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One step towards understanding bone fragility and degenerative diseases is to unravel the links between fracture
resistance and the compositional and structural characteristics of cortical bone. In this study, we explore an
optical method for automatic crack detection to generate full fracture resistance curves of cortical bone. We

DI,C quantify fracture toughness, critical failure strains at the crack tip, and crack tortuosity in three directions and
Microcomputed tomography . .
Mi analyze how they relate to cortical bone microstructure.

icrostructure

A three-point bending fracture test of single-edge notched beam specimens in three directions (cracks prop-
agating transverse, radial and longitudinal to the microstructure) from bovine cortical bone was combined with
2D-digital image correlation. Crack growth was automatically monitored by analyzing discontinuities in the
displacement field using phase congruency analysis. Fracture resistance was analyzed using J-R-curves and
strains were quantified at the crack tip. Post-testing, a subset of specimens was scanned using micro-tomography
to visualize cracks and to quantify their tortuosity.

Both fracture toughness and crack tortuosity were significantly higher in the transverse direction compared to
the other directions. Similar fracture toughness was found for radial and longitudinal directions, albeit 20%
higher crack tortuosity in the radial specimens. This suggests that radial crack deflections are not as efficient
toughening mechanisms. Strains at crack initiation were ~0.4% for all tissue orientations, while at fully
developed damage process zones failure strains were significantly higher in the transverse direction (~1.5%).
Altogether, we present unique quantitative data including different aspects of bone damage in three directions,
illustrating the importance of cortical bone microstructure.

characteristics of cortical bone. To this, numerous experimental and
computational studies have been presented, as covered in (Dapaah et al.,

1. Introduction

Osteoporosis is a disease characterized by low bone mass and fragile
bones. In 2019, more than 30 million people in the EU suffered from
osteoporosis (Kanis et al., 2021) and it is a major challenge to identify
high-risk patients before they fracture, to allow for preventive treat-
ment. In clinical practice, bone mass is used to predict fracture risk.
However, there are other key determinants of bone health, apart from
bone mass, that are typically overlooked, e.g., the fracture resistance of
cortical bone (Dapaah et al., 2023; Hernandez and van der Meulen,
2017). One step towards understanding bone fragility is to unravel the
links between fracture resistance and the compositional and structural

2023; Sabet et al., 2016; Ural, 2020; Wolfram and Schwiedrzik, 2016).
Yet, the mechanisms behind the diminished fracture resistance in pa-
tients with osteoporosis are not fully known.

The lack of standardized protocols for fracture mechanical testing of
cortical bone results in large variability in experimental data and diffi-
culties in comparing data between studies. The tradition of analyzing the
fracture toughness of cortical bone goes back more than four decades
(Bonfield and Datta, 1976), with a transition from linear to non-linear
fracture mechanical testing (Dapaah et al., 2023), as outlined in the
ASTM standards E399 (ASTM, 2009) and E1820 (ASTM, 2018). Apart
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from using different protocols, there is also the option of analyzing
single values, e.g., fracture toughness at crack initiation or peak load, or
full fracture resistance curves (R-curves) as a function of crack length,
which further complicates the comparison between studies (Ritchie
et al., 2008). Today, R-curves based on the J-integral are most common
for cortical bone, where the crack length is typically estimated from the
unloading compliance using empirical relationships (ASTM, 2018).
However, as recently discussed by Dapaah and Willett (2022), these
protocols were developed for metals, and not bone tissue. They conclude
that fracture testing of cortical bone should preferably be done under
monotonic loading conditions to avoid viscoelastic effects, such as en-
ergy dissipation, due to cyclic loading and partial unloading events. To
meet the suggestion of monotonic loading protocols, new methods for
tracking the growing crack are needed.

A handful of studies have used imaging techniques to monitor the
crack tip in cortical bone, by e.g., performing mechanical testing under a
light microscope (Dapaah and Willett, 2022; Shin et al., 2022), a scan-
ning electron microscope (Busse et al., 2013; Shin et al., 2022) or in situ
using synchrotron X-ray 2D projections (Zhai et al., 2019, 2020).
Common for all these studies is that the crack tip was manually identi-
fied from the collected images to monitor the crack growth. A
semi-automatic videography method for estimating crack growth was
developed by Katsamenis et al. (2013), and later used in other studies
(Gauthier et al., 2017; Jenkins et al., 2017; Katsamenis et al., 2015). The
approach is to track the whitening front that appears ahead of the crack
tip, caused by microdamage in the tissue. This region was identified
manually in each image frame and the extent of the region represented a
virtual crack tip, which was found to be constantly ~400 pm ahead of
the physical crack tip. Yet, fully automatic methods for tracking crack
growth are still missing. Sieverts et al. (2022) recently performed in situ
fracture testing of cortical bone combined with synchrotron x-ray to-
mography to capture the crack surface in 3D. They loaded stepwise and
stopped the loading to acquire 3D images at each instant when the crack
was suspected to grow, based on drops in the load curve. This is a
challenging and time-consuming setup, where the number of scans is
restricted due to the risk of radiation damage. Hence, the time resolution
for analyzing the crack growth and the subsequent data points for
R-curve analysis are limited.

Cortical bone exhibits a rising R-curve behavior due to extrinsic
toughening mechanisms where growing cracks interact with the micro-
structure. This results in anisotropic fracture toughness (Zimmermann
and Ritchie, 2015). Crack deflections in weak cement line interfaces, seen
as irregular and tortuous crack paths, have been identified as important
toughening mechanisms particularly when cracks propagate perpendic-
ular to the long axis of osteons in transverse (breaking) directions (Koester
et al., 2008; Zimmermann et al., 2009, 2010), but also in the radial
(anti-plane longitudinal) (Chan et al., 2009; Katsamenis et al., 2015) di-
rection. Furthermore, lower fracture toughness in aged (Chan et al., 2009;
Katsamenis et al., 2015; Koester et al., 2011) or irradiated (Sieverts et al.,
2022) bone tissue, and in bone tested at high loading rates (Zimmermann
et al., 2014; Zioupos et al., 2020), has been associated with smoother
crack surfaces compared to young or quasi-statically loaded tissue.
However, the description of the crack surface has been based on quali-
tative visual inspection, and a quantitative comparison between fracture
toughness and crack tortuosity is still lacking.

It is widely accepted that bone damage is strain driven (Nalla et al.,
2003), and the development of full-field strain measurements, e.g., using
digital image correlation (DIC) or digital volume correlation (DVC),
allows for local strain analysis in bone (Dall’Ara and Tozzi, 2022; Grassi
and Isaksson, 2015). DIC has been used to study cortical bone damage
under tension (Gustafsson et al., 2018), shear (Tang et al., 2015),
bending (Dapaah et al., 2020, 2022) and compression (Nguyen et al.,
2016), and DVC has been used with in situ testing in compression
(Fernandez et al., 2020; Koudelka et al., 2021), bending (Sieverts et al.,
2022) and using indentation techniques (Fernandez et al., 202.3; Karali
et al., 2021).
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Although many different features related to bone damage have been
characterized separately in the past, a holistic approach with multiple
properties characterized in three directions within the same study is
lacking. As an example, only two studies (Nalla et al., 2005; Zhai et al.,
2020) characterized the fracture resistance of cortical bone in three
anatomical orientations. Due to the large variability in the available
experimental data, related to e.g., the choice of test protocol, animal
species, anatomical location and age group, it is difficult to do quanti-
tative comparisons between studies and consequently to implement the
data into computational models. Such material parameters are crucial
for developing computational fracture models that for example can be
used to better characterize local properties of osteons and cement lines,
currently out of reach using experimental methods.

The aim of this study was to quantify fracture resistance, crack tor-
tuosity and critical strains at the crack tip in three tissue orientations and
to investigate potential links between them. We hypothesized that
fracture resistance is positively correlated to crack tortuosity and that
critical strains at crack initiation are independent of tissue orientation.
In order to do so, we propose an experimental approach to fracture
mechanical testing including an automatic method for crack detection
by analyzing discontinuities in the displacement field from DIC based on
(Cinar et al., 2017). With this method, we can explore and compare
different loading protocols directly, including both cyclic and mono-
tonic loading, without analyzing the unloading compliance. Addition-
ally, we present an image analysis pipeline to automatically analyze the
crack tortuosity from high-resolution tomography images of tested
specimens.

2. Methods
2.1. Sample preparation

Three young adult bovine (=2 years old) femurs were harvested fresh
from a local slaughterhouse and stored at —20 °C. Single-edge notched
beam (SENB) specimens of cortical bone were cut from the posterior
mid-diaphysis of the femurs, which corresponds to the region where
Haversian bone is most abundant (Mayya et al., 2016). The SENBs, with
the dimension of 2x4x25 mm (thickness x width x length), were cut
using a slow diamond band saw (EXAKT 300 CP, Norderstedt, Germany)
and during machining, the specimens were constantly irrigated with
water. Three orientations were studied (Fig. 1A, Table 1):

e transverse (T) for nominal crack growth transverse to the long axis of
the bone, i.e., perpendicular to the long axis of the osteons

e radial (R) for nominal crack growth in the radial direction of the
bone (sometimes referred to as anti-plane longitudinal (Nalla et al.,
2005))

e longitudinal (L) for nominal crack growth parallel to the long axis of
the bone (sometimes referred to as in-plane longitudinal (Nalla et al.,
2005))

A sharp notch was prepared perpendicular to the long axis of each
specimen, first using the slow diamond band saw (~1.3 mm) and then
manually with a scalpel (~0.2 mm). Samples were subsequently wrap-
ped in phosphate buffered saline (PBS) soaked gauze and stored at —20
°C.

The initial notch size ay was determined from x-ray microcomputed
tomography (uCT) scans (Fig. 1B) taken prior to testing (EasyTom, RX
solution, voxel size 29 pm, tube voltage 60 kV). The sharp notch was
automatically identified using an in-house MATLAB script (MATLAB
R2022a, The MathWorks, Inc.), where the specimens were segmented
using thresholding based on Otsu’s method (Otsu, 1979) and aligned to
the xyz-coordinate system (Fig. 1B). The sharp notch was then identified
in each slice and ap was calculated as the average notch size over the
thickness of the specimen. The average notch size for all samples was
1.47 mm + 0.16 mm.
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Fig. 1. A) Specimens prepared in three orientations for crack propagation in the transverse (T), radial (R), and longitudinal (L) directions. B) pCT images used to
determine the initial notch size ay. C) Experimental setup with three-point bending and digital image correlation.

2.2. Fracture testing
Table 1

i f ber of i incl in the diffe . . .
Overview of number of specimens included in the different tests We explored three different protocols: cyclic protocols at two

Analysis Number of specimens in different magnitudes (30 pm loading followed by 15 pm unloading, and

T R L 45 pm loading followed by 25 pm unloading) and a third protocol where

Fracture toughness 10 10 ° the samples were monotonically loaded until failure (Table 1). In all

Cyclic (+30 pm — 15 pm) 4 4 2 cases, the three-point bending tests (span length S = 16 mm, Instron

Cyclic (+45 pm — 25 pm) 4 4 5 8511 load frame, High Wycombe, UK; MTS Series 793 Control Software,

Monotonic loading 2 2 2 Minneapolis, US) were performed with displacement-controlled loading
Crack tortuosity 7 6 4

at 5 pm/s for both loading and unloading events (Fig. 1C). Samples were
excluded if 1) the stable crack length before fracture Aa < 0.3 mm (N =
4) or 2) debris from sample preparation disturbed the digital image
correlation at the notch (N = 3). All samples included for the different
analyses are presented in Table 1.
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Fig. 2. A) The crack mouth opening displacement (CMOD) was analyzed from the displacement field U in the x-direction. B) An automatic method was developed for
detecting cracks by analyzing the phase congruency (PC) of the displacement field (U). C) Crack growth detection from PC analysis of displacement field. Black dots
show crack size in all DIC images and red line shows increments with crack growth used for calculating the J-integral. D) J-R curve where a power law (blue) has been
fitted to the experimental data (o). The three measures of fracture toughness evaluated are shown: Jic, dJ/da and Jiy.
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2.2.1. Digital image correlation

A digital image system (Vic 2D, Correlated Solution, USA) was used
to measure the full-field displacement and calculate the strain distri-
bution throughout the mechanical test. Images were acquired by one
camera equipped with a 35 mm lens (Prosilica, GT 6600, 29 Mega-
pixels). A speckle pattern was applied on the surface of each specimen
with a black water-based paint using an airbrush. The distance between
the specimens and the airbrush air gun was set to 200 mm, while the
pressure of the airbrush was set to 4 bars in order to obtain the desired
dot size (median dot size was 0.1 mm) (Lionello and Cristofolini, 2014).
The images were acquired at 1 frame per second. For DIC analysis, a
subset size of 51 pixels and grid spacing of 12 pixels were used,
following the nomenclature in (Schreier et al., 2009). For each specimen
the strain in the x direction was computed in a zero-strain condition to
assess the measurement uncertainty in terms of systematic errors (<1
pe) and random errors (<15 pe).

The axial strains were then evaluated in two ways: First, by manually
identifying the crack tip in the images used for DIC and computing the
average strain magnitude in 3x3 points (~10 x 10 pm) at the crack tip.
This was done for specimens tested under cyclic loading conditions at
two time points: when the specimens reached the maximum load and at
the last load cycle before failure. Second, the peak strains at the location
of the virtual crack tip (Fig. 2, described in section 2.2.2) were analyzed
for all specimens and for all increments where there was an increase in
crack size.

2.2.2. Crack monitoring

An automatic method for crack tip detection was implemented
following the approach suggested by Cinar et al. (2017). In short, the
method builds on the feature that the signal components are in phase (i.
e., high phase congruency) at sharp edges in a Fourier representation of
an image (Kovesi, 2000b). Cracks can therefore be identified by
analyzing the phase congruency (PC) of a displacement field in the
frequency domain (Cinar et al., 2017). In our case, the displacement
field U normal to the crack (i.e., along the x direction, Fig. 2) was
analyzed. First, a square region of interest (ROI) covering the full width
of the specimen was selected and centered around the notch. Then, the
phase congruency was analyzed on the ROI using Kovesi’s PC repre-
sentation (Kovesi, 2000a, 2000b) that varies between 0 (no phase con-
gruency) and 1. Finally, the crack was segmented using the active
contour algorithm (Chan and Vese, 2001) in MATLAB, where the initial
mask was automatically obtained by performing non-maximal sup-
pression on the raw PC map (Kovesi, 2000a, 2000b) and then thresh-
olding the output at 70% of the maximum intensity. From the segmented
crack, the point with maximum y-coordinate was selected as the virtual
crack tip a. This was done for all increments from the DIC analysis. An
overview of the approach is shown in Fig. 2 and in Supplementary Figs.
S$8-S10.

The physical length scale in the images was determined based on the
width W of the corresponding specimen. The number of pixels corre-
sponding to W was determined through an automatic MATLAB script
where the upper and lower specimen edges were identified. The pixel
size was estimated to be 3.2 pm. With a step size of 12 for DIC, the
minimum detectable crack growth was 38.4 pm.

The initial position of the virtual notch ay was determined from the
PC analysis and used as a reference for calculating the increase in crack
size Aa in the y-direction for each increment. For the cyclic protocols,
the initial virtual notch was defined as the average location during the
first unloading cycle. Similarly for the monotonic protocol, the incre-
ment where 10 N load was reached was identified; the initial virtual
notch was defined as the average location between this increment and
the ones before and after. The distance between initial physical notch (ay
in Fig. 1) and initial virtual notch (d, in Fig. 2) was on average 0.56 +
0.19 mm.
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2.2.3. J-resistance (J-R) curve analysis

Crack mouth opening displacement (CMOD) vs load curves were
used for fracture resistance analysis. CMOD values were extracted from
the displacement field U normal to the crack. The lowermost DIC points
at each side of the notch were selected and the local displacements
averaged over a neighborhood of 3x3 values (~10 x 10 pm, Fig. 2A) and
CMOD was defined as the absolute difference between the displace-
ments of the two points.

Following Dapaah and Willett (2022), the total J-integral at the time
step i was computed as

A SRS WU N Y (= W,
Jl - (Jl—l +Bbi71Al—1Al> <1 bi—l (al al—l)) (1)

where B is the sample thickness, b;_; is the uncracked ligament length
from the previous step, A;_1 ; is the net change of the area under the load-
CMOD curve at the corresponding time point, and a; and a;_; are the
total crack lengths (including starter notch length) from current and
previous steps. Equation (1) is equivalent to the expression in ASTM
E1820 (Zhu, 2009), except that the total J-integral is not separated into
the elastic (Jp) and plastic (Jp) parts as suggested in ASTM E1820. The
reason for this is that the unloading compliance needs to be determined
to compute J and J,, which is not known under monotonic loading
conditions. The dimensionless geometry factors  and y are correction
factors accounting for crack growth. For CMOD, they are defined as

a1,

- ) +0.437 (a;;)z

Mir (cmop) = 3667 — 2.199(

Vi1 (cmop) =0.131 +2.131 (a]‘;) - 1.465((1";)2

The J-integral in (1) was calculated for all increments where there
was an increase in crack length. Only increments during the loading
periods were included in the analysis. J-R curves (Fig. 2D) were gener-
ated where the J-integral was plotted against Aa and a power law J =
c1(Aa)® was fitted to the experimental data following the standard
criteria in ASTM E1820 for what data points to include (ASTM, 2018).
Three measures of fracture toughness were calculated: 1) the crack
initiation fracture toughness (Jic) calculated as the intersection of the
J-integral with a 0.2 mm offset line, 2) the crack propagation fracture
toughness (dJ/da) calculated as the slope of the J-R curve at stable crack
growth and 3) the instability fracture toughness (J;,,) which was defined
at the last valid point of the J-integral (Aamax = 0.25by, where by is the
initial intact ligament length) (ASTM, 2018). A comparison between
J-integrals based on CMOD and load line displacement (LLD) data were
performed for specimens loaded monotonically (see Supplementary Fig.
S1).

2.3. Crack tortuosity

A subset of specimens (N = 17, Table 1) was selected to represent
characteristic failure modes in each group. The specimens were imaged
after testing using high-resolution puCT to analyze the crack tortuosity for
the different tissue orientations (Zeiss Xradia, voxel size 6.5 pm, tube
voltage 60 kV). The cracks were segmented using a semi-automatic
procedure (Fig. 3). All scans were manually rotated to align the speci-
mens with the XY plane using ImageJ (Schneider et al., 2012) and then
cropped into small volumes of interest (VOI) containing the notch and
crack. The VOIs were binarized through automatic thresholding in
ImageJ (Yen et al., 1995) so that the resulting masks included both
cracks and tissue porosity (mainly Haversian canals). Next, Haversian
canals were identified in MATLAB (R2022a) using a circularity measure,
where each segmented feature in the binary volume was tested for
circularity C = P?/4zA, where P and A are the perimeter and area of a
circle. Using this definition, segmented objects with C < 1.2 were clas-
sified as canals (C = 1 corresponds to a perfect circle). This procedure
was repeated for x, y and z orientations to account for all canal
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Fig. 3. Overview of crack segmentation method. Pre-processing and binarization were performed in ImageJ and the remaining analysis was performed in MATLAB.

orientations. Any remaining canal, typically interconnected with the
crack surface, was segmented manually (SEG3D, CIBC, University of
Utah). The initial notch was segmented from the pCT images of the
intact specimens. The mask was registered to the images of the tested
specimens using a MATLAB built-in intensity-based automatic approach
and the notch was removed from the segmented cracks. Finally, the
segmented crack was skeletonized into a one-pixel wide centerline
preserving the crack topology in 2D. The crack length was calculated as
the total perimeter of the skeletonized crack divided by two, using the
built-in region properties in MATLAB. The crack tortuosity was then

Force (N)

calculated in each 2D image as the total crack length divided by the
projected crack length Aa = a— ay. For comparison with the fracture
toughness parameters, the crack tortuosity was calculated for Aa =
0.25bs,.

2.4. Statistical analysis

The Shapiro-Wilk test was used to test the normality of the distri-
butions of the analyzed parameters from the J-R curve. A one-way
analysis of variance (ANOVA) was used to test for statistical signifi-

CMOD (mm)

Fig. 4. Representative mechanical data for T, R and L specimens. A) Force vs CMOD curves shown as solid lines and the corresponding crack growth (Aa) vs CMOD
shown as dashed lines. B) Strain distributions around the crack tip at five time points (i-v) indicated with circles in the load curves in A.
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cance for normally distributed parameters (dJ/da and Ji,;) and the non-
parametric Kruskal-Wallis test was used for testing the remaining
parameter (Jic). Subsequently, post-hoc contrast tests were performed
with Bonferroni corrections to determine significant differences be-
tween orientation groups.

Crack tortuosity and peak strains at the virtual crack tip were
compared between the orientational groups using linear mixed-effect
models. In the first case, crack tortuosity was defined as response vari-
able and orientation (T, R, and L) was used as fixed effect (explanatory
variable). For the second case, peak strain was the response variable and
tissue orientation (T, R, and L) and crack length (Aa) were used as fixed
effects. In both cases, the different specimens were used as a random
effect to account for the high number of measurements per specimen.
Additionally, protocol type was tested as fixed effect. A Box-Cox trans-
form was applied to both response variables to correct for hetero-
scedasticity in the residuals. After that, homoscedasticity and normality
in the residuals were judged to be met (Supplementary Figs. S3-5S6). All
statistical analyses were performed in MATLAB (R2022a).

3. Results

Fracture toughness tests in combination with DIC were used to
analyze differences between tissue orientations. Typical load-CMOD
curves are shown in Fig. 4A, together with the corresponding crack
growth curves. Clear differences were seen in load response between
groups, where all radial specimens failed in a ductile manner (orange
line in Fig. 4A) and all longitudinal specimens failed in a quasi-brittle
manner (yellow line in Fig. 4A). Only 4 out of 10 of the transverse
specimens showed pronounced softening before failure, comparable to
the radial specimens, and the remaining 6 transverse specimens showed
modest softening followed by rapid failure (blue line in Fig. 4A). The
crack growth was also different between the groups, where both highest
crack growth rate (dashed lines in Fig. 4A) and most localized strain
concentrations (Fig. 4B) were seen in longitudinal specimens.

The transverse fracture toughness was significantly higher than in
the other orientations (Fig. 5). This was true for all three analyzed pa-
rameters (Jic, dJ/da, Jin). The fracture toughness was positively corre-
lated with crack tortuosity (R2 = 0.54-0.63, Fig. 6). The crack tortuosity
was highest in transverse specimens and lowest in longitudinal speci-
mens (Fig. 6D). The effect of the different loading protocols was not
statistically significant and hence all specimens were pooled per orien-
tation in Fig. 6D. Representative crack patterns and segmented cracks
are shown in Fig. 6E.

Strains at the physical crack tip were not significantly different be-
tween groups, neither at peak force nor failure (Table 2). However,
strains at the virtual crack tip were significantly higher in T specimens
compared to R and L (Fig. 7). The linear mixed-effect models also
showed that both Aa and Aa? were statistically significant effects, while
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the choice of loading protocol was not. The first bin in Fig. 7 shows peak
strain at the virtual crack tip at crack initiation, and here no differences
are seen between the groups (mean =+ std for T: 0.0043 + 0.0025, R:
0.0040 + 0.0024 and L: 0.0039 + 0.0024).

4. Discussion

In this study, we present a protocol for fracture mechanical testing of
cortical bone where we obtained the global response in terms of load-
CMOD curves and quantified the tissue fracture toughness from J-R-
curves, local failure strains at the virtual crack tip from DIC and the
crack tortuosity from pCT. We analyzed three different tissue orienta-
tions and hypothesized that fracture resistance was correlated to crack
tortuosity. This hypothesis was corroborated for a subset of the speci-
mens imaged with pCT where a positive correlation was confirmed (R?
= 0.54-0.63, Fig. 6). Both fracture toughness and crack tortuosity were
highest in the transverse direction. However, the fracture toughness was
similar in radial and longitudinal specimens (Fig. 5), although the crack
tortuosity in radial orientation was significantly higher than in the
longitudinal (Fig. 6D). This shows that crack tortuosity per se does not
necessarily increase the fracture toughness.

Fracture toughness and toughening mechanisms in cortical bone
have been studied extensively using both linear and nonlinear fracture
mechanics. In the longitudinal orientation, intact ligaments bridging the
crack are the main toughening mechanisms while crack deflection is
found to be the predominant toughening mechanisms in radial and
transverse orientations (Chan et al., 2009; Gauthier et al., 2020; Katsa-
menis et al., 2013; Koester et al., 2008; Yan et al., 2007; Zimmermann
and Ritchie, 2015). However, most studies focused on one or two ori-
entations and due to the lack of standardized tests for bone, it is difficult
to compare data from different studies. Surprisingly few studies
analyzed the fracture toughness in all three orientations (T, R and L).
Nalla et al. (2005) analyzed human cortical bone using linear elastic
fracture mechanics (ASTM E399) and found the critical stress intensity
factor K¢ to be lowest in R while the total work of fracture was lowest in
L. In contrast, Zhai et al. (2020) studied the dynamic fracture toughness
(5.4 m/s displacement rate) of porcine bone and found R specimens to
have intermediate fracture toughness and explained this by a transition
in toughening mechanisms, from crack deflection to ligament bridging.
Our results confirm the higher fracture toughness in transverse speci-
mens and show no statistical differences in fracture toughness between
radial and longitudinal orientations. Worth noticing is that fracture
toughness values for transverse specimens are lower than values re-
ported in a comparable study (Jic = 2.3 kJ/m? and Ji; = 4.1 kJ/m?)
(Dapaah and Willett, 2022). There can be several reasons for this. First,
the method for automatic crack tracking detects the growth of the vir-
tual crack, i.e., the development of the damage process zone, which
develops before any visual signs of opening of the physical crack. The

£<0.001 D 8 [asTM valid WASTMIinvaId
p<0.001 !
: ~ 8 a7
o e R
£ L
24 N
| ~ B
T 2 ‘ .r
ot
3 i PR %
. | 0 J X
T R L 0 05 1 15
Aa (mm)
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the notched boxes, where the lower and upper edges indicate the 25th and 75th percentiles. The whiskers encompass all data points not considered as outliers, which
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Table 2
Strain magnitude at the physical crack tip (mean =+ std). No statistically signif-
icant differences between groups were observed.

Orientation Strain at crack tip at peak force Strain at crack tip at failure
T 0.020 + 0.004 0.022 + 0.007
R 0.017 + 0.006 0.024 + 0.008
L 0.018 + 0.005 0.021 + 0.005

same effect made Katsamenis et al. (2013) raise the question of crack-tip
definition in bone. They argued that the damage process zone can be
considered as the front-most part of the crack and used to determine the
failure resistance. In our case, a comparison with the fracture toughness
at physical crack initiation and at maximum load (presented in the
supplementary materials, Fig. S7) confirms the differences in fracture
toughness for the different tissue orientations as presented in Fig. 5.
Second, in the study by Dapaah and Willett (2022), a groove on the back
of the samples was machined to enforce a straight mode I crack. In our

case, without grooves, cracks could deflect in cement lines and hence
follow the path of least resistance. The differences illustrate the impor-
tance of the osteon lamellar structure for the fracture toughness of
cortical bone, as discussed next.

The hierarchical structure of cortical bone was evident when
analyzing the fracture surfaces, with osteons reinforcing the tissue at the
millimeter scale and bone lamella forming a plywood structure at the
microscale. In the radial direction, cracks tended to follow the weak
cement line interfaces and propagated around the osteons in a tortuous
but smooth path including multiple deflections (Fig. 8). Rarely did a
crack propagate through a Haversian canal, instead, in cases when they
penetrated the cement line interface, cracks tended to follow the osteon
lamellae. Nucleation of new cracks in cement lines were commonly seen,
resulting in intact osteons bridging the different sub-cracks. Similar
crack patterns were seen in the longitudinal direction, with smooth
cracks following the cement lines, resulting in low tortuosity as osteons
were aligned with the load direction. In the longitudinal direction,
typical toughening mechanisms with intact lamellae bridging the wake
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Fig. 7. Peak strains at virtual crack tips at all crack growth increments. All data points have been pooled for each orientational group and strains have been averaged

in bins of Aa = 0.2 mm. Colored bars show mean + std for each bin.
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Fig. 8. Representative crack patterns and toughening mechanisms related to the interstitial matrix, osteons and cement lines (CL) in the A) transverse, B) radial and

C) longitudinal directions.

of the cracks were also seen (yellow double arrows in Fig. 8). In the
transverse direction, sharp crack deflections were seen both at the
millimeter scale, when cracks were deflected around the osteons by the
cement lines, and at the microscale when propagating perpendicular to
the lamellae. The latter phenomenon was particularly obvious for cracks
propagating through osteons (white arrows in Fig. 8), where the zig-zag
crack pattern was markedly different from the smooth cracks propa-
gating along cement lines (red arrow heads) or through the interstitial
matrix (green arrows). We believe this tearing of osteon lamellae to be
an important toughening mechanism, especially for transverse speci-
mens (white arrows in Fig. 8). This is in line with a study by Peterlik
et al. (2006) that analyzed the fracture toughness of cortical bone as a
function of collagen fibril angle and found a sudden transition from
brittle (smooth crack surface) to quasi-ductile (zig-zag crack surface)
fracture at angles around 50°. The comparison between the radial and
longitudinal direction showed that increased crack tortuosity caused by

deflections in cement line interfaces did not increase the fracture resis-
tance of the tissue. This is surprising, as crack deflections in cement lines
were identified as the main toughening mechanisms in radial samples
explaining differences in fracture toughness between young and old
cortical bone from human donors (Chan et al., 2009).

The local fracture toughness of osteonal tissue is still not well
determined experimentally, as current experimental methods are
limited to measuring bulk fracture properties at the tissue scale.
Indentation fracture testing suggest that osteons have higher fracture
toughness than interstitial matrix, as longer cracks form in matrix
compared to osteon tissue for equivalent loads (Mullins et al., 2009).
Mathematical models have shown that variations in elastic modulus, as
in the osteonal lamella, result in higher apparent fracture resistance
compared to the equivalent homogeneous material (Fratzl et al., 2007;
Kolednik et al., 2014; Razi et al., 2020). In future studies, computational
models can be powerful for estimating local fracture properties using
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reverse engineering approaches. Additionally, computational models
can be advantageous in analyzing the link between crack deflection and
fracture toughness in order to separate the effects of e.g., tissue het-
erogeneity, anisotropy, and toughening mechanisms arising from
smaller length scales. The data set presented in this study will be useful
for developing and validating such computational models. It is unique in
the sense that it covers all three tissue orientations (T, R and L),
including both spatial strain data from DIC, detailed crack topologies
from pCT and fracture toughness data, which will enable a level of
validation that precedes current literature.

We analyzed failure strains using two different approaches — manu-
ally at the physical crack tip and automatically at the virtual crack tip. At
the physical crack tip, strain values around 2% were estimated for all
different orientations. This is a gross estimation close to the physical
crack tip, where the continuity assumption of DIC might be violated. In
contrast, looking at the virtual crack tip, strains around 0.4% were found
at crack initiation for all orientations, which then increased with
increasing crack length until they reached a plateau. This process cor-
responds to the development of the micro damage process zone, where
intrinsic toughening mechanisms take place in front of the physical
crack (Willett et al., 2017). Unfortunately, the resolution in the pCT
images was insufficient for detecting any micro cracks in front of the
physical crack. The size of the process zone was estimated from the start
of the strain plateau in Fig. 7 to be ~700 ym in T, ~400 pm in R and
~300 pm in L. This agrees well with previous studies that reported the
process zone in cortical bone to be ~550 pm in T (Willett et al., 2017)
and ~400 pm in R (Katsamenis et al., 2013). Worth noticing is that the
strain magnitude at the front of the process zone seems to be related to
the size of the process zone, where the highest plateau strains (~1.5%)
were seen in the transverse orientation and the lowest plateau strains in
the longitudinal (~0.6%). This reflects the high damage tolerance of
cortical bone in the transverse orientation. The process of crack initia-
tion is important for understanding the fracture resistance of bone and
future studies should further investigate the processes occurring in the
zone between the virtual and physical crack tips.

The most common approach for simulating crack growth in cortical
bone using the extended finite element method (XFEM) is to use strain-
based damage criteria. To this, the critical strain for crack initiation is a
crucial parameter, as this defines when the cohesive crack segment
should be introduced in the model. Budyn and Hoc (2007) modelled
crack growth in cortical bone using this approach and assumed a critical
strain threshold of 0.4% for crack initiation, based on two experimental
studies with different scopes: one analyzing the tissue yield strain in
trabecular bone (Bayraktar et al., 2004) and one looking at critical
damage strain threshold for fatigue loading (Pattin et al., 1996). This
assumption by Budyn and Hoc (2007) was followed in multiple subse-
quent cortical bone XFEM studies (Abdel-Wahab et al., 2012; Gustafsson
et al., 2019a, 2019b; Idkaidek and Jasiuk, 2017; Vergani et al., 2014).
However, recently we performed a design of experiments study and
showed that the critical strain for damage needs to be better determined
experimentally. Our results indicated that the critical strain for damage
initiation explains around 40% of the variation in maximum force when
simulating fracture using XFEM in cortical bone (Gustafsson et al.,
2019c). In the current study, we present data indicating that the strain at
the virtual crack tip at crack initiation is constant at 0.4% and inde-
pendent of tissue orientation (Fig. 7).

Cinar et al. (2017) showed that cracks in both quasi-brittle and
ductile materials can be identified by analyzing the phase congruency of
the displacement field from DIC. Similarly, cracks in trabecular bone
have been detected by applying PC analysis to the displacement field
from digital volume correlation in 3D (Yan et al., 2020) and by analyzing
the von Mises equivalent strain from DIC (Bokam et al., 2020). In this
study, we show that PC analysis combined with 2D-DIC can also be used
to automatically track stable crack extension in cortical bone. Similar to
the videography method developed by Katsamenis et al. (2013), we
track the crack growth indirectly by identifying the extent of the
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micro-damage process zone forming ahead of the crack tip, but in our
case based on the displacement field. The proposed method enables the
use of monotonic loading protocols for fracture testing of cortical bone,
as recommended by Dapaah and Willett (2022). There were no statis-
tically significant differences between fracture parameters from the
different loading protocols in our study (see Supplementary Fig. S2).
However, this could be due to the limited number of samples. Thus,
additional testing is needed in future studies to determine the effects of
loading protocols. The minimum detectable increase in crack growth
depends both on the frequency of image acquisition and on the settings
used for DIC. In our case, it was limited to around 40 pm (3.2 pm image
pixel size and a step size of 12 pixels used for DIC). With these settings,
the crack was typically identified at the same location for two to four
consecutive images during stable crack growth (Fig. 2C), which shows
that the image acquisition frequency was not the limiting factor. The
crack tip detection was comparable to conventional methods using the
unloading compliance for analyzing the J-integral (Dapaah and Willett,
2022; Granke et al., 2015b; Koester et al., 2008). Future studies could try
to improve the speckle pattern for DIC by decreasing the size of the
speckles and increasing the contrast, possibly trying out other methods
than an airbrush for applying the speckles.

Limitations of the study include the use of bovine instead of human
tissue. To minimize the differences between the species, all specimens
were prepared from the posterior cortices, where the microstructure best
resembles human tissue. The small sample size limited the extent of the
statistical analysis that could be performed between the different
loading protocols (Table 1). However, when comparing different tissue
orientations, we still have a high number of samples (N = 29), evenly
distributed between groups. This allowed us to analyze the effect of
orientation, which was the main focus of the present study. A subset of
specimens was selected for post-testing imaging, which might have
introduced a bias in the analysis of crack tortuosity. Another limitation
was that the testing was conducted in ambient air, instead of submerged
in saline solution, due to the video recordings. However, the total time
for setup and testing was <10 min for all protocols, comparable to
similar protocols (Dapaah and Willett, 2022), which should have minor
impact on the results. Short test times is crucial to keep the tissue in a
good state, as dehydration is known to decrease the fracture toughness
(Granke et al., 2015a; Yan et al., 2008). At all other times, samples were
wrapped in PBS-soaked gauze.

In conclusion, we propose a new approach for fracture mechanical
testing of cortical bone with automatic optical tracking of the crack
growth. The highest fracture toughness was found in the transverse
orientation, which was consistent with high crack tortuosity. However,
similar fracture toughness was found for radial and longitudinal orien-
tations, albeit higher crack tortuosity in radial specimens. This suggests
that crack deflections in weak cement line interfaces in the radial
orientation are not as efficient mechanisms for increasing the fracture
toughness. Furthermore, we determined the critical strain for damage
initiation to be 0.4% in all tissue orientations while strains at the virtual
crack tip were significantly higher in the transverse orientation at fully
developed damage process zones.
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