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Bone is more difficult to break than to split. Although this is well known, and many
studies exist on the behavior of long cracks in bone, there is a need for data on the
orientation-dependent crack-growth resistance behavior of human cortical bone
which accurately assesses its toughness at appropriate size-scales. Here we use in-situ
mechanical testing in the scanning electron microscope and Xx-ray computed
tomography to examine how physiologically-pertinent short (<600 pm) cracks
propagate in both the transverse and longitudinal orientations in cortical bone, using
both crack-deflection/twist mechanics and nonlinear-elastic fracture mechanics to
determine crack-resistance curves. We find that after only 500 um of cracking, the
driving force for crack propagation was more than five times higher in the transverse
(breaking) direction than in the longitudinal (splitting) direction due to major crack
deflections/twists principally at cement sheathes. Indeed, our results show that the
true transverse toughness of cortical bone is far higher than previously reported.
However, the toughness in the longitudinal orientation, where cracks tend to follow
the cement lines, is quite low at these small crack sizes; it is only when cracks become
several millimeters in length that bridging mechanisms can develop leading to the

(larger-crack) toughnesses generally quoted for bone.

Bone is a complex hierarchical composite of collagen and hydroxyapatite (HA) that is
imbued with mechanisms to resist fracture at different size-scales.! These size-scales
relate to the characteristic structural dimensions in bone, which vary from twisted peptide
chains at the nanoscale, HA-impregnated twisted collagen fibrils at the scale of tens of
nanometers, collagen fibers that are typically a micron in diameter, the lamellar structure

of collagen fibers at micron dimensions, to the (secondary) osteon (Haversian) structures
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which are several hundred microns in size. It is the simultaneous operation of toughening
mechanisms at these various length-scales that provide bone with its enduring strength and
toughness. However, as the mechanical properties of bone can undergo deleterious
changes with aging® and disease,” there is an imperative to understand, both quantitatively
and mechanistically, the origins of its fracture resistance in order to develop therapies to

inhibit or reverse these negative effects.

There are complications with this approach though when applied to human bone.
Cortical bone develops its toughness primarily from extrinsic mechanisms® during crack
growth, as opposed to crack initiation;®’ moreover, as its fracture behavior is intimately
coupled to its hierarchical structure, the measured toughness will be a function of the size-
scale at which it is assessed. In addition, measurements need to reflect cracking behavior
in the more clinically-relevant transverse orientation, i.e., to break rather than split bone,
and involve realistic flaw sizes pertinent to human bones. Accordingly, in this work we
have attempted to measure, for the first time, crack-resistance curves (R-curves) for human
cortical bone in the transverse orientation, using in-situ measurements/observations in
environmental scanning electron microscope (ESEM), coupled with fractographic and
synchrotron x-ray computed tomography studies to identify the salient damage and
toughening mechanisms. Our approach is three-fold: we utilize nonlinear-elastic fracture
mechanics (NLEFM), with crack-deflection mechanics, to properly quantify the toughness
properties, we have examined both crack-initiation and crack-growth (R-curve)
toughnesses for realistically short crack sizes, and we have compared behavior to the more
commonly evaluated longitudinal orientation.

There have of course been numerous previous evaluations of the toughness of

mammalian cortical bone (see Table 1),*°

although none have focused on evaluating the
important crack-growth properties for the short crack sizes associated with the cortical

shell in the transverse orientation. Indeed, most prior measurements have involved single-

? Fracture can be thought of as a mutual competition between intrinsic damage mechanisms, which operate
ahead of the crack tip to promote cracking, and extrinsic toughening mechanisms, which act primarily in the
crack wake to “shield” the crack from the applied driving force to inhibit cracking. Extrinsic toughening,
which is most relevant for brittle materials (including bone), invariably results in resistance-curve behavior,
i.e., the need for a progressively increasing applied driving force to continue crack extension.’



parameter characterizations of the toughness,”’ e.g., K., which do not necessarily include
any contribution from the crack-growth toughness; moreover, such measurements have,
with few exceptions,2’19’20 been based on linear-elastic fracture mechanics,g'19 which
minimizes any contribution from plastic (inelastic) deformation, or have involved large
crack sizes (~several mm) in the longitudinal orientations (where it is easier to make
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measurements). There have been crack-growth resistance measurements (although

none in human cortical bone in the transverse orientation) which have identified several
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microscale toughening mechanisms, including viscoplastic flow,™ microcracking,
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crack deflection,”?’ -

and crack bridging. Despite this body of research, there are still
critical issues that remain to be assessed, namely that of the true crack-growth resistance of
human cortical bone at physiologically-relevant short crack sizes, how this specifically
changes with orientation, and a mechanistic understanding of the microstructural damage

and toughening mechanisms involved.

Here, we use NLEFM testing of human cortical bone under hydrated conditions in-situ
in the ESEM to permit resistance-curve measurements for growing short cracks, less than
~1000 pm in size, in both the transverse and longitudinal (proximal-distal) orientations,
with simultaneous high-resolution imaging of crack paths to discern the dominant sources
of toughness and to show how they actually confer crack-growth resistance. Our focus is
on the transverse orientation because this is the more clinically relevant direction;'~

however, cracks growing in this orientation invariably deflect along the longitudinal

direction such that both orientations act in concert to provide resistance to fracture.

Using test samples from the midsection of the frozen caderveric humeral cortical bone
of three 37-41 year-old donors, both single-edged notched bend and compact-tension
samples were sectioned and notched from locations longitudinal or transverse to the bone
long axis. The notch orientation was such that the nominal crack-growth direction was
either along the proximal-distal direction of the humerus, in the longitudinal-radial plane,
i.e., parallel to the long axis of the osteons (longitudinal), or transverse to the long axis of
the humerus (transverse), as in Fig. 1. We monitored stable crack extensions (Aa<1000
pum) in three-point bend samples soaked in Hanks’ Balanced Salt Solution (HBSS), in-situ
in the ESEM, and additional bend and C(T) samples ex-situ (outside the ESEM) in HBSS,



all at 25°C, to obtain information for larger crack extensions (Aa~150-7000 pm); results
are presented in terms of NLEFM measurements of the crack-driving force, specifically the

stress-intensity factor K and J-integral (see Methods).

Our results showing the increase in crack-driving force as a function of crack
extension, i.e., the K(Aa) resistance curves, for human cortical bone, are shown in Fig. 1,
with simultaneous images of the crack profiles in Fig. 2. This is the first time that
nonlinear-elastic fracture mechanics has been used to analyze the crack-resistance curve
behavior of physiologically relevant short cracks in human bone. The degree of toughening
in the transverse orientation 1is very large concomitant with gross crack
deflection/twisting/meandering/delamination along the longitudinal and circumferential
directions which results in extremely rough fracture surfaces (Fig. 2a-e). Stress intensities
for crack extension reach values of 25 MPaVm (J ~ 31 kJ/m?) over the first 500 pm of
cracking, representing toughness values much higher than have previously been reported
(Table 1). In contrast, corresponding fracture in the longitudinal orientation requires far
lower driving forces, specifically, stress intensities between 1 and 2 MPaVm (J ~ 0.05-0.2
kJ/m?) to initially extend the crack the first ~500 pum, consistent with the highly linear
crack profiles and smooth fracture surfaces (Fig. 2f-j); however, with continued crack
extension into the millimeter range, toughness values approach 5 MPa\vm (J ~ 1.2 kJ/m?),
consistent with K. values measured in most previous studies (see Table 1). We note here
that the short-crack K values of ~1 to 2 MPaVm for initial longitudinal crack propagation,
although seemingly quite low, are consistent with a recent study of short-crack R-curve
behavior, by Mullins et al.,’* who report values of 0.5 to 2.3 MPaVm for 5 to 60 pm cracks
in this orientation emanating from hardness indentations in ovine bone. We further note
that our R-curve/toughness values in Fig. 1 are relatively insensitive to (i) changes in
displacement rate, which was varied from 0.04 to 6 pm/sec, (ii) any differences in

hydration of our bone samples caused by the in-situ loading of HBSS-saturated specimens

® The fracture toughness is generally defined in terms of a critical value of the stress intensity, K, which is a
field parameter characterizing the distribution of local elastic stresses and displacements at a crack tip. It can
be defined for three crack-displacement modes: mode I — tensile opening, mode II — shear, and mode III —
anti-plane shear. Under nonlinear elastic conditions, i.e., in the presence of some degree of inelasticity (e.g.,
plastic deformation), the fracture toughness is better described in terms of the J-integral, which characterizes
the corresponding distribution of local inelastic stresses and displacements at the crack tip *'.



within the ESEM vs. the ex-sifu loading of specimens immersed in HBSS, and (iii) any loss
of constraint due to the small size of our in-situ bend samples (additional tests with a 7.5
mm thick specimen gave a similar transverse R-curve to the bulk of our data which were

determined with 1.5 mm thick specimens).

The specific damage and toughening mechanisms associated with this behavior were
imaged in real time through the use of in situ electron microscopy. We find that crack
trajectories are highly deflected, both in-plane and out-of-plane (crack twist), in the
transverse orientation and relatively linear in the longitudinal direction (Figs. 2-3).
Specifically, for the transverse direction, cracks tend in general to deflect away from the
nominal mode-I plane® and then periodically to “delaminate” along internal interfaces,
involving deflections of ~90° for tens to hundreds of micrometers, in the longitudinal
direction, before reinitiating at a much higher applied load and continuing their deflected
path along the (nominal) transverse direction; this process is repeated several times
throughout the cortical bone specimen. In contrast, crack paths in the longitudinal
direction remain comparatively linear along the nominal mode-I plane, although multiple
(overlapping) cracks are generated with (microscopic) “uncracked ligaments”, some tens
of micrometers in size, in between. Such uncracked regions are the source of crack
bridging in bone, but are only fully developed as crack extension proceeds into the
millimeter range.

Of particular note for these differing fracture paths is that surrounding the major
cracks, there is clear evidence of microcracking, i.e., smaller cracks typically tens of

micrometers in length, within the bone matrix.”>**

These microcracks are primarily
orientated along the longitudinal direction; they are therefore roughly parallel to the
primary crack path in longitudinal specimens and perpendicular in transverse specimens
(Fig. 2). Such microcracks form at “weak links” in the bone-matrix structure; they occur
primarily along cement sheathes, i.e., at the refractile boundaries of the Haversian systems

(secondary osteons), and to a lesser extent at lamellar interfaces,” and correspondingly

¢ The mode-I plane represents the plane of maximum tensile (tangential) stress, governed by a Kj; = 0 path.
For a perfectly homogeneous continuum, it represents the expected direction of cracking in a brittle material.



have a typical spacing in the tens to hundreds of micrometers aligned along the long axis

of the bone.

We find that the formation of these microcracks, and specifically their orientation, are
essential to the orientation-dependent fracture toughness of cortical bone; indeed, their
presence forms the basis of the contrasting toughening behavior in the two orientations. In
the transverse orientation, the microcracks at the cement lines are roughly aligned
perpendicular to the crack path, where they act as “delamination barriers” (via the Cook-
Gordon mechanism of crack arrest at weak interfaces36); this serves to blunt the crack,
cause crack deflections of ~90° generate highly tortuous crack paths (Figs. 2a-c.e),
extremely rough fracture surfaces (Fig. 2d), and correspondingly high toughness. The
latter follows because of the reduced local stress field due to blunting and the need to
reinitiate the crack following perpendicular delaminations; in addition, such gross crack-
path deviations away from the plane of maximum tensile stress greatly diminish the local
stress intensity at the crack tip, thereby necessitating higher applied loads to continue

cracking.

Conversely, in the longitudinal orientation, the microcracks are aligned roughly
parallel to the growing crack; their formation alongside and ahead of the crack tip are the
precursor to the formation of so-called “uncracked-ligament” bridges, which toughen by
resisting the opening of the crack.”® However, we do not believe that the microcracks per
se toughen the material, via a constrained microcracking mechanism,® as calculations
suggest that the contribution to the toughness of cortical bone from this mechanism is
relatively small.*® Their vital role is to induce both primary forms of toughening in bone,

that of crack defection and crack bridging.

These observations of contrasting nature of damage and toughening in the transverse
and longitudinal orientation are summarized in Fig. 2e,j) and in the movies contained in
the Supplementary Information. However, as they are based on in-situ ESEM
observations, they reflect the surface cracking behavior. To discern what is happening

below the surface, we used synchrotron x-ray computed tomography to image the

¢ Constrained microcracking is a mechanism where an array of microcracks forms around the crack tip
locally dilating the material; the bulk of the material constrains this dilation and results in a compressive
stress field around the tip of the crack serving to hold the crack tip closed.”’



underlying structure of the bone and to determine how the cracks interact with this
structure.  Specifically, three-dimensional images of crack propagation in transverse
orientation, together with two-dimensional slices showing the crack at different depths
throughout the sample, show the major crack-deflections/twists as the crack encounters the
osteons (Fig. 3). Although the frequency of these major deflections appears in two-
dimensional slices to be in the tens of microns; it is clear from three-dimensional imaging
that this is controlled not by the in-plane spacing of the Haversian systems (~ hundreds of
microns), but by the spacing of the Haversian systems at different depths through the
sample. If the Haversian systems from the three-dimensional imaging are projected onto a
single plane, their spacing coincides with the frequency of these major deflections. Also of
significance is that these three-dimensional images show that such crack deflection

involves twisting of the crack, in addition to the in-plane tilts.

The importance of the short-crack (<500 pum) toughness properties cannot be
overstated. For example, since the mid-shaft cortical shell of the humerus is only ~3-5 mm
thick), it is unlikely that data on stable crack growth on the order of millimeters would be
very relevant to in-vivo fracture. Moreover, parallel studies on dentin have shown that
dominant toughening mechanisms identified at large crack sizes (up to 6 mm) do not
necessarily reflect the physiologically-relevant fracture behavior of human tooth dentin
where crack sizes are so much smaller (in the tens to hundreds of microns).”” For the
present measurements on bone, crack-initiation toughnesses, i.e.,, where Aa—0, are
comparable for both orientations (~ 1 MPavm). With further crack extension, the crack-
growth resistance will begin to increase as the scale of the relevant toughening
mechanisms is encountered. In the longitudinal orientation, the toughness of 1 to 2
MPaVm in the short-crack (<500 pm) regime essentially reflects the toughness of the
cement sheathes; further crack extension into the millimeters range is required before
significant uncracked-ligament bridges can develop such that the toughness approaches
more expected numbers ~ 5 MPaVm. In the transverse orientation, the characteristic size-
scale pertains to the spacing of the osteons, which controls the process of crack deflection
and twist at the cement lines; cracks must only extend ~100 pum or so to activate this

mechanism to cause rising R-curve behavior.



This process of major crack deflections at cement sheathes is clearly the most potent
toughening mechanism in cortical bone. As noted above, three-dimensional tomographic
imaging (Fig. 3) reveals extensive twisting of the crack path, in addition to in-plane (~90°)
deflections, which substantially enhances the degree of toughening. Quantitatively, this
toughening can be estimated using crack-deflection mechanics. The local mode-I and -II
linear-elastic stress-intensities, k; and k», at the tip of a deflected crack, can be stated in
terms of the applied stress-intensities, K and K, by:*

k =c (@)K, +c,(a)K, and k, = c, (@)K, + ¢, (@)K, , (1)
where cjj(a) are mathematical functions of the deflection angle . From Eq. 1, it can be
calculated that one simple in-plane crack deflection by a~90° can reduce the stress
intensity at the crack tip by roughly a factor of two, thereby effectively doubling the
fracture toughness.”® However, if we now incorporate crack twisting, the effect is much
larger. The local stress intensities that result from the twisting of a deflected crack can be
calculated by using crack-twist mechanics, where the effective /ocal mode-I and —III stress

intensities at the tip of the twisted and deflected crack are given by: *!

k" = Cll(¢)k1 + Clz(¢)k11 and ky; = 031(¢)k1 ¢y (¢)k11 5 (2)

where c;j(¢) are mathematical functions of the twist angle ¢ and k; and k;; are given in Eq.
1. Any combination of a twist of 45° and a deflection of 45° can halve the crack-tip stress
intensity; however, a twist of 45° and a deflection of 90°, which is typical of transverse
crack propagation in bone (Fig. 3), decreases the stress intensity at the crack tip by a factor
of six.® Accordingly, it is clear that such combinations of twist and deflection can lead to
significant toughening in human bone, by factors on the order of two to six, consistent with
the very rapid increase in crack-growth resistance in the transverse orientation (Figs. 1,3)."

This is undoubtedly why bone is much more difficult to break than to split.

¢ It is perhaps worth noting here that the J-integral method used in the present work to evaluate the toughness
bone is ideally suited for characterizing such mixed-mode fracture. Unlike the K approach, the energies
associated with each three modes (mode-I, -II, -IIT) of failure can simply be summed to give a NLEFM
driving-force for mixed-mode fracture: J = KHE + KPE +K;i22G, where E' and G are, respectively, the
appropriate Young’s and shear moduli.

" The toughening mechanisms of twist and deflection in bone, which are accounted for in our approach, are
why we have obtained toughnesses approximately double that of others who have used nonlinear-elastic
fracture mechanics but with side-grooved samples;”” the presence of side-grooves specifically acts to inhibit
such crack twisting.



METHODS
SAMPLE PREPARATION

Test samples from the midsection of frozen caderveric humeral cortical bone were wet sectioned
using a low speed saw and machined into seventeen 1.5 mm thick, 8 mm long bend samples (width
W =2 mm) and five 1.2-3.3 mm thick compact-tension C(T) samples (W = 13-18 mm). Samples
were then taken from locations longitudinal or transverse to the bone long axis, and notched to
form an initial crack of roughly half the sample width, which was then sharpened with a
micronotching technique using a razor blade irrigated with 1-um diamond suspension. The
orientation of the notch was such that the nominal crack-growth direction was either in along the
proximal-distal direction in the longitudinal-radial plane (longitudinal orientation), or transverse to
the long axis of the humerus (transverse orientation). All samples were wet polished with an
increasingly higher finish to a final polish with 0.05 pum diamond suspension before being

immersed in ambient HBSS for 4-24 hr prior to testing.

FRACTURE TOUGHNESS/R-CURVE MEASUREMENTS

In-situ testing of samples soaked in HBSS was performed for stable crack extensions less than
~600 um for the longitudinal orientation and ~150 um in the transverse orientation in a Hitachi S-
4300SE/N ESEM (Hitachi America, Pleasanton, CA) at 25°C using a Gatan Microtest 2kN three-
point bending stage (Gatan, Abington, UK); images of the crack path were obtained simultaneously
in backscattering mode at 15 kV and a pressure of 35 Pa. In addition, we tested samples ex-sifu in
HBSS at 25°C on an EnduraTec EIf 3200 testing machine (BOSE, Eden Prairie, MN) and an MTS
810 (MTS Corporation, Eden Prairie, MN) to determine the R-curve for larger crack extensions

(Aa~150-7000 pm).

Fracture toughness R-curves were determined in terms of the crack-driving force as a function
of crack extension (Aa). Where crack paths remained relatively linear and did not undergo large
deflections, i.e., they extended approximately along the expected path of the maximum tensile
stress, as for most samples tested in the longitudinal orientation, standard handbook linear-elastic
mode-I solution for cracks in these geometries” were used to obtain the stress intensity. For
samples tested in the transverse orientation, conversely, cracks grew at an angle to the mode I plane
(of maximum tensile stress). Such crack deflection induces mixed-load loading at the crack tip,
i.e., mode-I (tensile-opening) plus mode-II (shear), such that standard mode-I stress intensity
solutions are not applicable. For the first 100-200um of crack extension, the cracks grew away

from the notch at a constant angle such that standard crack deflection solutions™ could be used to



compute a mixed-mode driving force, as has been done in human dentin.”* With additional crack
extension in the transverse orientation, cracks often deflected several times. To determine the R-
curve for these more complex crack paths, a nonlinear-elastic fracture mechanics approach was
used in which the crack-driving force was calculated using the J-integral** and crack lengths were
estimated in terms of the equivalent through-thickness crack with the same compliance. (Typically,
for a deflected crack with a total length of 850 wm, where the projected length along the nominal
mode I plane would be on the order of 625 um; the computed length of the linear crack with
equivalence compliance would in between these values, within ~10% of the total length). This
approach accounts for the contribution from “plasticity” to the toughness and for mixed-mode
loading conditions, and provides a sound means to determine the R-curve fracture-toughness in a
material that undergoes multiple large-scale crack deflections. Specifically, to monitor crack
extension, measurements of the elastic compliance, Cy;, were made during periodic unloading
(~10%) every ~25um of crack extension during the R-curve test. The relationship between Cy and
the equivalent through-thickness crack length, a, was obtained from handbook solutions.” The
stress intensity at each measured crack length was calculated by measuring J. J, which is
equivalent to G under elastic conditions, is defined as the sum of the elastic and plastic

contributions:®

J=J,+J,. (1
The plastic component of J was calculated from™
g =2 @)
" Bb

where A4, is the area under the plastic region of the load vs. load-point displacement curve, B is the
specimen thickness, and b is the (macroscopic) uncracked ligament (W — a); the corresponding
elastic component given by J,, = K*/E', was small and typically only 5-10% of Jp. However, since
it is unusual to express the toughness of biological materials such as bone in terms of J, equivalent
(effective) stress intensities were then computed from the standard J-K equivalence (mode I)

relationship:
K,=+JE, 3)

with the Young’s modulus for bone taken as £ = 20 GPa.

£ J, the nonlinear strain-energy release rate, can be defined as the rate of change in potential energy under
nonlinear elastic conditions for unit increase in crack area.*

10



We believe that the approach used in the current work is a necessary for a full understanding of
the fracture properties of human cortical bone; because we have examined short cracks in both the
longitudinal and transverse orientations, utilized a R-curve analysis to capture both crack initiation
and growth behavior, accounted for the “plasticity” and mixed-mode loading using the J-integral,
and simultaneously characterized the development of the extrinsic toughening mechanisms in

cortical bone.
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Table 1. Single-value toughness measurements of mammalian cortical bone in the
longitudinal and transverse orientations.*%

Ke
Bone Orientation (MPaVm) Geometry Authors Year
Melvin and
Bovine Femur Long 3.21 SENT Evans 1973
Melvin and
Bovine Femur Trans 5.6 SENT Evans 1973
Bonfield and
Bovine Femur Trans 2.2-46 SENT Datta 1976
Wright and
Bovine Femur Long 3.62 C(T) Hayes 1977
Bovine Femur Long 2.4-5.2 C(m Bonfield et al. 1978
Behiri and
Bovine Tibia Long 2.8 C(T) Bonfield 1984
Human Tibia Long 2.4-5.3 C(T) Bonfield et al. 1984
Moyle and
Bovine Tibia Trans 11.2 SENB Gavens 1986
Human Tibia Long 3.7 Cc(m Norman et al. 1991
Bovine Tibia Long 7.2 Cc(T) Norman et al. 1991
Bovine Tibia Long 6.2-6.7 C(T) Norman et al. 1995
Human Femur Trans 6.4 SENB Zioupos et al. 1997
Bovine Femur Long 49 CNT De Santis 2000
Baboon Femur Long 1.8 Cc(m Phelps et al. 2000
Baboon Femur Trans 6.2 SENB Phelps et al. 2000
Human Femur Long 51 SENB Wang et al. 2002
Equine
Metatarsal Trans 6.0-9.0 c(m)?° Malik et al. 2003
Bovine Femur Long 2.6 c(m)?® Yan et al. 2007
Bovine Femur Trans 5.1 c(m)?® Yan et al. 2007
Bovine Femur Long 6.2* c(m)? Yan et al. 2007
Bovine Femur Trans 10.5* Cc(T)° Yan et al. 2007

SENT, single edged notched tension; SENB, single edged notched bend; C(T), compact tension
denotes a value of K, back-calculated from J..
9 denotes side-grooved specimens
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Figure 1. R-curves for the transverse and longitudinal orientations in human cortical bone. In the
legend, ESEM denotes tested in-sifu in the ESEM and HBSS denotes testing ex-sifu immersed in
HBSS; individual displacement rates are also given. In (a), are the R-curves for crack lengths <550
pm and in (b) are the combined short and long crack R-curves. The inset shows the orientation of
the samples from the humerus. It is clear from the plots that the resistance to crack propagation
increases much more rapidly in the transverse direction than in longitudinal direction. This was
found to be the result of different toughening mechanisms in each orientation; deflection and twist
in the transverse orientation and bridging in the longitudinal orientation. It was verified that this
was not an effect of hydration, displacement rate, or loss of constraint by measuring R-curves in-
situ and ex-situ, at different displacement rates, and a thick plate sample, respectively. As can be
seen from (a) and (b), these factors did not affect the R-curves in either orientation.
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Figure 2. Crack profiles for representative cracks, at three different crack lengths, in the transverse
and longitudinal directions accompanied by an ESEM fractography image and a schematic of the
crack trajectory for each orientation. In images (a-c), the black arrows indicate the major in-plane
deflections of the crack and the white arrows indicate the cement sheath. It can be seen from (a-c)
that cracks in the transverse direction undergo multiple in-plane deflections, which in conjunction
with the through-thickness twists (see Fig. 3 and the end of the transverse video in the
Supplementary Information), give rise to the rough fracture surface in (d). A schematic of the
crack profile is shown in (e), where the crack deflects at the cement sheaths as it propagates
through the Haversian bone. Images (f-h) the black arrows indicate the formation of uncracked-
ligament bridges, and the white arrow in (f) indicates the cement sheath. In contrast to the
transverse direction, in the longitudinal direction the cracks do not deflect at the cement sheathes
but follow them. At the cement sheathes in this orientation it is common for a new crack to initiate
ahead of the propagating crack, resulting in the so-called “mother-daughter” crack configuration*
and the formation of bridges. The amount and size of these bridges was found to be crack-size
dependent; the larger the crack, the greater the extent of bridging. The cracks following the cement
sheathes gives rise to the relatively flat fracture surface in (i). This process is shown schematically
in (j), where the crack follows the cement sheathes and initiates new cracks ahead of the crack-tip
leading to bridging.
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Figure 3. Synchrotron x-ray computed tomography images of the profiles of a crack
growing in the transverse orientation, showing the process of crack deflection and twisting
as the crack encounters the Haversion systems. Image (a) is a three-dimensional
reconstruction of the sample in which the Haversian canals are partially transparent.
Images (b-f) show a series of tomographic slices through the thickness of the sample
combined with the transparent three-dimensional reconstruction of the sample, starting
with the front face in (b) and moving to the back face (f); at depths of (b) 289 um, (c) 342
pum, (d) 387 um, (e) 507 um, and (f) 587 um. In (b-f) the arrows indicate the in-plane
deflections and the associated underlying Haversian systems. The arrow connecting the
features in (b) and (c) show that the 90° deflection of the crack is related to a Haversian
system at a greater depth The initial downward deflection of the crack as it grew off of the
notch is related to the three Haversian systems deeper in the sample. Interestingly, this
deflection is even sharper in the plane of the Haversian canal, as shown in (e). In (f) it can
be seen that the crack has a markedly different trajectory and undergoes multiple in-plane
deflections for shorter distances, as indicated by the arrow. In (g) a through-thickness slice
from the front face to the back face is shown near the crack tip to highlight the twist of the
crack through the sample. The arrows in (g) indicate the major twists, ~90°, it can be seen
that in addition to the twists of this magnitude the crack twists through the entire thickness
at lower angles. This combination of in-plane deflections and through-thickness twists are
related to the Haversian structure of bone and give rise to the rough fracture surface in Fig.
2(d) and are dominant source of the high fracture resistances reported in Fig. 1.
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