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Abstract—Typical load-bearing biological materials like bone,
mineralized tendon and shell, are biocomposites made from both
organic (collagen) and inorganic (biomineral) materials. This amazing
class of materials with intrinsic internally designed hierarchical
structures show superior mechanical properties with regard to their
weak components from which they are formed. Extensive
investigations concentrating on static loading conditions have been
done to study the biological materials failure. However, most of the
damage and failure mechanisms in load-bearing biological materials
will occur whenever their structures are exposed to dynamic loading
conditions. The main question needed to be answered here is: What is
the relation between the layout and architecture of the load-bearing
biological materials and their dynamic behavior? In this work, a
staggered model has been developed based on the structure of natural
materials at nanoscale and Finite Element Analysis (FEA) has been
used to study the dynamic behavior of the structure of load-bearing
biological materials to answer why the staggered arrangement has been
selected by nature to make the nanocomposite structure of most of the
biological materials. The results showed that the staggered structures
will efficiently attenuate the stress wave rather than the layered
structure. Furthermore, such staggered architecture is effectively in
charge of utilizing the capacity of the biostructure to resist both normal
and shear loads. In this work, the geometrical parameters of the model
like the thickness and aspect ratio of the mineral inclusions selected
from the typical range of the experimentally observed feature sizes and
layout dimensions of the biological materials such as bone and
mineralized tendon. Furthermore, the numerical results validated with
existing theoretical solutions. Findings of the present work emphasize
on the significant effects of dynamic behavior on the natural evolution
of load-bearing biological materials and can help scientists to design
bioinspired materials in the laboratories.

Keywords—ILoad-bearing biological materials, nanostructure,
staggered structure, stress wave decay.

[. INTRODUCTION

BIOLOGICAL materials with extraordinary mechanical

properties show different levels of structural hierarchies [1], [2]. For
instance, it is reported that there exists seven levels for bone [3],
around four and two structural levels for mineralized tendon [4] and
shell [5], respectively. The number of hierarchical levels is very
crucial in those materials because at different dimension scales,
different damage and deformation mechanisms may occur [2]. It
should be noted that in biological materials there is an intrinsic
hierarchical

architecture with regard to the different combination of organic
and inorganic portions [1]-[3]. Thus, to understand how the
structure and mechanical properties of these biological

materials are related to each other, multi-scale modeling and
simulations provide a powerful tool.

With regard to the important functionalities of load-bearing
biological materials, various studies have been performed to
investigate their constitution, mechanical characteristics,
structures and the relationship between the intrinsic multilevel
architecture and superior mechanical properties of natural
materials [6]-[10].

The functionalities, structures and properties of the
biological materials have been selected during natural evolution
[2]. The structural dimensions and layouts of biological
materials like bone and shells are naturally designed to make
such structures with superior strength and exceptional fracture
toughness [11]. Various analytical models have been used to
study the relation between the complex structure and
impressive mechanical properties of load-bearing biological
materials at nanoscale [12]-[17]. Moreover, the structural
feature size and dimensions of the nanostructure of biological
materials have been studied experimentally [18]-[28].

In larger scales, various self-similar as well as quasi-
selfsimilar models have been developed to study the
mechanical properties of the biological structures at different
length scales [29], [30]. At the same time, finite element method
has been extensively performed to study the mechanical
behavior of load-bearing biological materials in both single and
multiple hierarchies [31]-[37]. For instance, finite element
method has been used to study the failure mechanism of
tropocollagen molecules attached together with nanoscale cross
links [38].

It should be noted that almost all the previous analytical and
numerical studies discussed here concentrated on the static
analysis of the load-bearing biological materials from the
standpoint of strength and fracture toughness. Meanwhile, the
most significant functionality of the load-bearing biological
materials like bone is to protect the soft organs from dynamic
loading. As a result, the stress wave decay within the biological
structure becomes critically significant. Consequently, those
biological structures with faster stress wave attenuation will
effectively damp the loads and efficiently protect the soft
organs from impact.
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In this work, finite element analysis was used to investigate
the dynamic response of the nanostructure of load-bearing
biological materials. To do the procedure, first of all we verify
our numerical results with the results obtained for a laminated
structure [39]-[44]. Then, systematic finite element analysis
will be performed to investigate the dynamic response of the

As it is seen, in the larger scales osteons which have central
form the collagen fibers which are formed from different
collagen fibrils (~0.5 pm). Collagen fibrils are composed of

collagen molecules which are triple helix with approximate (©

length of 300 nm and diameter of 1.5 nm. Finally, by nucleating l

hydoxyapatite crystals within the collagen molecules, a )
staggered arrangement composed of mineral and protein makes T r a ’l
the nanostructure of the bone at the smallest scale [1], [2], [45]. Y [&<—>]

The nanostructure of most of the loadbearing biological
materials is similar to that of the bone. This nanocomposite
which is a protein matrix with embedded mineral nanocrystals
is known as the mineralized collagen structure. This
nanostructure has been supported by various experiments [22],
[27], [28] and widely used to investigate the relation between d
the structure and properties of the loadbearing biological
materials [13], [15], [17], [29].

T > '

(d)

Fig. 2 Geometry of structural models: (a) vertically layered, (b)
vertically staggered, (c) horizontally layered, (d) horizontally
L staggered structures

In the present work, we focus on the mineralized collagen
structure as the primary hierarchical structure of the loadbearing
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biological materials to study their dynamic behavior under the
impact loading condition. To do so, four different arrangements as
depicted in Fig. 2 have been considered to perform the numerical
analysis.

III. FEM MODEL VALIDATION

Since there is no analytical approach to study the wave traveling
through the staggered structure under impact loading, it is
inevitable to verify our simulation results with the theoretical
results of the laminated structure (refer to Fig. 2 (a)). Nonetheless,
it should be noted that the theoretical solution existing for the
laminated structure is only valid for the structure exposed to unit
step loading. In such this condition, the stress wave traveling
through the laminated structure is in the form of airy function under
the step load oo, which is imposed on the left vertical side of the
model

(refer to Fig. 2 (a)), and has the form:
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where ¢, and ¢ , are the wave speeds in the hard and the soft

component, respectively; and can be calculated by:
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co is the phase velocity for the laminated system and can be

obtained as:
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E ; and px are the Young’s modulus and the density of the hard

layer, respectively; E sand p; are those of the soft layer as well.
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Fig. 3 Comparison of stress wave profiles obtained from FEM with
those calculated from theoretical work [39] for (a) x =40.5 mm, (b) x
=67.5 mm, (¢) x = 94.5 mm (d=1.5 mm, »=1.2 mm, E;,=108

GPa, E,=20.25 GPa, p,= 3 g/cm?, p,= 0.25 g/cm?)

Fig. 3 compares the wave profiles within the vertically
layered arrangement in different distances from the origin of the
structure in both analytical and FEM solutions. In this
condition, the wave profile starts vanishing after passing some
distances for each time step. For the small time, the stress will
decrease fast and for the large time steps the stress will start
decreasing after passing a long distance. It is obvious that there
is more time delay for wave profile when the distance is
increased. It means that the wave needs more time to reach the
particular position traveling through the media. It is shown that
the results obtained by the present simulation became
compatible with those obtained from analytical solution for the
wave front. In our FEM simulations, the degrees of freedom of
the model along the right boundary are fixed in all the
directions, and those at the top and the bottom boundary are
fixed only along the vertical direction. As it is seen in Fig. 3,
there exists an excellent consistency between the analytical and
simulation results for the wave front but beyond that both
solutions tend to deviate from each other. This is due to the fact
that the theoretical solution [39] here is naturally an asymptotic
solution and its results are only valid for the wave front. Since
the theoretical results are not valid for the whole domain and
with regard to the excellent compatibility of the FEM and
analytical results for the wave front, one can readily find that
FEM results will make a trustable solution for the stress wave
through the whole traveling domain.
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Fig. 4 The wave profile passing through the layered composite (a)

versus time, (b) versus distansOforaféikend spuRdtlsiz¥eqr 2084
mm, =12 mm_E,=108 rﬁfﬁpsﬂ/@WN@'E’WBQ}'B’)Q"’Q%@E@?-&OQ/

Before starting the simulation for the staggered biomaterial,
there is need to investigate the effect of the element numbers
and homogenous as well as non-homogeneous mesh on the
results obtained by numerical simulation to ensure the correct
convergence of the solution. For this purpose, the number of the
elements in the model was increased to investigate the mesh
dependency of the model. Also a homogeneous mesh was
generated on the model to study the effect of using fine mesh
on the stress.
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TABLE I
COMPARISON OF THE WAVE VELOCITIES IN DIFFERENT ELEMENT SIZES
CALCULATED BY FEM WITH THAT OBTAINED FROM ANALYTICAL SOLUTION
Mesh size co (mm/s) o calculated from
analytical solution (mm/s) ¢

1.0 mm 4.70423x10 ©4.70361x10 °

0.8 mm
4.70339%10 ¢ 4.5566x10 ¢
0.6 mm
4.70327x10 ©4.70318x10 ©
0.4 mm p
4.70313%10
0.2 mm
0.1 mm

(d=15mm, b =12 mm, E,= GPa, E,=20.25 GPa, p;,=
d=1.5 b=12 E,=108 E,=20.25 3
g/em?, ps=0.25 g/cm’)

Table I shows the wave velocities obtained from our FEM
simulations using different element sizes. It is seen that the FEM
results at different element sizes are nearly the same, indicating
the convergence of the finite element discretization.

However, the calculated values are slightly higher than the
theoretical one. It should be noted that this difference arise from the
fact that ¢ , is the phase velocity which is obtained from dispersion
relation and it should be noted that (5) is obtained by letting time
tend to infinity, which means that it is valid only for a large
propagation distance.

IV. RESULT ANALYSIS

Up to now it is shown that the numerical solution is reliable by
verifying the FEM model with the analytical results of the
laminated structure. Now it is possible to switch the model to the
staggered arrangement which has been used for nanostructure of
most of the load-bearing biological materials through the millions
of years of biological evolution. To do so, we start from a layered
unit cell (refer to Fig. 2 (a)). The mineral volume fraction of the
layered structure can be obtained as:

o= d (6) b+d

By switching the layered unit cell to the staggered unit cell
(refer to Fig. 2 (b)), one can easily find the mineral volume
fraction of staggered structure as following:

- W (7)
€ +a¥p+d)

All the geometrical parameters shown in Fig. 2 can be
obtained from (6) and (7) for layered and staggered structures.
The objective here is to compare the dynamic response of the
layered and staggered nanostructures. For a better comparison
we assume that the mineral volume fraction as well as the unit
cell area is considered to be constant for both the layered and
staggered arrangements. The mineral volume fraction ratio of
most of the biological materials is known at macroscale levels.
For example, for bone it is reported to be in the range of 3048%,
for mineralized tendon it is around 15% and for sea shells and
nacre very large amounts of mineral volume fraction around
95% have been reported [5], [13], [46]. In this work, bone as a
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typical load-bearing biological material has been taken into
account. Regarding to the hierarchical structure of the bone, it
is expected that mineral volume fraction in smaller length
scales is to be greater than that of the macroscale but the mineral
volume fraction in the nanostructure of biological materials is
still unknown. However, several experiments have been
performed to measure the structural dimensions of the mineral
plates nucleated in the collagen matrix at nanoscale [18], [21],
[23][28]. The axial period of the tropocollagen molecules in the
staggered unmineralized collagen structure is suggested to be
around 67 nm which contains gap and overlapping regions [2],
[45]. By nucleating the hydroxyapatite crystals within the gap
regions of the collagen matrix, the mineralized collagen
structure of the biological materials at nanoscale can be created
[11, [2], [45]. The experimental results revealed the geometrical
ranges for the structural parameters of the bone nanostructure.
For instance, it was reported that the thickness of the mineral
plates is about 2-10 nm while their length is reported to be up
to150 nm [28], [47]. It was also reported that the distance
between the mineral platelets is about 2-4.5 nm [46].

To calculate the geometrical parameters we start from the
layered structure with typical structural dimensions within the
experimental range. Then by calculating the mineral volume
fraction and the unit cell area of the layered arrangement, the
dynamic response of the layered arrangement can be studied.
To analyze the staggered arrangement, by fixing the mineral
volume fraction and unit cell area to the same values obtained
for layered structure and changing the mineral plate thickness,
different staggered structure with same volume fraction and
unit cell area can be provided. Consequently, comparative
studies between the layered and different staggered structures
will be done to investigate their dynamic behavior.
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Fig. 5 Wave profiles passing through the vertically (a) layered
structure, (b) staggered structure at the middle of the collagen zone,
(c) staggered structure at the middle of the mineral zone ( d =4 nm, b
=5.5nm, E, =130 GPa, E.=1 GPa, v,,=v.= 0.28, p,,= 2 g/cm’, p.=1
g/cm?)

Fig. 5 compares the wave profile passing through the vertically
layered and staggered structures in different distances from the
origin of the structure. For the staggered arrangement, the wave
profiles are plotted for both the soft collagen and hard mineral
counterparts. As it is shown, the wave profile in the layered
structure does not change in different distances from the origin of
the structure. Meanwhile, the passing time will be changed that
means for distances far from the impact surface, the wave needs
more time to reach to that position as well. However, the significant
difference between the wave profiles in the hard and soft portion of
the staggered structure is obvious for different distances from the
origin of the structure. As it is expected, the stress values in the
collagen (soft portion) are less than those of the mineral (hard) one.

To compare the dynamic response of the layered and
staggered nanostructures, we impose an impact load in the left
vertical side (x = 0) of the models shown in Fig. 2. Then by
extracting the stress results of all the elements of the unit cells,
and by calculating the area of the elements based on the
coordinates of each element within the unit cell, the average
stress for each unit cell can be calculated.

Fig. 6 shows the plot of the average normal stress versus
dimensionless model length for the vertically layered and
staggered structures. It should be noted that in all the layered
and staggered cases studied here the mineral volume fraction
and unit cell area are considered to be the same for consistency.
The results showed that the average normal stress in the layered
structure is greater than that in the staggered structures. This
means that the staggered architectures are efficiently damp the
stress wave rather than the laminated structures. It can provide
a convincing explanation that why nature selects staggered
layouts rather than the laminated structure for the nanostructure
of the load-bearing biological materials.
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Fig. 6 Average stress wave attenuation within the vertically layered
and staggered structures for mineral volume fraction of (a) 53%, (b)

61% ( E,=130 GPa, E.=1 GPa, v,,=v.=0.28, p,,= 2 glem’, p.=1
g/cm?)

Fig. 7 shows the average normal stress wave attenuation for
the horizontally layered and staggered structures for two typical
volume fraction ratios. As it is seen, the results again show that
the average normal stress in the staggered structures is less than
that of the laminated one. It emphasize that the staggered
structures are able to attenuate the stress wave faster than the
laminated layout. Regarding the main functionality of the load-
bearing biological materials which is protecting the inside
organs from dynamic impact, staggered structures has shown to
be better choices to carry out this functionality.
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Fig. 7 Average stress wave attenuation within the horizontally
layered and staggered structures for mineral volume fraction of (a)

53%, (b) 61% ( E,=130 GPa, E.=1 GPa, v,,=v.= 0.28, p,,=2 g/cm’, p,
=1 g/cm’)

In Fig. 8 we compared the average normal as well as shear stress
in both vertically and horizontally layered and staggered
arrangements. As it is seen for vertically arrangements in Figs. 8
(a), (b), the average normal stress in staggered structures are less
than that of the laminated architecture. On the other hand, the
laminated structure shows very small shear stress which is
approximately near zero. Meanwhile, the staggered structures show
moderate values for both normal and shear stresses which means
that the staggered arrangement is efficiently acting in utilizing the
capacity to resist both normal and shear stresses with regard to the
fact that both collagen and mineral have specific capacity in
resisting normal and shear stresses. This could be another
convincing explanation that why the staggered layout will be
naturally selected for the structure of most of the biological
materials at nanoscale. The same results can be seen for the
horizontally layered and staggered arrangements in Figs. 2 (c), (d).
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Fig. 8 Comparison of average (a) normal, (b) shear stress in vertically
layered and staggered structure and comparison of average (c)
normal, (d) shear stress in horizontally layered and staggered

structure for mineral volume fraction of 57% (E,,=130 GPa, E.=1

GPa, v,,=v.=0.28, p,,=2 g/cm?, p.=1 g/cm?)

V. CONCLUSION

We performed systematic finite element analysis to study the
dynamic response of the structure of load-bearing biological
materials at their first hierarchical level. Both the laminated and
staggered nanostructures have been taken into account during
the numerical analysis. The simulation results showed that the
staggered structure can damp the stress wave faster than the
laminated structure with the same mineral volume fraction and
unit cell area. Moreover, the average normal stress in the
staggered arrangement is smaller than that of the layered
structure; meanwhile, the shear stress in the staggered structure
is larger than that in the laminated one which is the cost of the
decrease in normal stress of the staggered structures. Regarding
the fact that collagen and mineral can resist both tensile and
shear stress, the staggered arrangement can utilize its capacity
to resist both tensile and shear stress; however, the layered
arrangement cannot effectively use its capacity to resist shear
loading. Interestingly, the present work findings will provide a
cogent explanation that why the nanostructure of most of the
biological materials have been compatible with the staggered
architecture at their primary hierarchical levels during the
natural evolution.
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