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Abstract

Lamellar bone is known to be the most typical structure of cortical bone in large mammals 
including humans. This type of tissue provides a good combination of strength and fracture
toughness. As has been shown by John D Currey and other researchers, large deformations 
are associated with the appearance of microdamage that optically whitens the tissue, a process 
that has been identified as a contribution to bone toughness. Using finite-element modelling, 
we study crack propagation in a material with periodic variation of mechanical parameters, 
such as elastic modulus and strength, chosen to represent lamellar bone. We show that a 
multitude of microcracks appears in the region ahead of the initial crack tip, thus dissipating 
energy even without a progression of the initial crack tip. Strength and toughness are shown 
to be both larger for the (notched) lamellar material than for a homogeneous material with the 
same average properties and the same initial notch. The length of the microcracks typically 
corresponds to the width of a lamella, that is, to several microns. This simultaneous 
improvement of strength and toughness may explain the ubiquity of lamellar plywood 
structures not just in bone but also in plants and in chitin-based cuticles of insects and 
arthropods.  

Highlights: 

Finite element models predicted Crack and damage propagation in a lamellar material
Microcracks ahead of the crack tip dissipate energy without crack progression
Strength and toughness are larger for the lamellar material than for a homogeneous
The shortest microcracks extend over one to several lamellae (few microns)
The advantage of the inhomogeneity is greatest for intrinsically brittle materials
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Introduction

“When bone starts to break thousands of little microcracks form. These microcracks are 
positioned sensibly in relation to the histological structure of the bone, but we don’t know 
where they form in relation to the ultrastructure. Typically when microcracks form they only 
reach a few microns in length before they come to a halt. The big question is, what brings 
them to a halt?” (John D. Currey in [1]).

The mechanical properties of cortical bone represent an ideal compromise between sufficient 
strength and remarkable toughness [2]. This is achieved by a hierarchical organisation of the 
bone tissue [3, 4], whereby interfaces between building blocks at many length scales reduce 
the fragility of mineralized tissue [5, 6]. In addition to its obvious mechanical function, human 
cortical bone is pervaded by a hierarchical network of pores, corresponding to canals with 
tens of microns, cell lacunae with microns and canaliculi with hundreds of nanometer 
diameter, which are all needed for the bone’s function as endocrine organ involved in the 
homeostasis of both calcium and phosphate ions [7, 8]. These pores interrupt the continuity of 
the material consequently it has been discussed whether they might act as stress concentrators 
weakening the material [9, 10]. Nevertheless, cortical bone behaves mechanically remarkably 
well despite this multitude of “defects” in the structure. This tolerance against defects or 
damage may also be related to a relatively low “notch sensitivity” of bone [11], whereby a
perfectly notch-insensitive material would show a decrease in strength equal only to the 
reduction in cross-sectional area, while a notch-sensitive material would show a 
disproportionately larger reduction [12].  

To a large extent, bone stiffness is related to the mineral content of the tissue [13-20]. For 
instance, the middle ear ossicles are favourably stiff owing to their high amounts of 
mineralization [21]. Bone structure, anisotropy, and particularly porosity have also proven 
important for bone stiffness [20]. But mineral content is less predictive of tensile strength, 
despite its relation to the Young’s modulus [14]. Strength as well as toughness, as the ability 
of material to resist fracture and hinder crack propagation, are essential properties of cortical 
bone which are less understood. In particular, when bone is imposed to absorb more energy 
than elastically possible, it is important to understand how it dissipates this energy [22]. Many 
aspects of bone toughness have been previously discussed [2, 23].  

One interesting aspect is that microcracking occurs in bone undergoing large strains (Fig. 1), 
which is believed to allow bone to absorb a substantial amount of energy before fracture [24, 
25]. It has been argued that microcracking is an important prerequisite of a bone being tough 
[26]. Reilly and Currey showed a progressive increase in tensile microcracking in bone 
specimens as strain increases. Eventually the microcracks coalesce to form fatal macro cracks 
only at high strains when the microcracking becomes very dense [27]. Reilly and Currey also 
showed the failure crack to be highly convoluted with very dense tensile microcracks around 
them and to be spatially associated with higher mineralized regions of bone [28]. 
Furthermore, they observed flame-like arrays of microdamage [26, 28], similar to the focal 
areas of diffuse straining reported by Burr et al. [29] and the network of cracks described by 
Boyce et al. [30]. Other authors followed up cracks in more details using light scattering 
induced by microcracks, leading to an apparent whitening of the material in the process zone 



(a feature similar to stress-whitening due to crazing in polymers) where non-linear 
mechanisms arise [31]. The developed whitening was shown to be associated with extensive 
micro-cracking and diffuse damage formation ahead of the crack tip preventing the macro-
crack formation [31]. Several authors believe that microcracking is less advantageous [32] 
and weakens bone leading to stress concentrations and catastrophic failure [33-35]. In a more 
general context, micro-crack toughening is common in certain engineering ceramic 
composites. The main effect is that the formation of micro-cracks leads to a reduction of the 
crack driving force for the macro crack due to decrease of the stiffness (or apparent elastic 
modulus) in the process zone. Moreover, the formation and growth of micro-cracks also 
enhance the energy dissipation during fracture [36]. This decrease in crack driving force leads 
to toughening of the material, since a higher load is required for propagating the macro-crack.
Nevertheless, a better theoretical understanding of cause and effect relationships between 
microcracking and toughness seems essential. 

Most bone tissues exist in two distinct forms: woven and lamellar. Woven bone is laid rapidly 
and considered to have inferior material properties compared with the lamellar bone [6], 
though little evidence of its mechanical property exists. It consists of generally more 
mineralized [37] randomly-oriented thin collagen fibers [3]. Lamellar bone consists of fine 
lamellae put down much more slowly than woven bone. Layers of parallel collagen fibrils are
deposited with an orientation that changes along an axis perpendicular to the lamellae, 
sometimes with thin sublayers of unordered collagen (Fig. 2A) [38]. Since mechanical 
properties are strongly anisotropic in mineralized collagen fibrils [39], they will vary along 
this axis in lamellar bone, essentially leading to a material with periodically varying modulus 
and strength [40].   

For a crack to grow in a material, its crack driving force should exceed the crack growth 
resistance. The crack driving force originates from the work of the applied forces and depends
essentially on the elastic properties of the material, while the crack growth resistance is an 
intrinsic material property [41]. Recent analytical calculations and numerical simulations 
show that the crack driving force is strongly reduced in a material with periodically varying 
elastic modulus, such as lamellar bone [40, 42, 43]. Given the fact that the crack driving force 
depends on elastic properties, its reduction in layered materials is independent of the fact 
whether they are inherently tough or brittle. However, the crack growth resistance in a layered 
material is more difficult to assess, at least with analytical theories. 

In this work, we use finite element simulation of a simple model for a layered material to 
study the effect of layering on crack propagation in terms of progressive damage evolution 
and failure. The periodic material is set up so as to represent the known characteristics of 
lamellar bone for modulus and strength [39], with different assumptions about damage 
energies. Pre-existing cracks of different lengths are considered, since the presence of cracks 
is expected to reduce the (nominal) strength of the material as compared to a perfect defect 
free material, essentially according to the Griffith rule [44]. The goal of this study was to test 
the hypothesis that lamellar bone structure not only contributes to toughness by energy 
dissipation through microcracking, but that it also reduces the material’s sensitivity to cracks 
and other defects. Ultimately, we wanted to give a tentative answer to John Currey’s question 
in the quote cited at the beginning of the Introduction. 



Figure 1. Microcracking in bone. (A) A specimen of bovine tibia loaded in four point bending (loading 
direction is shown by arrows). Brightly stained diffuse microcracks can be seen at the top and bottom 
of the blood vessel, i.e. the dark hole in the center. Scale bar = 50 μm; reprinted from [28] with 
permission from Elsevier. (B) Gamma corrected frames of a rat tibia sample showing the crack tip 
(black arrow) and the whitening front (white arrow) propagation during three points bending. Double 
arrowed lines represent the distance of the crack tip and the whitening front from the pre-notch; 
reprinted from [31] with permission. (C) Microdamage in cancellous bone revealed by staining with 
basic fuchsin (pink). The arrows indicate (from left to right): a microcrack, cross-hatching and diffuse 
damage, respectively; reprinted from [45] with permission from Elsevier. (D) Extrinsic toughening of
bone tissue by constrained microcracking; reprinted from [2] with permission. 

Methods

We study the fracture behavior in human lamellar bone using a 2D finite element model for 
predicting progressive damage evolution and failure in tensile specimens with and without 
pre-existing notches (i.e. initial crack). We use a phenomenological model known as “ductile 
damage plasticity model”, which uses as criterion for damage initiation the situation when the 
incremental equivalent plastic strain ( ) meets the condition ( )=1. The model 
assumes that a critical equivalent plastic strain is required to initiate damage in an
individual layer, so that damage evolution is controlled by specific damage evolution energy. 
Increasing damage is linked to linearly decreasing stiffness and strength, i.e. both the elastic 
modulus and the strength of the damaged elements decrease to zero during damage evolution 
from 0 to 1. Lamellar bone is modelled as a continuous but periodically inhomogeneous 
material consisting of layers with varying mechanical properties, chosen to correspond to 
lamellar bone with a given fiber orientation ( = 5 μm, where denotes the distance between 

   



As input for the model, we deduce the conventional elastic and plastic material properties 
from previous experimental data [23, 39], whereby the variations of Young’s modulus and 
strength are calculated from the anisotropy of the composite and the rotated position of fibers 
along the axis perpendicular to the layers (Fig. 2B-C) [40]. Such a model for lamellar bone is 
compared to one with constant average material properties, homogeneous throughout the 
specimen. We compare the nominal strength and the energy to failure for models with 
different values of damage evolution energy. The inherent specific damage evolution energy 
in the material is, however, not known from experiment. To explore its influence, we study 
two versions of the model, one with a low damage evolution energy ( = 0.001 J/m2; 
describing a material that is inherently more brittle) and one with a larger value of this energy
( = 1 J/m2). 

Table 1 lists the individual parameters (E: Young’s modulus, : Strength, , : plastic 
strain at damage initiation) included in the inhomogeneous material for each confined layer in 
the model, i.e. 200 nm-thick sub
addition, properties of the average homogeneous material are given for comparison. An 
isotropic constant Poisson’s ratio of 0.3 is assumed throughout all the models. Minimal strain 
hardening is considered in both homogeneous and inhomogeneous models: The increase in 
strength between yield point and damage initiation is assumed to be = 1 MPa, which is 
small compared to the yield stress (see Table 1). Density has been considered globally 
constant in all the models (1000 kg/m3).

Table 1 
Model E (GPa) (MPa) , (1/1)

Average 
homogeneous

- 1.52 16.1 0.0079
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l 0 7.83 75.9 0.0050

7.5 5.37 48.1 0.0050
15 2.82 28.1 0.0050

22.5 1.64 18.8 0.0050
30 1.08 13.8 0.0050

37.5 0.80 10.7 0.0051
45 0.63 8.7 0.0053

52.5 0.54 7.3 0.0063
60 0.48 6.4 0.0080

67.5 0.44 5.7 0.0102
75 0.42 5.3 0.0123

82.5 0.41 5.0 0.0140
90 0.40 4.9 0.0149

Numerical analyses are performed with a commercial implementation of the finite element 
program Abaqus (Dassault Systèmes, Johnston, RI). In order to avoid numerical instabilities 
after onset of the damage evolution, direct-integration dynamic analyses (for quasi static
application) are used. Models are 2D squares of 100-by-100 μm2 (with 0.1 μm nominal 
thickness; note that the magnitude of the nominal thickness does not have any effect on the 
computational results). Each model consists of 2.5E+5 4-noded plane stress elements of 0.2-
by-0.2 μm2 in size. We look at models with and without pre-existing cracks. Pre-existing 



cracks are located in the middle of the left boundaries inserted by removing a single row of 
elements in the models. The crack length, a, varies from 0.2 to 50 μm, i.e. 0.2% to 50% of the 
model width (W). A small disturbance (by removing a single element in the middle of the 
specimen) was inserted into the models with a/W = 0.002 in order to avoid numerical artefacts 
[46]. Models are subjected to a prescribed displacement at the top boundary uy. The lower 
boundary nodes were restricted in y-direction, i.e. loading direction. A single node at the 
lower left corner of the specimen was restricted to move in x-direction, i.e. perpendicular to 
load direction. 

Results are visualized in terms of crack and damage propagation, i.e. the elements with 100% 
stiffness degradation and softening after damage initiation were removed from the model (see 
Fig. 3A, regions underwent damage and cracking are shown in blue and red, respectively). 
Global reaction force versus displacement curves are extracted from the models and used to 
deduce the nominal strength ( ) and energy to fracture (i.e. area under the force-
displacement curve). 

Figure 2. (A) Schematic drawing of plywood arrangement of collagen fibrils in bone. Fiber rotation
to the cross-section, respectively. The 

drawing represents two bone lamellae as shown in panel (B). (B) Variation of mechanical properties of 
bone with respect to its fiber orientations as can be seen in an SEM image of human lamellar bone 



next to a crack front [23]. (C) Stress-strain curves for two most prominent fiber directions in (fully 
hydrated) fibrolamellar cortical samples of bovine bone [39].

Results and Discussion

A few examples of crack patterns and damage propagation are shown in Fig. 3A for models 
with homogeneous and periodically inhomogeneous material properties. Damage without 
fracture (i.e. degraded but not fully fractured material) is shown in blue and (micro-)cracks in 
red (i.e. 100% degraded material). The typical spacing between vertical lines (that correspond 
to damage as well as cracks) corresponds to the thickness of one or several lamellae (as 
defined by the periodicity of the properties in horizontal direction). Accordingly, micro-cracks 
in the normal (horizontal) propagation direction have a typical length of one period, that is, 
several microns. Fig. 3A shows that we have continuous damage evolution and crack 
propagation in the homogeneous materials. The behavior of (essentially unnotched, i.e. with 
single element removed from the model) tensile specimens (a/W = 0.002) depends on the 
magnitude of DE. DE low), damage 
concentrates along a (horizontal) plane with maximum normal stress. For less brittle materials 

DE high), damage concentrates along inclined planes with maximum shear stress. This can 
in principle be observed in homogeneous and inhomogeneous materials. However, damage 
evolution is discontinuous in the inhomogeneous materials. Crack path is splitting, 
deformation and damage occur between the layers (blue regions) and microcracks (red in Fig. 
3) form that usually span one or several lamellae. 

At comparable loading stages, damage appears more widespread in the inhomogeneous 
materials, which indicates larger energy dissipation than in the homogeneous material. This 
becomes especially obvious in the case of the more brittle material (lower value of DE). This 
is also visible in the overall response of the material, as shown in Fig. 3B. which shows the 
reaction force (RF) plotted against the displacement. It is seen that, with one exception, the 
RF is higher in the inhomogeneous material compared to the homogeneous material. The 
exception appears for tensile specimens, i.e. a/W = 0.002, and high DE, where the RFs reach 
the plastic limit load in both homogeneous and inhomogeneous materials. The critical 
displacement at failure is always larger in the inhomogeneous material compared to the 
homogeneous material. Both the area under the curve and the maximum stress are generally 
higher for the periodically inhomogeneous than for the homogeneous model. This is 
indicative of higher energy dissipation (toughness) and a larger nominal strength for the 
inhomogeneous models. The material is generally weaker for longer cracks and when the 
intrinsic material is more brittle (lower DE). 



Figure 3. (A) Crack and damage propagation are shown (in red and blue, respectively) for 
homogeneous average models (top row) vs. periodic inhomogeneous models (bottom row) for tensile 
specimens with two pre-existing crack lengths a (given in units of specimen width W) and two values 
of DE. A video showing damage evolution is given in the supplementary material (B) Reaction force 
vs. prescribed displacement. Units in plot are μN and μm. (C) Top: Parameters included in the ductile 
damage plasticity model as applied in the current numerical study. Bottom: Pre-existing cracks in the 
model were determined by removing a row of elements at the middle of left boundary. 



Figure 4. (A) Nominal strength and energy to fracture of periodic and average homogeneous 
materials with different level of intrinsic brittleness ( DE) as a function of crack length (a/W). Broken 
line represents a fit to the nominal strength of homogeneous material with Griffith’s law [43]. Energy 
to fracture is calculated as the area under reaction force and displacement curve until total failure. The 
yellow lines in the bottom of this graph show the variation of Young’s modulus in the sample. The 
period of its variation corresponds to the lamellar thickness. The lower panels (B) show improvements 
in nominal strength and energy to fracture from the homogeneous to the periodic structure. The length 
of one period corresponds to a/W = 0.05.

Interestingly, the advantage of the periodic inhomogeneity is more obvious for more brittle 
materials, when DE is lower. In order to quantify these effects, we looked at the influence of 
initial crack size on the fracture behavior of both materials in the single edge notched 
specimen (Fig. 4; in panel A). The nominal strength ( / ) is plotted against the 
initial crack length (a/W). We can see that the homogeneous material behaves close to what 
we know from Griffith’s law, i.e. ~ . The periodic inhomogeneity results in higher 
tolerance against initial defects leading to a slower decrease of nominal strength. Fig. 4B 
shows the improvement in nominal strength and energy to fracture due to the periodic 
inhomogeneity compared to a homogeneous material with identical average properties. It is 
obvious that the improvement increases with the initial crack length and when the material is 
intrinsically more brittle.

Figure 4 reveals a remarkable property of the lamellar material in that both nominal strength 
and fracture toughness are improved, knowing that these properties are generally in conflict 
with each other [2]. The reason is not that the layered materials has intrinsically better 



properties, but that a large defect (such as crack) deteriorates the intrinsic properties much less 
when the material is layered. Indeed, the crack driving force due to the stress concentration at 
the crack tip is strongly reduced when the material is layered [40]. This is likely to improve 
the nominal strength (Fig. 4C, left). In addition, the inhomogeneity is found here to induce the 
splitting of the crack and the generation of microcracks which increases the energy dissipated 
during failure (Fig. 4C, left). It is worth noticing that at extremely low crack lengths a/W (that 
is, in an essentially defect-free material), there is a much smaller improvement by the 
layering. This supports the idea that the layering is essentially counteracting the deterioration 
of the material properties by defects. The same conclusion can be drawn from the fact that the 
improvement by layering is stronger when the material is more brittle and, therefore, 
intrinsically more defect-sensitive (red triangles versus blue circles in Fig. 4B).  

Of course, these conclusions are based on a comparatively simple model and should be taken 
with some caution. First, the model is two-dimensional, neglecting possible spiral crack paths 
that might lead to additional toughening. Moreover, a ductile damage plasticity model was 
applied in the current numerical study. The material parameters required for the model were 
determined from published experimental data on parallel fibered bone [39], where modulus 
and strength are low compared to other (average) values in literature [20]. However, the 
general behaviour of the model would be similar if all mechanical parameters would be 
multiplied by a same (arbitrary) factor. Additionally, a difficulty was the unknown magnitude 
of the specific damage evolution energy DE, as well as its spatial variation as a function of 
the collagen fibril orientation. In order to investigate the influence of this parameter, we 
adopted both a very small value, DE = 0.001 J/m2, and a value which is reasonable for brittle 
ceramic type materials, DE = 1 J/m2. It should also be mentioned that several numerical 
issues can appear during modelling. For example, a high magnitude of DE may require a very 
large strain DE, i.e. a very long computation time, if the element size is too small. Moreover, 
the influences of strain rate and viscoelasticity have not been considered in this study. In fact, 
it has been shown for fibrolamellar bone that elastic modulus, tensile strength, as well as 
energy absorption capacity increase at high strain rates [47]. Moreover, the critical equivalent 
plastic strain for damage initiation implemented in our model might depend on the strain rate. 
Further studies are needed to explore the likely influence of strain rate on the damage and 
crack propagation observed in this study especially in the intrinsically more brittle material. 

As shown by the schematic stress-strain behavior of a material point (Fig. 3C), a certain 
plastic strain DI is required for damage initiation, which consumes a plastic strain energy of 

DI y DI for damage initiation per unit volume. Note that the increase in stress due to 
hardening is negligible compared to the yield stress y. The energy dissipated during damage 
evolution in a unit volume can be written as DE y DE. The term FR = DE + DI

describes the total amount of dissipated energy per unit volume. It is, therefore, important to 
realize that energy is dissipated both by local plastic deformation and by microcrack 
formation (damage evolution). It is difficult to disentangle both contributions since they may 
work synergistically. Indeed, with the formation of microcracks new spots of stress 
concentration are created, leading to additional plastic deformation, somewhat away from the 
original crack tip.  



Fracture toughness of lamellar bone was previously measured as a function of local collagen 
fibril orientations in terms of critical J-integral (JC-) values [23]. Therefore, the question arises 
whether it is possible to use these measurements for the determination of the magnitude of 

DE by a numerical simulation of their fracture mechanics experiments and applying the 
modelling procedure introduced in the current paper. This is, however, an extremely difficult 
task: The finite element model of the fracture mechanics specimens must have a very fine 

other hand, a fracture
specimen used in [23] had a size of 15×1.5×2 mm3. Razor blade cutting for introducing an 
initial crack into a fracture mechanics specimen results in a notch width of approximately 0.1 
mm. This means that the notch width has the magnitude of the whole finite element models 
presented in the current paper.  

Conclusions 

Finite element calculations using a simple two-dimensional model for a material with 
periodically varying mechanical properties show the appearance of microcracks ahead of the 
crack tip. Compared to a homogeneous material with the same average properties, this leads 
to enhanced energy dissipation and, thus, a higher toughness. Large defects in the material 
also reduce the nominal strength by a lesser amount than in the homogeneous material. The 
reason for this higher nominal strength is the reduction of crack driving force already 
analyzed in previous works [40, 42, 43]. As a consequence, our analysis suggests that both 
nominal strength and toughness are improved by the periodic modulation of mechanical 
properties achieved through the lamellar structure in bone. Finally, the typical length of 
microcracks should correspond to the thickness of individual lamellae in the lamellar bone 
structure. It also appears in the model that these microcracks could be connected through 
damage zones that follow the softer regions of the lamellae but do not correspond to cracks 
(defined by a separation of the surfaces). Hence, lamellar, plywood-like structures in bone and 
other biological tissues support a strategy where damage tolerance is achieved through 
imperfection [48], by introducing a variation of material properties as compared to a perfectly 
homogeneous material. 
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