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Abstract
Bone toughness emerges from the interaction of several multiscale toughening mechanisms. Recently, the formation of
nanoscale dilatational bands and hence the accumulation of submicron diffuse damage were suggested as an important energy
dissipation processes in bone. However, a detailed mechanistic understanding of the effect of this submicron toughening
mechanism across multiple scales is lacking. Here, we propose a new three-dimensional ultrastructure volume element model
showing the formation of nanoscale dilatational bands based on stress-induced non-collagenous protein denaturation and
quantify the total energy released through this mechanism in the vicinity of a propagating crack. Under tensile deformation,
large hydrostatic stress develops at the nanoscale as a result of local confinement. This tensile hydrostatic stress supports
the denaturation of non-collagenous proteins at organic–inorganic interfaces, which leads to energy dissipation. Our model
provides new fundamental understanding of the mechanism of dilatational bands formation and its contribution to bone
toughness.

Keywords Bone ·Mineralized collagen fibril · Finite element modeling · Non-collagenous proteins · Fracture toughness

1 Introduction

Bone exhibits a hierarchical organization from the nano-
to the macroscale (Rho et al. 1998; Weiner et al. 1999).
Its mechanical properties depend on the specific architec-
ture at all levels of the hierarchy (Hamed et al. 2010). It is
reported that, due to its heterogeneous structure, bone can
withhold moderate damage accumulation without breaking
(Vashishth et al. 1997; Zioupos and Currey 1998; Vashishth
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et al. 2000). Macroscopic bone fracture toughness is defined
by the synergistic interaction of multiple toughening mech-
anisms. Many of the microscale toughening mechanisms
observed in ceramics and brittle engineering materials, such
as crack pinning, crack deflection and crack bridging, have
also been discussed in the context of bone (Vashishth
et al. 1997; Nalla et al. 2003; Taylor et al. 2007; Zim-
mermann et al. 2014). Dissipation of energy at submicron-
and nanoscales is generally accepted, but a detailed under-
standing of the nanoscale mechanism of energy dissipation
and moreover its effect at the macroscale are still largely
unknown.

The nanoscale building unit of bone is the mineralized
collagen fibril (MCF) whose structure and mechanical prop-
erties have been investigated (Jäger and Fratzl 2000; Gupta
et al. 2006; Almer and Stock 2005, 2007; Deshpande and
Beniash 2008; Yuan et al. 2010).MCFs are organic/inorganic
composites composed of mainly type-I collagen, inorganic
mineral platelets and smaller quantities of non-collagenous
proteins (NCPs) (De Buffrénil et al. 2004). Collagen triple
helices run parallel to the longitudinal direction of MCF
forming a staggered structure and self-assemble into rela-
tively soft fibrils with the diameter on the order of 100 nm
(Hodge and Petruska 1962). Mineral crystals grow in the gap
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zones (intra-fibrillar mineral) and outside the collagen fibrils
(extra-fibrillar mineral) mechanically reinforcing the colla-
gen structure (Grynpas et al. 1984; Fratzl et al. 1996). NCPs
are known to be important regulators of bone mineralization
process (Termine et al. 1981; Boskey et al. 1998; Poundarik
et al. 2011).

Importantly, studies suggest that NCPs also play a direct
structural role and act as ‘glue’ at the mineral–organic inter-
face (Fantner et al. 2005; Hamed et al. 2012; Poundarik
et al. 2012; Hang et al. 2014). The details of structural func-
tion of NCPs are still a matter of debate. Recent studies
(Poundarik et al. 2012, 2015) report a 31% macroscopic
toughness reduction in NCPs knockout mice femurs. Fur-
thermore, nanoscale damage in the form of dilatational bands
(Poundarik et al. 2012; Nikel et al. 2013) was observed in
diffuse damage regions of wild-type mice bone but not in
the knockouts due to the absence of the relevant NCPs. The
dilatational bands have dimensions on the order of∼ 100 nm
and align with the collagen fibril (Poundarik et al. 2012).
These findings are consistent with past research, indicating
that diffuse damage can be viewed as submicron ‘cracks’
(Schaffler et al. 1995; Burr et al. 1998; Vashishth et al.
2000; Seref-Ferlengez and Basta-Pljakic 2014). Such dif-
fuse damage zone is observed in the process zone of a major
crack or the vicinity of microcracks (Vashishth et al. 2000;
Poundarik et al. 2012). Such localized inelastic deformation
leads to energy dissipation. The energy released during a pro-
tein denaturation event was estimated to range from 1.1 to
54.5 eV (Gupta et al. 2006; Poundarik et al. 2012), and it
was conjectured, when scaled-up to the macroscopic scale
of the sample, the mechanism can lead to significant energy
release.

In this study, we develop a mechanistic model of the
nanoscalemechanism leading to the formation of dilatational
bands in bone. The mechanism is based on the published
experimental data indicating co-localization of the inelastic
deformation within NCP complexes distributed at mineral–
collagen interfaces (Poundarik et al. 2012; Nikel et al. 2013;
Stock 2015). Topological confinement of the soft organic
phase due to the specific extra-fibrillar mineral arrange-
ment leads to important stress concentration in the region
of the gaps between mineral platelets, which produce pro-
tein denaturation. This process generates crack-like features,
which we refer to as ‘denaturation front,’ extending along
the extra-fibrillar mineral platelet surfaces. The mechanism
is quantified using a finite element model of the submicron
structure of the MCFs and extra-fibrillar mineral. The model
allows the estimation of the energy released at each such site,
which, in turn, allows evaluating the energy released via this
mechanism in the vicinity of a crack tip.

2 Model development

Mineralized collagen fibrils (MCFs) are an organic/inorganic
composite material. The unique interactions between the
mineral phase, collagen, and NCPs determine their material
properties and mechanical function (Deshpande and Beniash
2008; Yuan et al. 2010). In this work, we use a three-
dimensional volume element (VE) model with the stochastic
arrangement of extra-fibrillar mineral structure to investigate
the nanoscale stress and strain distribution.

Microscale computed tomography (micro-CT) measure-
ments indicate that the mineral volume fraction in cortical
bone from human and bovine tibia is 37.9%. This value
results from our studies (see supplementary information) and
is supported by the literature (Ellman et al. 2013; Ciuchi
et al. 2013). The intra-fibrillar mineral is located in the gap
zone of collagen fibril (Hodge and Petruska 1962). Evidence
exists that significant amounts of mineral are extra-fibrillar
(Lees and Prostak 1988; Pidaparti et al. 1996; Schwarcz et al.
2014); specifically, only 25–42% of the total mineral can
be accommodated by intra-fibrillar gap zones, as predicted
by various collagen molecular packing models (Bonar et al.
1985; Alexander et al. 2012; Nair et al. 2014). Also, the
extra-fibrillar mineral is thought to be more important for
the stiffness and compression strength of bone. Karunaratne
et al. (2012) show that the nanoscale modulus of wild-type
mice bone increases from 13 to 40 GPa during growth, from
4 weeks to 16 weeks, while the rickets model with incom-
plete extra-fibrillar mineralization yields apparent modulus
from 1 to 6 GPa. Mineralized tendon samples that contain
exclusively intra-fibrillar mineral yield apparent modulus of
approximately 1 GPa (Landis et al. 1996; Gupta et al. 2004;
Meyers et al. 2008; Tresoldi et al. 2013). An atomistic model
(Nair et al. 2013) shows that intra-fibril mineral alone, even
with 40%mineral density, is not sufficient to explain the load-
bearing properties of bone. Therefore, in the currentwork,we
focus on the extra-fibrillar mineral distribution and account
for the intra-fibrillar mineral implicitly, by using a homog-
enized representation for the MCF. We assume that NCPs
are localized exclusively in the extra-fibrillar space, at the
interface between mineral platelets and matrix (Nikel et al.
2013). The NCPs are not represented explicitly in the model,
rather their effect is included in the mechanical properties of
these interfaces which are characterized by predefined cohe-
sive energy (Termine et al. 1981; Hamed et al. 2012; Hang
et al. 2014).

To generate a model of the ultrastructure of bone, we
start from transmission electron microscopy (TEM) observa-
tions of fibril bundles (McNally et al. 2012; Schwarcz et al.
2014), showing extra-fibrillar mineral platelets distributed in

123



Bone toughening through stress-induced non-collagenous protein denaturation 1095

a shell-like fashion around MCF. Similar extra-fibrillar min-
eral structure patterns have been reported by other groups
such as (Rubin et al. 2003, Reznikov et al. 2014) who
show TEM images of focused ion beam-milled femur bone
samples similar to that of McNally et al. (2012). Due to
bio-mineralization regulation and topological packing rea-
sons, the mineral platelets are arranged roughly parallel to
each other, with their c axis direction oriented approxi-
mately parallel to the collagen fibril axis (Jaschouz et al.
2003). The platelet predominant orientation applies to both
the intra- and extra-fibrillar minerals. A TEM image from
(McNally et al. 2012) representing the arrangement of the
extra-fibrillar mineral is reproduced in Fig. 1a. This shows

mineral lamellae arranged parallel to each other and packed
in the space between collagen fibrils. Geometric parameters
of this arrangement and mean dimensions of individual min-
eral platelets are obtained from this image and from other
literature sources (Jäger and Fratzl 2000; Schwarcz et al.
2014) and are listed in Table 1 and shown in Fig. 1.

Geometries equivalent to that in Fig. 1a were created by
starting with a Voronoi tessellation in the x–y plane per-
pendicular to the direction of the MCFs (Fig. 1b). Seed
points are generated in a regular hexagonal pattern, and
then, their positions are perturbed by random shifts. The
tessellation resulting from this set of seed points contains
almost equiaxed cells (Fig. 1b). The intersections of the extra-

Fig. 1 a Bright-field TEM image of collagen fibrils in the projection
parallel to the fibril axis (z-direction), reproduced with permission from
(McNally et al. 2012), scale bar = 100 nm; b two-dimensional Voronoi
representation of mineral arrangement in the x–y plane, perpendicular
to the MCF. A generic collagen fibril diameter (D), width of an extra-
fibrillar mineral (w) and extra-fibrillar mineral bundle thickness (T )
are shown; c three-dimensional mineral platelets and inter-platelet gaps

after extruding the configuration in b in the z-direction (the direction
of the MCF axis); d meshed VE corresponding to the mineral platelet
arrangement in c. The structure is referred to a Cartesian coordinate
system with the z-axis aligned with the longitudinal direction of bone.
The inset diagram shows the 2D subscale MCFs schematic diagram
not resolved in FEM model with collagen fibril, intra-/extra-fibrillar
mineral

Table 1 Constituent dimensions
used to construct the model
(McNally et al. 2012; Jäger and
Fratzl 2000; Schwarcz et al.
2014)

Measurement type Value

Thickness of extra-fibrillar mineral platelet, t 5 nm

Width of extra-fibrillar mineral platelet, w 68± 18 nm

Average extra-fibrillar mineral bundle thickness, T 27.7± 10.4 nm

Average of MCF major and minor axes, D 45.4± 22.8 nm
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fibrillar mineral platelets with the x–y plane are generated
parallel to the edges of each Voronoi cell. The c-axis of
the platelets is in the z-direction. The position of mineral
platelets along given cell edge is selected at random. The
number of platelets per edge is also stochastic, in the range
1–4, in agreement with TEM observations. This procedure
leads to geometries such as that shown in Fig. 1b. Further,
the mineral plate traces are replaced with actual platelets of
thickness t = 5 nm and width sampled from a lognormal
distribution of mean w = 68 nm and standard deviation 18
nm (Table. 1) (McNally et al. 2012; Schwarcz et al. 2014).
Here, we assume that all platelets have the same thickness
since the reported variation of the thickness is much smaller
than the variation of length andwidth of platelets (Fratzl et al.
1996; Burger et al. 2008; Poundarik et al. 2011). The spacing
of platelets in the direction perpendicular to the cell edge is
1 to 3 nm, as suggested in the literature (Gupta et al. 2006;
McNally et al. 2012; Schwarcz et al. 2014). The addition of
mineral platelets to themodel ends once the totalmineral vol-
ume fraction reaches the imposed volume fraction of 26.6%.
Note that the space close to the core of each Voronoi cell is
occupied by the MCF. Further details of the procedure are
presented in Supplementary information.

To produce the three-dimensional structure of the fibril
bundle, the mineral platelets are extruded in the z-direction,
i.e., the direction of theMCF axis. The length of eachmineral
platelet is set to 50 nm, and the platelets are staggered in the z-
direction as shown in Fig. 1c. X-ray diffraction andmodeling
studies (Jäger and Fratzl 2000; Gupta et al. 2006; Almer and
Stock 2007) confirm that the mineral staggered arrangement
is important for load transfer in mineralized collagen fibrils.
The effect of the deterministic parameter representing the
mineral platelet length on the results of this study is presented
in supplementary information section.

A CAD model with geometry defined above is devel-
oped as shown in Fig. 1c. The model is meshed using the
SimModeler suite from Simmetrix Inc. (Li et al. 2005). The
interface betweenMCF and mineral platelets is well bonded,
except in regions where protein denaturation occurs. Tetra-
hedral elements with linear interpolation functions are used
throughout. Models have on the order of 6 × 105 4-nodes
tetrahedral elements and approximately 3 × 105 degrees of
freedom associated with ∼ 1.1 × 105 nodes. The created
FEM model is shown in Fig. 1d. Mesh refinement is used in
the gap region between mineral platelets in the z-direction.

According to experiments and atomistic simulations (Per-
oos et al. 2006; Hang and Barber 2011; Nair et al. 2014), both
the collagen fibril and the extra-fibrillar mineral behave elas-
tically in the physiological strain range (10−3 ∼ 3 × 10−3).
Therefore, we consider linear elastic behavior for both min-
eral platelets and matrix material. The mineral platelets are
assigned isotropic elastic behavior of modulus 80 GPa and
Poisson’s ratio 0.28 (Koch et al. 2007; Yuan et al. 2010).

The chosen value for the mineral modulus is based on the
observation that the modulus of nanoscale mineral platelets
is much smaller than that reported for bulk hydroxyapatite
(Yuan et al. 2010). MCF fills the space between groups of
extra-fibrillar mineral, i.e., the interior of the Voronoi cells
in Fig. 1b and its mechanical properties are considered to
be similar to mineralized turkey tendon (Landis et al. 1996;
Tresoldi et al. 2013). We denote this as the ‘matrix’ material
and assign amodulus of 1GPa based on the experimental val-
ues (Gupta et al. 2004; Meyers et al. 2008). Poisson’s ratio of
thematrixmaterial ranges from0.4 to 0.46 in separatemodels
(Jin and Lewis 2004; Kiviranta et al. 2006). Further, osteo-
calcin is reported to bind strongly to hydroxyapatite mineral
platelets and has the ability to interact with organic matrix
through osteopontin and other NCPs (Hauschka and Wians
1989; Ritter et al. 1992). Therefore, as reported (Termine
et al. 1981; Hamed et al. 2012; Hang et al. 2014), the NCPs
are considered to be located at the mineral–organic inter-
face, as shown in the insets of Fig. 1d. As defined above,
the NCPs are subscale features (that are not resolved in the
FEMmodel) and their presence is reflected in themechanical
behavior of the mineral–matrix interface. The interface can
be weak if its strength relies entirely on molecular entan-
glements (Stock 2015). However, when the denaturation
of OC–OPN complexes is included, the interface becomes
stronger (Poundarik et al. 2012). To account for both weak
and strong interfaces, we considered a wide interface energy
release rate range from 0.04mJ/m2 (

2.5 × 10−4 eV/nm2) to
10.91mJ/m2 (0.068 eV/nm2). These values are reproduced
from Gupta et al. (2006) and Poundarik et al. (2012).

The model is constructed to allow the application of peri-
odic boundary conditions in all directions. In the uniaxial
loading case, periodic boundary conditions are applied in the
x−z and z−y planes and displacements are imposed on faces
perpendicular to the z-axis such that the sample is loaded
in uniaxial tension. Global physiological strain levels range
from 10−3 to 3×10−3, while strain larger than 3×10−3 can
only be produced during the vigorous activity (Schaffler et al.
1989;Burr et al. 1996). Zero traction boundary conditions are
applied in directions perpendicular to the z-axis. Situations
in which the model is loaded multiaxially are considered in
conjunction with dilatational band formation in the vicinity
of a major crack tip.

To evaluate the released energy associated with NCP
denaturation, we assume that the denaturation always begins
at the location of maximum normal stress acting perpendic-
ular to the matrix–mineral interface. A crack-like feature is
created along a randomly selected interface in this model at
a site where the local stress state reaches a maximum. Any
interface in the model can be selected for this purpose since
all interfaces carry statistically similar loads, and periodic
boundary conditions are applied to the model. The strain
energy difference between models with and without mod-
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Fig. 2 Hydrostatic stress distributions in the nanoscale VE subjected to uniaxial tension in the z-direction (shown by arrows)

ified interfaces but under the same boundary conditions is
computed. The process is repeated in each case for various
dimensions of the denatured interfacial region to evaluate the
energy released due to the growing interfacial NCP denatu-
ration front.

3 Results and discussion

3.1 Stress distribution in the undamaged sample

The large elastic heterogeneity and the complexity of the
geometrical arrangement lead to rather large spatial stress
variability. Of interest are the local stresses at interfaces and,
in particular, the normal tensile stress acting in the direction
perpendicular to these interfaces. At this stage of the inves-
tigation, it is considered that the far-field strain ε∞

zz is tensile
and acts parallel to the osteon (and hence MCF) axis. Since
the mineral platelets are parallel to the loading z-direction,
and zero mean stress is applied in the direction perpendicular
to the z-axis, the normal stress in the x–y plane would vanish
if this were a homogeneous material. However, confinement
associated with heterogeneity introduces large stress con-
centration in the gap region between mineral platelets in the
z-direction. Figure 2 shows the distribution of hydrostatic
stress in the VE subjected to uniaxial tension.

The mechanism leading to the observed stress concentra-
tion is the confinement of the softer phase by the hardmineral
platelets. The platelets are staggered in the z-direction form-
ing gaps between them. These gaps are stochastically placed

in the z-direction, and hence, the probability that they align
in the x–y plane is small. Hence, most gaps are surrounded
by neighboring mineral platelets, and their deformation
is restricted by the surrounding hard phase. This greatly
increases the hydrostatic stress in the gap regions. Figure 3a
shows the probability distribution function (PDF) of the
hydrostatic stress in the model of Fig. 2 subjected to a uni-
axial applied strain of ε∞

zz = 3 × 10−3. The distribution is
bimodal. The mean of the large peak in the vicinity of the
origin is 2.2 MPa and corresponds to the hydrostatic stress
computed based on the applied far-field strain. A secondary
peak of mean 51.4 MPa appears. This corresponds to the
hydrostatic stress in the inter-platelet gap regions. Therefore,
the confinement-induced stress concentration is substantial,
with the local hydrostatic stresses being ∼ 25 times larger
than the far- field average.

To demonstrate that this stress concentration effect is asso-
ciated with confinement, the Poisson ratio of the soft phase
is varied and the mean of the large hydrostatic stress peak
in the distribution of Fig. 3a is plotted versus the Poisson
ratio in Fig. 3b. The concentration effect is highly sensitive
to the Poisson ratio of the matrix material, as expected. In the
following simulation, we assume a moderate estimate of the
Poisson’s ratio of 0.4. The effect discussed can be enhanced
drastically as the material is brought closer to the incom-
pressible state.

The stress concentration effect discussedhere occurs in the
gap between platelets in the z-direction and is largely inde-
pendent of the relative orientation of the packs of platelets in
the x–y plane (Fig. 1). Therefore, other mineral arrangement
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Fig. 3 a Probability distribution function (based on the number of ele-
ments subjected to given stress) of the hydrostatic stress in the model
subjected to a far-field strain of 3 × 10−3. The matrix stiffness in this
analysis is 1 GPa (Gupta et al. 2004; Meyers et al. 2008), and a value of
0.4 is selected for the Poisson ratio of the soft phase. The inset shows

a detail of the large hydrostatic stress peak; b variation of the mean of
the large hydrostatic stress peak in a with the Poisson ratio of the soft
phase (red line and circles). The mean of the low stress peak is also
shown (blue line and triangles); this value is constant since the imposed
far field uniquely defines it

configurations should lead to the same stress concentration
in the inter-platelet gaps. It is, however, noteworthy that the
nanostructure varies between different bone types and dif-
ferent development stages (Reznikov et al. 2014). Randomly
oriented MCFs have been reported in woven bone (Su et al.
2003) and during early stages callus formation where bone
formation occurs rapidly to provide support to a healing
fracture. Also, mineralized collagen fibrils with exclusively
intra-fibrillar mineral (Nudelman et al. 2010) or with partial
extra-fibrillar mineralization (Deshpande and Beniash 2008;
Karunaratne et al. 2012) are reported under specific in vitro
culture conditions. The current study does not attempt to cap-
ture such situations.

3.2 Energy released associated with interface NCP
denaturation under uniaxial loading

The large stresses discussed in the previous section will
result in interfacial NCP denaturation. The conditions under
which this takes place and the energy released associated
with this process are analyzed in this section. The stress-
induced protein denaturation discussed here is essentially
different from the sacrificial bonds proposed by Fantner et
al., which related to separation and reforming of glue fila-
ments involving van der Waals interactions (Fantner et al.
2005). The stress-induced protein denaturation (or dilata-
tional bands) is defined by mechanical unfolding of NCPs
at mineral–matrix interfaces, which is irreversible. Also, the
sacrificial bonds are usually observed on fracture surfaces
(Fantner et al. 2005), while the protein denaturation (dilata-
tional bands) can occur even before microcrack propagation
(Poundarik et al. 2012). To this end, the stress state at the
scale of an inter-platelet gap, the size of the denaturation

front propagating at the interface between the mineral and
organic phases, and the critical energy required to modify
the interface need to be specified.

Figure 4 shows the normal stress distribution on the sur-
face of a mineral platelet due to uniaxial far-field loading in
the z-direction of the model in Fig. 2, with an imposed far-
field strain of ε∞

zz = 3 × 10−3. The stress is generally small
under uniaxial boundary condition, except in the gap region
where it is tensile and large (red central region). An elliptical
region is defined at the selected interfaceA (shown in Fig. 4b)
and the nodes in this region are duplicated, effectively gen-
erating a small (closed) crack (shown edge-on in the inset
to Fig. 4b). This feature represents a denatured region that
opens upon the application of far-field loading.

The large normal stress acting at the interface will lead to
the development of a denaturation front whose size depends
on the stress distribution and the total strain energy avail-
able. We evaluate firstly the strain energy released, U , as
the denaturation front grows at the interface under fixed far-
field loading, ε∞

zz . To this end, we select a flaw size and
solve the boundary value problem for given far-field con-
dition with and without the flaw. The difference between the
strain energy stored in these two states represents the energy
released during the growth of the denaturation front up to the
respective size. The procedure is repeated for various denatu-
ration domain sizes and shapes.We assume full normal stress
releasewithin the region of denaturation and approximate the
denaturation front shape with an ellipse having area a and a
ratio between the two semiaxis R. Figure 5 shows the dis-
tribution of normal stress acting at the interface for models
with various values of the two parameters,a and R, providing
continuous snapshots during denaturation front propagation
under large enough constant far-field loading.
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Fig. 4 a Normal stress distribution at interface A between mineral
platelet and the organic phase, associated with a uniaxial far-field load-
ing of ε∞

zz = 3× 10−3; b Two projections of the stack of extra-fibrillar

mineral platelets with the generic interface of interest A shown in red.
The inset schematic diagram shows how the crack is modeled by insert-
ing a new set of nodes

Fig. 5 Normal stress distribution at the surface of a mineral platelet,
with the denaturation domain shown by the central blue region. Config-
urations corresponding to multiple shapes and sizes of the denaturation
domain are shown. The top line images show growth along the high

stress region of the interface facing the gap, while the bottom line
images show subsequent growth in the direction of the platelet length
(or z-direction)

The strain energy released, U , upon the formation of an
elliptical denaturation domain of semiaxis m and n (m =√
Ra/π and n= √

a/Rπ ) is shown in Fig. 6 as a function
of parameter a. Curves for several values of n are shown
in Fig. 6. Under realistic growth conditions, the shape of the
denaturation front evolves such that the stress intensity factor
along the crack contour is constant and the energy release

rate is maximized. These conditions correspond to the upper
envelope of the curves in Fig. 6. The red dash curve shown
in Fig. 6 is the physically relevant relation between the strain
energy released and denaturation area.

The strain energy release rate, computed based on the data
in Fig. 6 (∂U/∂a or the tangent to the red line in Fig. 6),
can be compared with the energy cost to produce denatura-
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Fig. 6 Variation of the strain energy released in the process of denatu-
ration front growth from zero to given area, a. Numerical data obtained
with the model in Fig. 2 are presented for various values of the semi-
axis nand area, a (open circles). The red curve is the upper envelope
of all numerical results and corresponds to the flaw shape that leads to
the maximum energy released for given a. It represents the physically
relevant energy release–denaturation area relation. The data correspond
to a far field strain of ε∞

zz = 3 × 10−3

tion. Poundarik et al. (2012) suggested that each dilatational
band complex comprises one OPN, which connects to the
mineral and collagen via two OC molecules. The energy
dissipation per dilatational band is estimated to range from
1.1 to 54.5eV (Gupta et al. 2006; Poundarik et al. 2012).
In view of this uncertainty, we consider a broad range of
critical energy release ratesGc and assume thatNCPs are uni-
formly distributed at the interface associatedwith dilatational
bands formation, and the area corresponding to one dilata-
tional band ranges from 800 to 4000 nm2 (McNally et al.
2012; Poundarik et al. 2012). Therefore, the upper bound
Gupper

c = 10.91mJ/m2 (0.068eV/nm2.) is obtained by
dividing the maximum value of the energy dissipation by the
minimum area, and the lower bound G lower

c = 0.04mJ/m2

(2.5×10−4 eV/nm2) is obtained by using theminimumvalue
of the energy dissipation and the maximum area. Another
data set, based on the measurement of the energy required to
deform in tension anOPNmolecule bonded to amica surface
using the tip of an AFM (Fantner et al. 2007), leads to an esti-
mate of the critical energy (required to initiate denaturation)
of 2.26mJ/m2, which is within the range mentioned above.
To obtain this estimate from the respective data set (Fantner
et al. 2007), we consider the work performed by the AFM
cantilever up to the first minimum of the load–displacement
curve and divide this quantity by the area of contact between
the tip and the NCP film (reported to be 900 nm2).

It can be conceived that the debonding process is of a dif-
ferent nature than assumed here. Three types of interactions

have been discussed for mineral–organic interfaces in bone
(Stock 2015): molecular entanglement, intermolecular inter-
actions and mechanical interlocking. The macromolecular
denaturation discussed here is the degradation under stress
of an interface whose strength is derived primarily from
molecular entanglements. The denaturation energy consid-
ered, based on the studies mentioned above (fracture energy
release rate ranging from 0.04mJ/m2 to 10.91mJ/m2), is
significantly smaller than that corresponding to an inter-
face stabilized by electrostatic interactions (∼ 200mJ/m2,
(Ji 2008)) or hydrogen bonding (150 mJ/m2, (Siegmund
et al. 2008)). Hence, in case of competing mechanisms, the
weakest link controls failure and the values considered here
apply. Furthermore, the range considered is sufficiently broad
to encompass other interface failure mechanisms and asso-
ciated energies not envisioned here. The proposed general
modeling methodology also applies when a larger interface
toughness value is assumed (e.g., corresponding to hydro-
gen bonding). In this case, the size of the debonded region
as well as the total energy released per unit volume of mate-
rial would be smaller. With the strain energy release curve
and critical energy release rate Gc, we can determine the
size of the denaturation front corresponding to different far-
field loadings. Different far-field strains ε∞

zz correspond to
different U (a) curves. Since the problem is linear elastic,
the maximum energy released (red curve in Fig. 6) scales
with the square of the far-field strain. Figure 7 shows energy
release curves similar to that in Fig. 6 for two ranges of
far-field strains: ε∞

zz = 1.5 × 10−3 to ε∞
zz = 3.8 × 10−3

in Fig. 7a, and ε∞
zz = 25 × 10−3 to ε∞

zz = 65 × 10−3 in
Fig. 7b. The first range overlaps with physiological condi-
tions, while the second represents situations in the vicinity
of stress concentrators. The solid red lines are described by
the equation Gca and correspond to the lower and upper
limits of the range of critical energy release rates consid-
ered here, i.e., Gc = 0.04 mJ/m2 (in Fig. 7a) and 10.91
mJ/m2 (in Fig. 7b). Interface denaturation takes place in situ-
ations corresponding toU

(
ε∞
zz ,a

)
curves that intersect or lay

above the critical energy release red lines. If the U
(
ε∞
zz ,a

)

curve intersects the red line, denaturation is initiated but
stops before extending to the entire interface of the respective
platelet. Full interface denaturation occurs when U

(
ε∞
zz ,a

)

is strictly above the respective red line. For example, for
the weak interface corresponding to lower bound of the Gc
range, G lower

c = 0.04mJ/m2(2.5×10−4 eV/nm2) (Fig. 7a),
finite size denaturation is expected for far-field loads in the
range ε∞

zz = 2.15 × 10−3 to ε∞
zz = 3.15 × 10−3, while for

larger far fields the entire platelet interface denatured. For
strong interface corresponding to Gupper

c = 10.91mJ/m2

(0.068 eV/nm2) (Fig. 7b), denaturation begins once the far-
field strain becomes larger than ε∞

zz = 35 × 10−3. This is
summarized in Eq. (1), in which Edd is the energy dissi-
pated via this mechanism at given denaturation sites, a is the
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Fig. 7 Strain energy released versus denaturation domain area cor-
responding to various far-field loading strains. The red solid lines
represent the critical energy release required to produce interface denat-
uration. The red curve in a corresponds to the lower limit of the
critical energy release per unit area of G lower

c = 0.04mJ/m2(2.5 ×
10−4 eV/nm2), while the red curve in b corresponds to the upper limit

of Gupper
c = 10.91mJ/m2 (0.068 eV/nm2). The bottom shaded area

(gray) indicates far-field strain ε∞
zz that do not lead to interface denat-

uration, the middle shaded area (yellow) indicates far-field strain ε∞
zz

that lead to finite size interface denaturation, while the top shaded area
(orange) indicates far-field strains ε∞

zz that lead to full interface denat-
uration

current area of the denaturation domain and A is the entire
interfacial area:

Edd =

⎧
⎨

⎩

0, U
(
ε∞
zz ,a

)
< Gca for all a

Gca, other
GcA, U

(
ε∞
zz ,a

)
> Gca for all a

(1)

Note that the far-field strain leading to full interface denatu-
ration varies with the interface size. However, the threshold
far-field strain at which denaturation happens first (the green
triangles curve in Fig. 7) is independent of the interface
configuration. The average energy dissipated by each denat-
uration sites Edd can be evaluated as 1.1 eV and 54.5 eV for
weak and strong interfaces, respectively.

Based on the strain in Fig. 7a, it can be concluded that for
the physiological strain of 3 × 10−3 the denaturation region
is smaller than 500 nm2, and the energy released is negli-
gible, on the order of 0.1 eV. However, as has been already
reported (Cowin and Weinbaum 1998; Rath Bonivtch et al.
2007), bone experiences strain amplification at stress con-
centrators such as macroscale crack tips, microcracks, and
osteocyte lacunae. Thus, dilatational bands are expected in
the vicinity of these stress concentrators. This is in gen-
eral agreement with experimental observations (Vashishth
et al. 2000; Poundarik et al. 2015) and indicates that the
mechanism contributes to toughening. In order to calcu-
late the overall toughness enhancement associated with this
mechanism, we discuss in the next section the energy dissi-
pation associated with dilatational bands in the vicinity of a
macroscale crack tip stress concentrator.

3.3 Estimation of the toughening contribution of
the proposedmechanism

In this section, we consider a crack defined in the X–
Y plane of Fig. 8, growing in the direction transverse to
osteons and loaded in Mode I with a far field leading to
a stress intensity factor KI . The material is transversely
isotropic with the Z-direction being the axis normal to the
plane of isotropy. The coordinate system indicated by capi-
tals is tied to the macroscopic crack tip. The experimental
elastic constants (Dong and Guo 2004) expressed in the
coordinate system of Fig. 8 are: EZ = 16.61GPa, EX =
9.55GPa,GXY = 3.28GPa, vXZ = 0.37, vXY = 0.45. The
asymptotic stress field in the vicinity of the tip is given by
(Sih et al. 1965):

σXX = KI√
(2r)

Re
[

µ1µ2

µ1 − µ2

(
µ2√

cos θ + µ2sinθ

− µ1√
cos θ + µ1sinθ

)]

σZZ = KI√
(2r)

Re
[

µ1µ2

µ1 − µ2

(
µ1√

cos θ + µ2sinθ

− µ2√
cos θ + µ1sinθ

)]

τXZ = KI√
(2r)

Re
[

µ1µ2

µ1 − µ2

(
1√

cos θ + µ1sinθ

− 1√
cos θ + µ2sinθ

)]
(2)
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Fig. 8 Schematic diagram shows the loading of volume elements in the
field of a major crack. The coordinate system (X , Y , Z) is tied to the
crack tip, while (x, y, z) is tied to the VE defined at point C. The color
map shows the strain field εZZ in the vicinity of the tip and related to
the stress field of Eq. (2). Point C represents the point along the path
followed by the VE (magenta line) at which the VE experiences the

critical denaturation conditions. The distance from point C to the crack
plane is denoted by ξ . The dash-dot black line represents the locus of
points C at various distances ξ , which is shown in Fig. 9a. Parame-
ter ξc represents the critical value of ξ above which no denaturation is
expected. Therefore, the darker blue, shaded region parallel to the crack
plane indicates the DWZ

where θ is the angle made by the position vector of length r
with the plane of the crack (with the x-direction), andµ1, µ2
are the roots with positive imaginary part from two pairs
of complex conjugate roots of the reduced sextic equation
(Stroh 1962):

c11µ4 − 2c16µ3+ (2c12 + c66) µ2t− 2∗c26µ+ c22 = 0 (3)

and cij are entries in the reduced stiffness matrix. For cur-
rent setup, the two root are µ1 = 0.2066 + 0.8163 i, µ2 =
− 0.2066 + 0.8163 i. (The detailed calculation is presented
in supplementary information).

Consider crack growth conditions defined macroscopi-
cally by KI = KIc, where KIC is the intrinsic crack initiation
toughness of bone reported as 1.5 MPa

√
m (Mullins et al.

2007). In the vicinity of the crack tip, we can define a region
in which NCPs denaturation mechanism operates. Here, we
denote this region as denaturation wake zone (DWZ). The
objective of this section is to estimate the location and size
of DWZ and the overall contribution of this denaturation
mechanism to toughness. This discussion can be applied to
both macro- and microcracks.

To estimate the size and position of DWZ, we consider
the loading history of an infinitesimal volume of material
C (shown schematically by the magenta square in Fig. 8)
located at a distance ξ from the plane of the crack, dur-
ing crack growth. Due to the scale separation between the
nanoscale models in Fig. 2 and that at which the crack is
defined, we envision that the ‘infinitesimal’ volume element

discussed here is identical to the volume element considered
in the discussion of the mechanism in the previous section.
This volume element C is loaded by a stress field (associated
with the crack tip) of increasing amplitude as it approaches
the crack tip, after which the field decreases, as the respec-
tive location moves into the wake of the crack. The level
of denaturation corresponds to the largest stress conditions
experienced by the volume element along the magenta path
shown in Fig. 8 (here, instead of moving the crack tip, we tie
the coordinate system to the tip and observe the motion of
the volume element of interest in this frame).

To identify the maximum loading state along the magenta
path in Fig. 8 (denoted by point C), it is necessary to specify
the combination of stress components related to the denatu-
ration mechanism discussed above. A material point in the
crack tip region is loaded in a complexway. The normal strain
ε∞
zz applied to the volume element in the previous section is
identical to the normal strain εZZ produced by the crack at
the location of interest. In addition, other strain components
are present in the crack tip field and should be considered
as far-field loads for the VE, as shown in Eq. (2). The nor-
mal stress on the mineral–organic interfaces of the volume
element has two components: the far-field stress σxx and the
normal stress resulting from confinement and associatedwith
σ∞
zz (Sect. 3.1). While the distribution of the second compo-

nent along a mineral plate is non-uniform, see Fig. 4, the
far-field normal stress σxx has a constant value over the same
area. If tensile, σxx can drive interface denaturation without
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Fig. 9 a Variation of the loading parameter η with position X along
paths parallel to the crack plane and located at distance ξ from the
crack. The maximum along each of these curves represents the position
at which the nanoscale VE experiences the largest loading conditions
along the respective path. The dashed red line marks the position of

the peaks and corresponds to the dash-dot black line in Fig. 8; b Strain
energy release curves, G (a), for various values of the angle α between
the X and x-axis in Fig. 8 for a material point C located at ξ = 10µm,
50µm and 100µm from the crack plane

the contribution of the mechanism relying on confinement.
In situations where this condition is fulfilled, we consider
that the interface opens fully, i.e., over the entire surface of
the mineral platelet. We adopt the fracture mechanics view
in which the relevant parameter describing the mixed mode

loading of the interface is η =
√

σ 2
xx + τ 2xz. Figure 9a shows

the variation of parameter η along paths parallel to the crack
in Fig. 8 and at various distances from it, ξ . These curves
exhibit a peak at a position X relative to the tip O, which
depends on distance ξ of the material point from the crack
plane. As the distance ξ increases, parameter η decreases.
This is shown by the dashed red line in Fig. 9a and by the
black dash-dot line in Fig. 8. This is the locus of points in
the crack tip region at which the nanoscale volume elements
experience the critical load leading to the largest level of
denaturation. Hence, we can find a critical distance ξc, above
whichno interface protein denaturationhappened.Therefore,
the DWZ can be defined as region parallel to the crack and
behind the black dash line in Fig. 8 (shown by a darker shade
of blue).

The analysis is further complicated by the fact that the
volume element, which has its platelet longitudinal direction
(the z-axis in Fig. 8) aligned with the osteons direction run-
ning perpendicular to the crack plane (Z-direction), can be
nevertheless rotated about the z-axis with an arbitrary angle.
Denote by α the angle between the X and x axes. Therefore,
it is necessary to identify the element orientation leading to
the largest level of denaturation for each position of the ele-
ment relative to the crack tip. In the case discussed in the
previous section, the orientation of the volume element in

Fig. 1, relative to the z-axis, is irrelevant since the far-field
load is uniaxial. In the crack tip case, the interface normal
and shear stress components change as the interface rotates
about the z-axis.

The analysis described in uniaxial loading condition,
which leads to the strain energy release curves in Figs. 6
and 7, was repeated for multiple angles α. Figure 9b shows
the influence of the rotation angle α on the computed strain
energy released G (a). The data shown in the figure corre-
spond to points C along the black dash-dot curve in Fig. 8
located at ξ = 10µm, 50µm and 100µm from the crack
plane and to a crack loading defined by KI = 1.5MPa

√
m. It

is observed that α has a weak influence on G (a). Therefore,
we consider the average curve of the set shown in Fig. 9b
to be representative for all orientations of the nanoscale vol-
ume element at the respective point in the crack tip field. We
observe further that finite size denaturation is an exception
under these conditions, and hence, in most cases, the full
interface denaturation can be considered. This conclusion
is consistent with confocal microscopy observations that all
dilatational bands are of similar size, on the order of 100 nm
(Poundarik et al. 2012).

With this information,we are in the position to evaluate the
thickness of DWZ, which experiences denaturation during
crack growth. The critical thickness of DWZ, ξc, depends on
the critical denaturation conditions determined in the section
and on the crack tip field analysis presented in this section.
This fracture process zone is shown as shaded (darker blue)
band in Fig. 8. For KI = 1.5 MPa

√
m corresponding to

macroscopic critical crack growth conditions and the range
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of Gc considered in the previous section (G lower
c < Gc <

Gupper
c ), the thickness of DWZ around the crack ξc can range

from 15 µm (for Gupper
c ) to 1.1 mm (for G lower

c ).
Further, we evaluate the overall contribution of this

stress-induced NCP denaturation mechanism to microcrack
toughness. To this end, we integrate the energy dissipated
in the entire crack tip region corresponding to unit crack
advance along the crack front. The associated contribution
to the energy release rate results

*Gdd = Eddρ (2ξc) , (4)

where Edd is the energy dissipated per denaturation sites
computed in the previous section, ρ is the average density of
denaturation sites in the crack tip affected region estimated
from extra-fibrillar mineral arrangement in Fig. 1b. Here,
ρ = 1.29 × 104/µm3 (see detailed calculation in supple-
mentary information). ξc is the critical thickness of DWZ
evaluated above. As reported by Poundarik et al. (2012),
the NCPs are spatially distributed in bone matrix. Microdis-
section of 14 × 105µm3 human cortical bone (Sroga and
Vashishth 2012) shows ∼ 25 times more OC is in the diffuse
damaged regions containing dilatational bands (8.05± 1.71
nmol OC/g bone) than in the adjacent non-damaged control.
OPN content in the damaged area (0.63± 0.14 nmol OPN/g
bone) is also higher than in its non-damaged control. Assum-
ing the bone density is 1.9 g/cm3, the OC concentration in
the diffuse damaged regions is 9.21± 1.95 × 103/µm3 and
OPN concentration can be 7.21 ± 1.60 × 102/µm3. Con-
sidering OC accounts for 15–25% of the total protein (Hall
2015), the total concentration of the NCPs of interest should
range from 3.68 × 104 to 6.14 × 104/µm3, which is on the
same order of magnitude with the estimated denaturation
sites density ρ = 1.29 × 104/µm3. Therefore, the contri-
bution to the overall toughness is estimated for the specified
range of ξc as ∆Gdd = 3.38 J/m2 to 5.00 J/m2 for weak and
strong interfaces, respectively. The corresponding enhance-
ment of the apparent stress intensity factor is *Kdd = 0.272
and 0.331MPa

√
m(in plane stress condition, see the detailed

calculation in supplementary information). Considering the
baseline critical stress intensity factor, KIC = 1.5MPa

√
m,

the overall toughening effect from this toughening mecha-
nism is evaluated to range from 18 to 22%.

Equation (4) indicates that the energy dissipation scales
linearly with the critical thickness ξc of the DWZ. Also,
from Eq. (2), it is seen that the critical thickness ξc scales
quadratically with the intrinsic toughness KIC . Hence, the
toughening effect scales with the square of the toughness
KIC . In case of a macroscopic crack, KIC increases with as
the crack grows as described by the R-curve of bone fracture
toughness (Vashishth 2004). Also, there is additional energy
dissipation from microcracks in the vicinity of the macro-
scopic crack. Therefore, we expect the mechanism discussed

here to contribute more than 22% to the overall toughness
of bone. It is interesting to compare this estimation to the
variation of the toughness of bone between wild type and
genetically modified mice (CO and OPN knockouts), which
was reported to be 31% (Poundarik et al. 2012). Dilata-
tional bands are not reported in the knockouts due to the
absence of the relevant NCPs, which inhibits the operation
of the toughening mechanism discussed here. Considering
the uncertainties involving the interfacial behavior of min-
eral/mineral interface, the agreement with this experimental
result provides support to the analysis presented.

4 Conclusion

The fundamental understanding of fracture behavior of bone
relies on a thorough understanding of the behavior of energy
dissipation at multiple length scales. This article explores
a stress-induced nanoscale mechanism leading to the for-
mation of dilatational bands. The mechanism is based on
the observation that the extra-fibrillar mineral arrangement
and, in particular, the confinement imposed on the organic
phase by the mineral, lead to large hydrostatic stress con-
centration and significant stress field spatial fluctuations
at the nanoscale. These large local stresses support NCPs
denaturation without the creation of physical cracks, but
with associated energy dissipation. Conditions in which this
mechanism operates at the nanoscale are evaluated using
a model that takes into account the details of the bone
architecture at the respective scale. The model leads to the
conclusion that denaturation is to be expected only in the
vicinity of stress concentrators in bone, i.e., in the vicinity of
microscale/macroscale sites, where the strain field is larger
than the mean field associated with physiological conditions.
Further, the toughening contribution of this mechanism is
evaluated by exploring how nanoscale denaturation takes
place in the vicinity of a major crack tip. It is found that
a region (DWZ), in the vicinity of the tip where denatu-
ration is expected, is confined within the critical distance
ξc parallel to the crack. Also, full interface denaturation is
expected within the majority DWZ region. Finally, the esti-
mations of the energy dissipation and the size of DWZ allow
concluding that the mechanism increases the toughness of
bone on the order of 20% and will increase with crack length
contribute to the rising R-curve behavior observed in bone
(Vashishth et al. 1997). The current model gives fundamen-
tal mechanical understand for the formation of dilatational
bands and decent estimation of toughening effect from the
stress-induced toughening mechanism in bone.
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