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Abstract
A mechanistic understanding of fracture in human bone is critical to predicting
fracture risk associated with age and disease. Despite extensive work, a
mechanistic framework for describing how the underlying microstructure affects
the failure mode in bone is lacking. Though micromechanical models
incorporating local failure criteria have been widely developed for metallic and
ceramic materialsl’z, few such models exist for biological materials. In fact, there is
no proof to support the widely held belief that fracture in bone is locally strain-
controlled®, as for example has been shown for ductile fracture in metallic
materials’. In the present study, we provide such evidence through a novel series
of experiments involving a double-notch-bend test geometry designed to shed light
on the nature of the critical failure events in bone. We examine how the
propagating crack interacts with the microstructure of human bone to provide
some mechanistic understanding of fracture and to define how the properties vary
with orientation. It was found that fracture in human cortical bone is consistent
with strain-controlled failure, and the influence of microstructure can be described
in terms of several toughening mechanisms. We provide estimates of the relative

importance of these mechanisms.



Human bone has a complex hierarchical microstructure® that can be considered
at many dimensional scales®’. At the shortest length scale, it is composed of type-I
collagen fibres (up to 15 pm in length, 50-70 nm in diameter) bound and impregnated
with carbonated apatite nanocrystals (tens of nm in length and width, 2-3 nm in
thickness)™’. These mineralised collagen fibres are further organised at a
microstructural length scale into a lamellar structure with roughly orthogonal
orientations of adjacent lamellae (3-7 um thick)®. Permeating this lamellar structure are
the secondary osteons’ (up to 200-300 um diameter): large vascular channels (up to 50-
90 pum diameter) oriented roughly in the growth direction of the bone, and surrounded
by circumferential lamellar rings. The difficulty in understanding the mechanisms of
fracture in bone lies in determining the relative importance of these microstructural
hierarchies on crack initiation, subsequent crack propagation and consequent unstable

fracture and in separating their effects on the critical fracture events.

A vital distinction in the definition of the local (precursor) fracture events that
lead to macroscopic failure is whether they are locally stress- or strain-controlled.
Brittle fracture, for example in structural steels at very low temperatures, is stress-
controlled, whereas ductile fracture, in the same steels at high temperatures, is strain-
controlled (with a significant increase in toughness). Bone fracture is widely regarded
as strain-controlled; indeed, most theoretical descriptions of the mechanical behaviour
of bone assume this to be the case’. However, experimental evidence for this assertion

has never been obtained.

To investigate this distinction, we have used a double-notched four-point bend
test, which consists of a rectangular bar containing two nominally identical rounded
notches (root radius ~ 200 um) subjected to four-point bending. The basis of the test is
that with a rounded notch in the presence of some degree of inelasticity or yielding'’,
although the maximum local strains are located at the root of the notch?, the relaxation
of stresses in the inelastic (“yielded”) zone surrounding the notch results in the

maximum local stresses being located some distance ahead of the notch, close to the
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elastic-inelastic interface

(Fig. 1a). (The same is true for a sharp crack although the
point of maximum stress is much closer — in the case of shear-driven plasticity, within
two crack opening displacements — of the crack tip). Since the two notches experience
the same bending moment, when one notch breaks, the other is “frozen” at a point
immediately preceding fracture. Examination of the area in the vicinity of the

unfractured notch thus reveals the nature of the local fracture event at the onset of

failure (area indicated in Fig. 1b “After fracture” illustration).

Since bone displays marked “yielding”'

, the technique is suited for this material.
Accordingly, we examined the area around several of these unbroken notches in
specimens made from a cadaveric human humerus using a traditional scanning electron
microscope (SEM). The extremely small (<5 pm) size of the precursor cracks that were
imaged in all the investigated orientations (Fig. 1c¢) leaves little doubt that crack
initiation is at the notch and not ahead of it (Fig. 2). Moreover, using techniques
developed in ref. [12] assuming a plasiticity-based criterion, numerical analysis of the
specimens tested at maximum load where the nominal elastic bending stress, Gpom, at the
notch tip was in the 40-100 MPa range (ratio of nominal stress to yield stress of Gnom/Cy
~ 0.53-1.33), suggest that the peak tensile stresses should be well ahead of the notch (in
fact, at ~100-360 um ahead of the notch tip, i.e., at a distance of roughly 0.5-1.2 times
the notch root radius). As absolutely no evidence of any precursor cracking was found
in this region and all the initial cracks were detected exactly at the notch root, our

observations are consistent with fracture in bone being associated with a strain-based

criterion.

Insights into the mechanisms of fracture in bone and how it derives its toughness
were also obtained from these experiments. Various toughening mechanisms have been
proposed for bone. At large length scales, the generation of “microdamage” from
microcracking (small cracks of up to hundreds of micrometers in size) has been
suggested as a major source of toughening in bone, specifically via crack-tip shielding'*

"> In addition, the cement lines (at the boundaries of secondary osteons) and the



interlamellar boundaries are believed to provide weak interfaces that deflect the crack
path and accordingly increase the toughness'®. More recently, a role of collagen fibrils
has been postulated'”"’, with fiber bridging proposed as a possible toughening
mechanism®’. Indeed, toughening at the fibrillar level would explain much of the
apparent correlation of toughness with collagen denaturation, which appears to weaken
bone, and cross-links, which appear to increase its toughness', although it is probable

that many of these mechanisms operate in concert.

Scanning electron micrographs of the fracture paths in human bone, specifically
indicating how the crack interacts with the microstructure, are shown in Fig. 3. Fig. 3a
shows a roughly 1 mm long crack propagating out of the notch in the “anti-plane
longitudinal” orientation, i.e., the plane of the crack and the crack front are nominally
parallel to the long axis of the osteons. It is apparent that at this scale of observation,
the most recognizable features of the microstructure, the Haversian canals with their
concentric lamellar rings, do not have a major influence on the path taken by the
growing crack. Investigation of the near-tip region of this crack, however, shown by the
white circle, revealed evidence of so-called uncracked-ligament bridging, as indicated
by the white arrow in Fig. 3b. This is an extrinsic toughening mechanism involving
two-dimensional uncracked regions along the crack path that can bridge the crack on
opening; it is commonly seen in metal-matrix composites” and intermetallics such as y-
based TiAl”. Such uncracked ligament bridging, however, is more prominent in the
“in-plane longitudinal” orientation, as shown by the white arrow in Fig. 2b, where
evidence of microcracking can also be seen in the vicinity of the crack. This can also
lead to extrinsic toughening through its effect in creating dilation and reducing the
modulus in the region surrounding the crack. For the “anti-plane longitudinal”
orientation, a third mechanism of toughening in bone can be seen in Fig. 3¢ in the form

of crack bridging by the collagen fibrils (Fig. 3c).

However, for the “transverse” specimen orientations, where the osteons run along

the specimen length (Fig. 1¢), we observed a much stronger influence of the underlying



microstructure on the crack path. Crack initiation and initial crack growth out of the
notch was not in the direction normal to the maximum tensile stress, but rather in the
direction of the osteons (Fig. 2d). As suggested by Yeni et al'’, it would appear that the
osteonal cement lines, that are the interface between the osteonal system and the
surrounding matrix, provide a weak path for the propagation of the crack, as shown in
Fig. 3d. Such large out-of-plane deflections of the crack caused by such behavior leads
to substantial toughening (as estimated below) and can be assessed as one of the leading

factors associated with the marked anisotropy in the fracture properties of cortical bone.

Such notions on the mechanisms of toughening in bone and how they vary with
orientation are consistent with our fracture toughness measurements. Using fatigue
precracked bend samples, we measured fracture toughness values of K. = 5.33(£0.41)
MPavVm for the transverse orientation, as compared to 2.21(%0.18) MPavVm for anti-
plane longitudinal orientation and 3.53(£0.13) MPaVm for the in-plane longitudinal
orientation. This is consistent with previous results that give the toughness of bone to

be between 2-8 MPavm®*® and to be higher in the transverse direction®**>*’,

These observations and measurements can be verified by experiment and theory.
The highest toughness is in the transverse orientation where the crack path deflects at 90
degrees to the plane of maxumum tensile stress (Fig. 3d). Linear elastic calculations

- - . 2829
using crack deflection mechanics™

suggest that for such an in-plane deviation of the
crack path, the stress intensity experienced at the crack tip would be reduced by some
50% compared to that for an undeflected crack, consistent with the toughness being
approximately twice as high in this orientation. A smaller toughening effect is seen in
the in-plane longitudinal orientation where crack bridging by uncracked ligaments (and
collagen fibrils) is apparent (Fig. 3b). To verify whether such bridging is effective, we
compared measurements of the elastic compliance (inverse stiffness) of the cracked
bone to those made where we had subsequently machined out the wake of the crack; we

also verified the latter measurements by showing that they were identical to the

theoretical compliance for a traction-free crack of the same size®®. Results for the anti-



plane longitudinal orientation are shown in Fig. 3e and clearly indicate that the crack in
the bone has a lower compliance than a traction-free crack of identical length. Such

results provide strong evidence that cracks in human bone are indeed bridged.

We can quantify the effect of this on the toughening in bone from the difference
between the two curves at maximum load, which gives the additional load sustained at
the load-line, Py ~1.5 N. due to the presence of the bridges. This equates to a bridging
stress intensity, Ky, and hence a contribution to the toughness, of ~0.5 MPa\/m, 1e., Y
of K, for this orientation. In comparison, theoretical estimates of ligament bridging,
based on a limiting crack-opening approach™, yield values of Ky ~0.3 MPaym. Such
experimental compliance measurements, coupled with the theoretical estimates, strongly
suggest that uncracked ligament bridging provides a finite contribution to the

toughening of bone.

Thus in summary, we have shown by novel experimentation that the local
criterion for fracture in human cortical bone is consistent with a strain-based criterion.
We believe that this is the first direct experimental evidence for the validity of the
assumption of a strain-based criterion, which has been so widely used in theoretical
models of the mechanical behavior of bone’. In addition, we have shown that the
marked anisotropy of bone with respect to its toughness properties can be rationalized in
terms of several extrinsic toughening mechanisms induced by specific features in the
microstructure. Whereas several of these mechanisms have been proposed, we provided
the first quantitative measurements of the contribution to toughening from crack
bridging through compliance analysis. These results are of special interest in that they
form the basis of physically-based micromechanistic understanding of the fracture and

failure of human cortical bone.



Methods.

Double notch experiments. A fresh frozen human cadaveric humerus from a 34-year
old female was used; the cause of death was unrelated to the condition of the extracted
bone. Tests were conducted using a symmetric four-point bending geometry (inner
loading span $~10-15 mm, sample width #W~2-3 mm) with a double rounded-notched
configuration (Fig. 1b). Rounded notches (root radius, p~200-300 um, and depth,
a~0.3-0.4 W) were introduced with a slow speed saw; care was taken to maintain the
specimens in a hydrated state throughout the specimen preparation and testing process.
The depths of both notches in each specimen were kept as identical as possible in order
to ensure similar stress/strain fields at the notch tips. A total of eighteen such tests were
conducted (atleast three for each of the orientations used- see Fig. 1¢). All testing was
conducted at ambient temperature on an ELF® 3200 series voice coil-based mechanical
testing machine (EnduraTEC Inc., Minnetonka, MN, USA). The bend bars were loaded
to failure under displacement control at a constant cross-head movement rate of 0.01
mm/sec. The area around the unfractured notch (Fig. 1b, “After fracture”) was
examined using a high-power optical microscope and (after coating with a gold-
palladium alloy) with a scanning electron microscope (SEM) operating in the back-

scattered electron mode.

Fracture toughness measurements. Fracture toughness testing was performed in
general accordance with the ASTM Standard E-399 for Plane-Strain Fracture
Toughness®'. Tests were conducted using the notched three-point bending geometry
with a span between the lower two loading points equal to 5-5.5 times the width of the
beam. Both the longitudinal orientations and the transverse orientation were
investigated. The notch was “sharpened” by “precracking” using cyclic fatigue loading;
this was achieved at a load ratio (ratio of minimum to maximum loads) of R = 0.1 and
loading frequency of 2 Hz, with a final maximum stress-intensity of Kpay ~1-2 MPavm.
The final precrack length (notch plus precrack) was generally ~0.4-0.6/, with a

presumed atomically sharp crack tip. Samples were then loaded to failure under



displacement control with an ELF® 3200 series machine at ambient temperature at a
cross-head displacement rate of 0.01 mm/sec. A record of the applied loads and the
corresponding displacements was simultaneously monitored during the test and
analyzed for determining the fracture toughness. At least three separate specimens were
tested for each orientation. Linear-elastic stress intensities, K, were computed from
handbook solutions for three-point bending®'.

Crack bridging experiments. To confirm the presence of crack bridging in bone,
several experiments (N = 4) were performed where a crack was grown from a rounded
notch in a three-point bend specimen to a certain length between 1 and 1.5 mm. The
“measured” compliance of this crack was then determined by monitoring the load-line
displacement as a function of applied bending load. This was then compared to the
“theoretical” compliance for a traction-free crack of identical length in this geometry32.
To check the veracity of the theoretical estimate for the case of bone, we machined out
the wake of the crack using a slow speed diamond saw to obtain a nominally traction-

free “crack” of the same length, and measured its compliance (see Fig. 3e).
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Figure Legends:

Figure 1 Schematics illustrating the difference between failure criteria, the test
geometry and the orientations used: a The stress (left) and strain (right)
distributions, based on numerical computations12, ahead of a notch are shown,
and indicate that, in the presence of any degree of inelasticity, the maximum
stresses are ahead of the notch whereas the maximum strains are at the notch
root. Consequently, a stress-controlled fracture mechanism will tend to initiate
ahead of the notch, whereas the initial fracture event for strain-controlled
fracture will be at the notch. b Schematic illustration of the double-notched four-
point bend test used to discern whether fracture is stress- or strain-controlled. ¢
The various specimen orientations taken from the humerus (with respect to the
direction of the osteons, indicated in gray) that were investigated are shown in

this illustration.

Figure 2 Scanning electron micrographs of the area near the unbroken notch
for various orientations: a A crack emanating directly from the notch root in the
“anti-plane longitudinal” orientation. b Associated evidence of uncracked
ligament bridging (indicated by white arrow) and of extensive microcracking for
the “in-plane longitudinal” orientation. ¢ The extremely small (<5 um) size of the
precursor cracks like the one shown here leaves little doubt that crack initiation
is at the notch and not ahead of it, consistent with the notion of locally strain-
controlled fracture. d The strong influence of the underlying microstructure can
lead to cracks emanating well behind the notch root, as illustrated here for the
“transverse” orientation. Also, multiple crack initiation can be seen. The insets

show the specimen orientation with respect to the direction of the osteons.



14

Figure 3 Scanning electron micrographs illustrating toughening mechanisms in
bone through interactions between the crack and the microstructure
interactions: a For a crack emanating from the notch in the “anti-plane
longitudinal” orientation, the crack path appears to be little influenced by the
osteons (encircled by the white arrows). b A high magnification image of the
region indicated in a by a white circle showing evidence of uncracked ligament
bridging as a contribution to the toughness (indicated by white arrows). ¢ A
high magnification micrograph showing crack bridging by collagen fibrils, also
for “anti-plane longitudinal” orientation. d A stronger influence of microstructure
is evident for the “transverse” orientation, where cracking ahead of the notch is
shown at a Haversian canal, although the actual initiation process is at the
notch itself, as evidenced by the presence of precursor cracks (Fig. 2d). The
insets show the specimen orientation with respect to the direction of the
osteons; the black arrows indicate the nominal direction of crack growth. e
Experimental (bridged) and theoretical (traction-free) load-displacement curves
used to assess the specimen compliance to verify the existence (and quantify)

the bridging levels involved (at constant crack length).
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Figure 1 Schematics illustrating the difference between failure criteria, the test
geometry and the orientations used: a The stress (left) and strain (right)
distributions, based on numerical computations'?, ahead of a notch are shown,
and indicate that, in the presence of any degree of inelasticity, the maximum
stresses are ahead of the notch whereas the maximum strains are at the notch
root. Consequently, a stress-controlled fracture mechanism will tend to initiate
ahead of the notch, whereas the initial fracture event for strain-controlled
fracture will be at the notch. b Schematic illustration of the double-notched four-
point bend test used to discern whether fracture is stress- or strain-controlled.
¢ The various specimen orientations taken from the humerus (with respect to
the direction of the osteons, indicated in gray) that were investigated are shown
in this illustration.
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Figure 2 Scanning electron micrographs of the area near the unbroken notch
for various orientations: a A crack emanating directly from the notch root in the
“anti-plane longitudinal” orientation. b Associated evidence of uncracked
ligament bridging (indicated by white arrow) and of extensive microcracking for
the “in-plane longitudinal” orientation. ¢ The extremely small (<5 um) size of the
precursor cracks like the one shown here leaves little doubt that crack initiation
is at the notch and not ahead of it, consistent with the notion of locally strain-
controlled fracture. d The strong influence of the underlying microstructure can
lead to cracks emanating well behind the notch root, as illustrated here for the
“transverse” orientation. Also, multiple crack initiation can be seen. The insets
show the specimen orientation with respect to the direction of the osteons.
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contribution to the toughness (indicated
by white arrows). ¢ A high magnification

micrograph showing crack bridging by collagen fibrils, also for “anti-plane
longitudinal” orientation. d A stronger influence of microstructure is evident for
the “transverse” orientation, where cracking ahead of the notch is shown at a
haversian canal, although the actual initiation process is at the notch itself, as
evidenced by the presence of precursor cracks (Fig. 2d). The insets show the
specimen orientation with respect to the direction of the osteons; the black
arrows indicate the nominal direction of crack growth. e Experimental (bridged)
and theoretical (traction-free) load-displacement curves used to assess the
specimen compliance to verify the existence (and quantify) the bridging levels
involved (at constant crack length).
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