [ 62 , 63 ]

nd its microstructural arrangement which features several tough- 

ning mechanisms that impede microcrack development [64] . In- 

eed, the fibrillar ultrastructure of ovine bone, which is largely ori- 

ntated perpendicular to the indented direction in transversely ori- 

ntated specimens, helps to accommodate the strain energy while 

roviding intrinsic crack-tip shielding in the hoop direction (Video 

), inhibiting the propagation of the crack. This was previously 

bserved in elephant dentin, where the orientation of the col- 

agen fibrils relative to the indentation direction led to a highly 

nisotropic crack propagation behaviour [27] . While the difference 

etween axial and transverse spherical indentations may follow 

imilar arguments as in case of the Berkovich groups, the over- 

ll smaller crack systems for this indenter could be a result of 

ndenter shape. Unlike the Berkovich pyramid, sphero-conical in- 

enters do not feature edges that promote crack formation [46] . 

t is, nevertheless striking that large cracks are observable in 

he last loading step of the spherical indentations. These planar 

racks seem to be feature-guided as they contain multiple cellu- 
92 
ar lacunae and are situated at macro-lamellar interfaces, espe- 

ially in the axial case ( Fig. 4 ). They appear as large spikes in

ig. 3 and seem to emerge at the end of the loading protocol 

etween load step 2 and 3. This could be caused by the plastic 

one underneath the indenter tip that induce tensile hoop stresses 

hich nucleate one major crack once the material is sufficiently 

amaged. 

We segmented microcracks in the bulk sample and applied our 

eature vector to decide upon a crack on each connected item in 

he segmentation map [65] . This robustly segments larger cracks 

ut may lead to oversampling in case of small microcracks where, 

.g., penny-shaped lacunae are segmented as well. As cracks may 

e guided by cellular lacunae ( Fig. 4 ) [ 32 , 60 , 66 ] so that a lacu-

ae connected to a crack will be sampled as part of the crack. To 

vercome this, a localised version of the segmentation, more ad- 

anced classifiers, e.g. random forests [67] , or deep learning meth- 

ds [ 68 , 69 ] could be used. A source of uncertainty in these seg-

entations as well as in the determination of indentation depth 

rise from image artefacts (e.g., rings, zingers, and beam harden- 

ng) that are present not only in the bulk material but also at the 

nterface between air and indentation surface. The planar nature 

f this interface in combination with the diamond indenters led to 

rtefacts in the phase contrast images. These artefacts were only 
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Fig. 6. Slice-wise polar plots of (top) crack volume and (bottom) hoop strains, ε ϕ , computed using digital volume correlation at load steps 1 to 3 for four exemplary 

specimens displaying large radial cracks. For each angle, maximum values over the stack of slices are shown. The angular axis shows the angle in degrees, while crack 

volume in μm 

3 and ε ϕ in% are shown in the radial axis (top and bottom rows, respectively). 
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artially removed by smoothing and were accounted for by ero- 

ion and dilatation of the used masks. We believe this to be a ro- 

ust approach in which information of a non-significant number of 

oxels at the indentation surface were lost. 

There is a densified plastic zone under the indenter that in- 

uces a tensile stress state in the surrounding material. We ob- 

erved a significantly spread tensile strain zone underneath the in- 

enter from the beginning of our loading protocol that changed to 

 uniform compressive strain state with increasing distance from 

he indenter tip (Video 1, Video 2). A similar strain distribution 

as been observed beneath the indenters in ductile metals [ 70 , 71 ].

n addition, the residual strains reported by Karali et al. [25] in 

ovine cortical bone also showed an extensive residual tensile re- 

ion under a Vickers indenter tip. However, compared to results 

rom Karali et al. [25] we observed a more constrained and lower 

trained tensile region which may relate to the lower indentation 

epths we conducted and the higher resolution of both our image 

nd DVC data, which led to more accurate and refined strain mea- 

urements. We did not observe significant strain heterogeneities 

ithin the tissue due to the presence of vascular or cellular poros- 

ty, which contradicts results reported in Christen et al. [32] for 

urine femurs, and may be explained by the different loading con- 

itions, where the indentation loading we applied lead to a high 

eformation concentrated beneath the indenter tip. Furthermore, 

e observed strain magnitudes in excess of the 0.7% - 0.9% corti- 

al bone yield strains previously reported [ 63 , 72 , 73 ] at load step

 ( Figs. 5 , 6 ), confirming the extensive plastic deformation under- 

eath the tip. 

The tip geometry seemed to have little influence on the shape 

nd size of the affected indentation volume. Nevertheless, spheri- 

al indentations led to larger strain values in both material direc- 

ions, which may be due to the lack of self-similarity of the spher- 

cal indenter tip. The material anisotropy was also reflected by the 

arger strain accumulation in samples indented in the axial direc- 

ion ( Figs. 6 , 7 , Video 1, Video2), this difference is closely related

o the fibrillar arrangement of bone extra cellular matrix in ovine 
d

93
ortical bone. As the femoral diaphysis is subjected to a signifi- 

ant bending moment during locomotion, the collagen fibrils are 

rranged to provide significant axial strength as well as resistance 

o crack propagation perpendicular to the length of the femur by 

eflecting those cracks towards the least load-bearing direction. 

igher tensile hoop strains, indicating Mode I fracture, generally 

orrelated with regions that display significant cracking radial to 

he indenter ( Fig. 6 ). For transversely indented samples, as cracks 

re directed towards a plane that offer higher resistance to frac- 

ure, high radial strains accumulated in regions displaying cracking, 

hich may indicate a change of fracture mode to shear (Mode II). 

.3. Local quantification of crack propagation 

We used the displacement fields resulting from our DVC analy- 

is to study the 3D opening of cracks propagating below the in- 

enter tip. Christen et al. [32] analysed the crack opening dis- 

lacements in notched mouse femurs subjected to compressive 

oading, however, the authors limited the displacement measure- 

ents to two-dimensional crack profiles. Here, we quantified the 

rack opening displacements in a 3D manner, which allowed us 

o infer not only the Mode I (opening) displacement, but also the 

hear (Mode II) and out-of-plane (Mode III) displacements ( Fig. 7 ). 

hile Mode III displacements were almost negligible, indentation 

oading with the Berkovich tip induced significant shear displace- 

ents in some of the analysed cracks, with magnitudes compara- 

le to the Mode I displacements ( Fig. 7 , Figure S6). Similar obser- 

ations were reported by Vertyagina et al. [29] in polycrystalline 

lumina beneath a Vickers indentation. Comparing the crack front 

rofiles identified from our segmentation procedure against the 

rack opening displacement maps we showed that DVC is more 

ensitive that SRμCT in visualising the crack tip, as significant dis- 

lacements are measured ahead of the identified front, indicating 

 process zone of high deformation. Indeed, DVC measures sub- 

ixel displacement, whereas μCT image contrast may not reliably 

etect crack opening lower than the image resolution [74] . In this 
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Fig. 7. Quantitative analysis of crack propagation during indentation loading. (a-f) SRμCT cross-section (a, d) 50 μm, (b, e) 100 μm, and (c, f) 150 μm below the Berkovich tip 

of a sample indented in the axial direction at (a-c) load step 2 and (d-f) load step 3 with the analysed microcracks coloured. Red arrows indicate pre-existing microdamage. 

(g, h) Crack opening displacements maps at (g) load step 2 and (h) load step 3 for the yellow/brown-coloured crack (Crack 1 in (a-f)). Dashed horizontal lines correspond 

to the planes depicted in (a, f). (i) Crack opening displacement profiles for microcracks highlighted in (b, e) 100 μm below the indenter tip. Mode I ( CO D v ), Mode II ( CO D u ), 

and Mode III ( CO D w ), opening displacements corresponding to pure opening, shear, and out of plane motion, are shown. (j) Mode I stress intensity factor ( K I ) along the crack 

front. Horizontal lines represent mean K I values along the crack front. Dashed vertical lines correspond to the planes depicted in (a-f). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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erspective, phase congruency based algorithms might represent a 

etter alternative to extract the crack tip position [ 75 , 76 ]. 

We found median Mode I opening displacements to increase 

nly up to 1.93 μm, which is in line with reported measurements 

y Christen et al. [32] , Hazenberg et al. [77] and Voide et al. [60] .

nterestingly, when comparing the crack opening profiles at load 

teps 2 and 3 ( Fig. 7 ), we observed that displacement magnitudes 

id not significantly increase when increasing the indentation load. 

nstead of increasing the crack opening displacement, energy is 

issipated by either an increase of the crack length or the forma- 

ion of new microcracks [32] , due to the existence of uncracked 

igament bridging in the intact bone mineral matrix, as well as 

ollagen-fibril bridging in disrupted mineral matrix where the or- 

anic constituents are intact [64] . 

We extracted the stress intensity factor along the crack front 

sing the 3D displacement fields from DVC following a similar ap- 

roach as in Limodin et al. [37] and Toda et al. [35] . To the best

f our knowledge, local stress intensity factor measurements have 

ot been reported for bone tissue so far. While K I I I values remained 

lose to zero along the crack front of most of the cracks, some of 

he analysed cracks showed significant values of K II , that cannot 

e neglected (Figure S6). However, Mode I was predominant, as 

xpected from the prescribed loading conditions. K I was observed 

o vary along the crack front ( Fig. 7 , Figure S6). This is a result of

he complex crack geometry and propagation behaviour in cortical 

one induced by indentation loading, and which may also be influ- 

nced by the type tissue (i.e., osteonal or interstitial) these cracks 

ropagate through. Altogether, our results emphasize the impor- 

ance of a 3D characterization of the fracture toughness, which 

ay allow to correlate variations in local stress intensity factors 

ith local material and/or microstructural changes. 

Our measured K I values are consistent with average bulk tough- 

ess measurements found in literature in ovine bone. Mullins et al. 

22] reported values of 0.5 MPam 

0.5 to 2.3 MPam 

0.5 using cube cor- 

er indentation fracture test on samples orientated in the longitu- 

inal (here called axial) direction, similar to our findings (Figure 

6). They also align well with the stress intensity values of ∼ 1 

Pam 

0.5 to 2 MPam 

0.5 reported by Koester et al. [52] in human 

ortical bone over the first 500 μm cracking in the longitudinal di- 

ection. Other studies, however, report crack initiation toughness 

n bovine cortical bone in the range of 2.2–5.2 MPam 

0.5 [ 33 , 78–

1 ] and 2.4–7.2 MPam 

0.5 [ 80 , 82 ] in the transverse and longitudinal

irection, respectively, using macroscale fracture mechanical test- 

ng. These are higher than the stress intensity fracture values we 

easured. This difference may be due to the short crack lengths 

nd the absence of large crack deflections and twisting of the anal- 

sed cracks in our study ( Fig. 4 ), but also the use of different frac-

ure mechanics approaches. For instance, it was recently shown 

hat traditional unloading compliance methods following the ASTM 

1820 standard [83] underestimate crack extension, leading to sig- 

ificantly different fracture toughness measures compared to opti- 

al methods [84] . 

Bone tissue exhibits a rising fracture resistance with crack ex- 

ension, thus, toughness measurements should be described as a 

unction of crack extension [ 52 , 85 ]. Here, as cracks were barely

etectable at load step 2, we were not able to analyse changes 

ith increasing crack size. Yet, in one specimen, we observed an 

ncrease of K I with increasing crack propagation ( Fig. 7 ). As we 

estricted our analysis to cracks within our image field of view 

hat propagated radially to the indentation axis based on our po- 

ar plots ( Fig. 3 ), the number of cracks was rather limited, and we

nly analysed samples indented with the Berkovich tip in the ax- 

al direction. Therefore, we could not quantify differences between 

ndenter geometry, either material orientation. While it is well 

nown that the driving force for crack propagation is higher in the 

ransverse direction than in the longitudinal direction [ 52 , 64 ], the 
95 
omplex crack growth pattern observed here, both axially and ra- 

ially to the indentation axis, makes it difficult to assign an unique 

rack propagation direction to our specimens, for which traditional 

racture toughness mechanical testing on compact-tension samples 

ay be more appropriate. 

To further validate our measurements, under small-scale yield- 

ng condition in Mode I, we can use the crack-tip opening displace- 

ents measured using DVC, which can be given in terms of the 

ield strength, σy , [86] by: 

CT OD ≈ 4 

π

K 

2 
I 

μσy 

(4) 

Considering our DVC-derived CT OD and K I , we obtain a mean 

 ± standard deviation) yield strength of 117 MPa ( ± 65 MPa). 

hese values align well with the strength measurements reported 

y Casari et al. [63] for dry ovine cortical bone at the length scale 

f multiple lamellae, where brittle failure was observed. 

.4. Irradiation-induced damage 

An unexpected, yet most interesting result was the linear relax- 

tion due to the X-ray beam ( Fig. 1 a). The effect of the X-ray beam

n the stress-relaxation curves during in situ SRμCT experiments 

as been previously observed in bone [87] and soft tissues [88] , 

owever, to our knowledge, this behaviour has never been quan- 

ified. The relaxation was consistent throughout scanning, but its 

mpact seems to have decreased towards the end of the loading 

rotocol. This suggests that structures damaged by the beam were 

lready largely broken in the later loading steps so that the relax- 

tion decreased, in line with recent findings by Sauer et al. [89] , 

ho observed a decrease in the rate of relaxation of strains in pre- 

tressed hydroxyapatite crystals during in situ X-ray diffraction of 

ry bone specimens. 

It is known that radiation is affecting the mechanical proper- 

ies of bone [ 53 , 90–92 ] which complicates its use in in situ exper-

ments. We, therefore, tried to minimise dose exposure minimis- 

ng the exposure time. Since it has been proposed that X-rays af- 

ect the collagen network [ 53 , 54 ] which could, thus, lead to the

bserved effect, we investigated the composition using Raman mi- 

roscopy. At first glance the results indicate indeed a significant 

ifference in the amide I and II peaks between irradiated and 

on-irradiated samples (Figure S8) which would be in line with 

53] . However, we observed a strong decrease in the signal-to- 

oise ratio in the irradiated specimens, suggesting that irradiation 

ould alter the surface quality of the sample, thereby influencing 

he quality of the Raman spectra collected with small integration 

imes. Based on our refined scans with significantly increased in- 

egration time and spectral resolution, it is evident that there are 

o clear changes between the peak shapes of the amide I and III 

eaks of irradiated and virgin material (Figure S9). The only dif- 

erence that is visible is the decrease in signal-to-noise ratio for 

he irradiated sample due to increased background. This means 

hat there are no clear changes in the protein α-helix, β-sheets 

nd random coils (amide III) as well as in C == O bonds, immature 

ross-links, β-sheet and disordered secondary structure (amide I) 

n the molecular level [93] . Therefore, it seems that the colla- 

en backbone and secondary structure are not strongly affected by 

he synchrotron irradiation, which contrasts the current state-of- 

nowledge [53] . The apparent embrittlement of the bone samples 

ust therefore stem from changes in a different part of the organic 

hase, e.g., lipids or other non-collagenous proteins [93] visible in 

ther smaller peaks within the Raman spectrum of bone. Due to 

he strong decrease in signal-to-noise ratio for the irradiated sam- 

le, these effects could not be verified experimentally in this study. 

An alternative explanation of the linear relaxation and the sam- 

le embrittlement induced by the radiation could be damage to 
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he non-fibrillar organic matrix that bonds the mineralised fibrils 

nd mineral particles, acting as a “glue” [94] . Destruction could 

e promoted by ionised water [95] or ionised calcium and phos- 

horous from the hydroxyapatite crystals [89] rupturing sacrificial 

onds in the interfibrillar matrix of bone [94] . Instead of beam 

nduced cross-linking reactions or fragmentation of collagen α- 

hains [ 53 , 96 ], these free radicals could physically disrupt the con- 

ectivity of the mineralised fibrils. This would destroy one of the 

oughening mechanisms that acts against crack growth in bone 

97] and, consequently, lead to an increase of damage. This results 

hen in an increase in compliance which, in turn, could explain 

he linear relaxation. Such a mechanism would not be detectable 

y our Raman spectroscopy measurements. While this mechanism 

ould also be promoted by X-ray induced heating, the low thermal 

radients previously measured during in situ SRμCT experiments 

87] suggest that ionisation effects [89] may be more important. 

.5. Limitations of the study 

We used cortical bone from ovine femur which has previously 

een found to be an acceptable model for human bone at the 

amellar level [ 62 , 63 ]. However, ovine femoral bone is mostly pri-

ary bone and lacks cement line boundaries as compared with 

econdary compact bone [ 98 , 99 ]. The absence of cement sheaths 

esults in the loss of one of the major extrinsic toughening mech- 

nisms in bone: crack deflection and twisting at the cement lines 

64] . As such, we did not observe major deflections as reported for 

uman cortical bone [52] , and most cracks penetrated the osteons. 

his allowed us to simply calculate crack opening displacements 

y taking two planes parallel to the main crack direction. However, 

his approach may not be feasible when cracks feature large local 

eflections, as expected when analysing secondary bone strained 

n the longitudinal direction. In such case, crack opening displace- 

ents will need to account for the local orientation of the cracks, 

nd local stress intensities could be calculated by using crack-twist 

nd crack-deflection mechanics [52] . 

Another limitation to be considered is the use of linear-elastic 

racture mechanics (i.e., small-scale yielding conditions) to ex- 

ract the stress intensity factors from the K-dominated field of the 

racks of interest. Although linear-elastic fracture mechanics has 

een widely used to characterise bone toughness [ 78 , 80 , 100–104 ],

he assumption that any inelastic behaviour is limited to a small 

ear-tip region must be taken. As such, the stress intensity factors 

e report here do not account for the energy associated with plas- 

ic deformation during bone fracture, which relates to the intrin- 

ic toughening in bone [64] . A nonlinear-elastic fracture mechanics 

pproach using the J-Integral as the driving force for crack initia- 

ion and growth would be more appropriate to capture the contri- 

ution to the toughness from the elastic and plastic deformation. 

n this perspective, the DVC-measured displacements can be com- 

ined with finite element analysis to evaluate the J-integral and 

racture toughness of the material of interest, as recently shown 

or trabecular bone in two-dimensions [105] and graphite in three 

imensions [106] . This was, however, beyond the scope of this pa- 

er, where a fully experimental approach was considered. Never- 

heless, the large experimental data we present here may serve to 

alidate finite element models [107] that allows us to extract the 

ield properties of bone (e.g., yield stress and hardening exponent) 

sing inverse methods from the DVC-measured deformation field 

70] , as well as phase-field fracture models [108] to analyse the 

racture behaviour of cortical bone. 

A further limitation of this study is the fact that the specimens 

ere subjected to SR X-ray radiation, as discussed in Section 4.4 . 

hilst we did not directly measure the radiation dose absorbed 

y our samples, we can provide an estimate based on previous lit- 

rature. Pacureanu et al. [109] reported radiation flux density of 
96 
.9 × 10 13 photon/s/cm 

2 in beamline ID19 using the same insertion 

evice. Considering the cylindrical geometry of our bone samples, 

ith an apparent density of 1.5 g/cm 

3 [110] and a mass attenua- 

ion coefficient of 1.26 cm 

2 /g at 31 keV [111] , we could estimate 

he dose rate following [91] as 93.9 Gy/s, which results in a total 

ose of 28.2 kGy per tomogram and 112.6 kGy for the four load- 

ng steps considered in our crack propagation, deformation, and 

racture analysis. However, the estimation of the flux density in 

acureanu et al. [109] was done for a lower energy and higher res- 

lution compared to our study (19 keV and 0.3 μm voxel size, re- 

pectively). Suuronen et al. [112] reported relative dose at 29.6 keV 

s only ∼70% of that incurred when at 17.5 keV, while Immel et al. 

113] described an exponential relationship between radiation dose 

nd image resolution. Moreover, we did not consider the flux at- 

enuation introduced by the filters and micromechanical device 

91] . Altogether, it is likely that the total radiation dose absorbed 

y our samples was significantly lower than 100 kGy, yet above the 

uggested ‘safe’ threshold of 35 kGy [53] . Low-dose high-resolution 

R imaging remains challenging, and while optimisation of imaging 

etup [ 87 , 91 ] and reconstruction approaches using, for example, 

eep learning [33] are being developped, future work is needed to 

ssess whether the accuracy of DVC based on deep learning gen- 

rated images will hold. Still, we show a clear effect of the X-ray 

eam on the stress relaxation behaviour of our specimens from the 

eginning of our loading protocol. In addition, it has been recently 

uggested that there is likely no truly safe dose for bone material, 

s radiation damage in bone is not strictly dose-dependant [89] . 

herefore, we believe that further studies could help to decipher 

he mechanisms behind the observed sample embrittlement and 

he implications on the measured mechanical properties across 

ength-scales. 

. Conclusion 

We characterised the crack propagation, deformation, and frac- 

ure behaviour of ovine cortical bone under Berkovich and spher- 

cal indenter tips using in situ high-resolution SRμCT and DVC. 

ur results highlight the structural anisotropy of bone, with lower 

trains and smaller crack systems developing in samples indented 

n the transverse direction, independently of the indenter type. 

racking in the radial direction was correlated with high tensile 

oop strains, suggesting that tensile hoop stress serve to open mi- 

rocracks. The 3D nature of the DVC data allowed us to provide 

 local quantification of the crack propagation behaviour, where 

rack opening displacements and stress intensity factors were eval- 

ated from the full displacement field underneath the indenter tip, 

ndicating a predominant Mode I fracture mode, however, Mode 

I fracture (i.e., shear) was also present. Analyses of the beam 

mpact revealed no damage in the collagen backbone and sec- 

ndary structure which contrasts the current state-of-knowledge. 

owever, other organic structures inside the extracellular matrix 

ike collagen cross-links, lipids, or other non-collagenous proteins 

ight be affected. Beam induced relaxation data indicates that the 

eam impact could be linked to an embrittlement process that 

ay affect the non-fibrillar organic bone matrix. The experimen- 

al data and methodology we present here will improve our un- 

erstanding of indentation tests and their results and will serve 

o implement and validate finite element models that allow us to 

valuate the elastic, yield, and fracture properties of bone. This will 

avour the analysis of bone failure mechanisms and bone fracture 

esistance in relation to structural and material changes due to 

geing or disease. Ultimately, assessing how differences in bone ex- 

racellular matrix, bone mineral content and bone microstructure 

nfluence the resistance to crack propagation in bone may enable 

he development of treatment strategies that prevent bone frac- 

ure. 
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