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Integrated multiscale modeling approach for hierarchical biological
nanocomposites applied to lobster cuticle
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Biological structural materials (e.g., bone, arthropod cuticles, shells) are organic-inorganic nanocomposites with hierarchically or-
ganized microstructure. A powerful tool to obtain the structure/property relations in such materials is multiscale modeling encompass-
ing all length scales. Here we present an integral multiscale modeling approach for computing and prediction of the elastic properties of
mineralized biomaterials. We combine ab initio calculations using Density Functional Theory (DFT) at the atomistic scale, step-by-step
homogenization modeling at the mesoscale, and full-field spectral method based on Fast Fourier Transforms (FFT) for the macroscopic
scale. An essential part of the concept is the experimental input to the model concerning the material structure and composition. We
apply our multiscale concept to the cuticle of lobster. The cuticle consists of chitin nanofibrils, proteins, and mineral nanoparticles,
and contains numerous pore canals across its thickness. The elastic properties at each hierarchical level are estimated and compared
to experimental data for dry cuticle. At the mesoscale, the properties of cuticle proteins are identified and the bulk mineralized tissue
is investigated. We find that the Young’s modulus of the bulk tissue along the chitin fibrils is ~ 60% larger compared the modulus in
direction perpendicular to the fibrils. At the macroscale, the highest stress concentrations in the cuticle in uniaxial in-plane loadings
appear in planes where: (i) the major axes of the ellipsoidal pores (as well as the chitin fibrils) are oriented at about +45° w.r.t. the
loading direction, (ii) the separation regions between the pores are thinnest, and (iii) the shear stresses in the separation regions are
close to their maximal values. We suggest that these are the necessary conditions for damage initiation in the lobster cuticle.

Key words: structural modeling, mechanical properties of tissues, biomaterials, organic-inorganic nanostructures, computational tech-
niques; simulations

INTRODUCTION a proper multiscale model, a detailed structural de-
scription based on experimental findings is neces-
sary. Specifically at the nanoscale, however, exper-
imental studies of biomaterials are rather challenging
and many properties of basic constituents are still un-
known. To overcome these difficulties, ab initio quan-
tum mechanical calculations can be used to determine
experimentally inaccessible materials characteristics.

Because of the complexity of biomaterials, as well
as the very limited size of studied systems inherent to
the ab initio method, a complementary combination
of ab initio calculations with higher-scale hierarchi-
cal modeling based on continuum micromechanics of
heterogeneous materials represents an optimum strat-
egy [3,4]. A reliable hierarchical modeling over all
length scales can identify the most important parame-
ters relevant to certain structure/property relations and
the tolerance of the overall material behavior against
structural variations [4]. Moreover, such modeling
can be very useful for the design and the optimization
of new biomimetic hierarchical materials [5].

Here we present a hierarchical modeling approach
for computing and prediction of the elastic proper-
ties of mineralized biomaterials at all length scales.
In our concept, we combine ab initio calculations

Structural biomaterials (e.g., the bones of ver-
tebrates, the exoskeletons of arthropods, mollusk
shells) are known to possess excellent mechani-
cal properties, e.g., in terms of stiffness-to-density
ratio and fracture toughness, despite the modest
characteristics of their constituents [1]. From the
viewpoint of materials science, these materials are
organic-inorganic nanocomposites formed via self-
assembly of structural biopolymers like collagen (ver-
tebrates) or chitin (arthropoda), various proteins, and
nanoscopic mineral particles. As a rule, the basic
components are hierarchically organized over mul-
tiple levels from the molecular to the macroscopic
scales [2].

In order to understand the design principles and
the performance of structural biomaterials, it is neces-
sary to study the relationship between their structure,
composition and the resulting physical properties.
A powerful approach allowing to obtain and ana-
lyze structure/property relations is multiscale mod-
eling encompassing all length scales [3]. To set up
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Fig. 1. Structural hierarchy of the cuticle of Homarus americanus. Mineral nanoparticles (levels IV, V, VI) and twisted

ribbon-like pore canals (levels V, VI) are not visible.

using Density Functional Theory (DFT) at the
nanoscale, step-by-step homogenization modeling at
the mesoscale, and full-field spectral method based on
Fast Fourier Transforms (FFT) for the macroscopic
scale. The cuticle of a large marine crustacean, the
lobster Homarus americanus, is chosen as a model
material!. The necessary model input from experi-
ments concerning the structure, the composition and
the properties of the cuticle is obtained via differ-
ent experimental techniques such as Scanning Elec-
tron Microscopy (SEM), Raman spectroscopy, X-ray
diffraction, thermo-gravimetric analysis, nanoinden-
tation, micro-tensile and micro-compression experi-
ments [7-9].

The hierarchical structure of the mineralized lob-
ster cuticle [4,7, 8] is schematically shown in Fig. 1.

In Fig. 1, the lowest (nanoscale) hierarchical level
is represented by N-acetyl-D-glucosamine molecules

(I) which polymerize to form polysaccharide chains
of chitin (II). At the next hierarchy level (III), 19
chitin chains arrange in anti-parallel pattern to form
crystalline o-chitin nanofibrils [10] with diameter of
~ 3nm and length of ~ 300nm. Each nanofibril is
individually wrapped with proteins. Next, the chitin-
protein fibrils cluster and associate with inorganic
nanoparticles (mostly of amorphous calcium carbon-
ate (ACC) [9]) and matrix proteins (see Fig. 2, III(b))
to form mineralized chitin-protein planes (IV). The
wavy arrangement of the fibrils forms voids and gives
the mineralized chitin-protein plane a honeycomb-
like appearance. The individual planes (IV) are
stacked over each other and gradually rotate around
the normal direction of the cuticle, which results in a
twisted plywood (Bouligand) structure (V) pierced by
pore canals in the form of twisted ribbons with ellip-
tical cross section. The stacking height (the distance

'The mineralized crustacean cuticle is the oldest (already present in the the Early Cambrian period ~ 515 Myr ago [6]) and one of
the most successful natural materials for structural and armor applications produced by evolution.
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in which a 180° rotation of superimposed planes is
accomplished) of the twisted plywood in the endocu-
ticle is ~ 30 um [8]. At the macroscale (VI), the cu-
ticle consists of three layers: endocuticle, exocuticle,
and a thin waxy epicuticle. The mechanically relevant
exo- and endocuticle have the same basic microstruc-
ture but the mineral content in the exocuticle is higher
and the pore canals are smaller. The stacking height
in the exocuticle is ~ 10 um [8].

The main improvement of the present concept
over our recently proposed model for crustacean cu-
ticle [4] is in the modeling at the macroscopic scale.
In [4], the twisted plywood geometry was approxi-
mated by honeycomb with thick walls and modeled
via homogenization techniques. Here, the exact cu-
ticle geometry taken from SEM micrographs (Fig. 2,
V(exp.), V) is introduced in the model. The plywood
mechanical behavior is computed via full-field FFT-
based spectral method [11-13], which allows us to
obtain and analyze the local stress and strain fields for

RVE: Twisted plywood
(FFT-basedspectral method)

Mineralized chitin-protein
plane with pore canals (SEM)

different loadings. In contrast to our previous work
dealing with wet cuticle, here we assess the prop-
erties of a dry cuticle. To refine our modeling and
achieve better identification of the properties at the
mesoscale, we use data from nanoindentation exper-
iments [7] which can be properly performed only on
dry cuticle.

Throughout the paper, notation is as follows: ten-
sors without explicitly written indices are in boldface,
the tensor product contracted over two indices is de-
noted by (:), tensor product is indicated by (®), the
inverse of a matrix (fourth-order tensors are in ma-
trix representation because of symmetries) is denoted

by (o).
INTEGRATED MULTISCALE MODELING APPROACH

The multiscale hierarchical modeling of the cuti-
cle is depicted in Fig. 2.

The main goal is to obtain the elastic constants of
the cuticle (a fundamental characteristic of any het-
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Fig. 2. Multiscale hierarchical modeling of the cuticle and methods used at different length scales.
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erogeneous body) at each hierarchy level and corre-
sponding length scale as a function of the underly-
ing structure, composition, and the properties of the
individual components. The information is passed
from lower to upper hierarchy level of the model in a
"handshaking” manner. For example, the elastic con-
stants of chitin obtained from ab initio calculations
(Fig. 2, LII) are directly introduced in a continuum-
scale model to find the stiffness tensor of the chitin-
protein fibrils (Fig. 2, III(a)). It is noted that the input
from precise experimental measurements is an essen-
tial part in our integrated approach. For example, the
Representative Volume Element (RVE) for the FFT-
based calculations is constructed such that it matches
as closely as possible the ensemble of the correspond-
ing SEM micrographs (Fig. 2, V(exp.), V).

Ab initio modeling of «-chitin at the nanoscale

Because of the extremely small length scale and
the difficulty to obtain a pure o-chitin sample, it is
nearly impossible to experimentally measure the 3D
elastic constants of the crystalline a-chitin nanofibrils
(see Fig. 1, III). We used ab initio calculations to find
the ground state atomic geometry and the stiffness
tensor of the ¢¢-chitin crystal (for more details, see [4]
and the references therein). Obtaining the atomic con-
figuration of chitin is a rather challenging task be-
cause the exact positions of the hydrogen atoms and
the number of hydrogen bonds are not directly ac-
cessible by experimental X-rays analysis. Moreover,
the side groups (—OH, —CH,OH, and —NHCOCH3)
of the chitin chains exhibit high structural flexibility.
To tackle these difficulties we use a hierarchical ap-
proach using Valence Force Field Molecular Dynam-
ics (VFFMD), Tight Binding (TB) and Density func-
tional Theory (DFT) calculations.

As a first step, VFFMD simulations with proba-
bilistic conformational search are performed. Start-
ing from a rather arbitrary atomic geometry that
conserves the chemical formula of o-chitin, an ex-
tended room temperature molecular-dynamics run
sampled the multi-dimensional Born-Oppenheimer
surface. Based on the criteria of minimum potential
energy and maximum hydrogen bonds, about 10? out
of 10° simulated structures emerged as likely. In a
second step, the properties of the thus chosen con-
figurations have been refined and re-checked employ-
ing self-consistent Density Functional Tight Binding
(DFTB) calculations. About 10 low-energy structures

emerged from the DFTB calculations and have been
used as input to the subsequent DFT parameter-free
calculations based on quantum mechanics.

The final result for the ground-state structure of
crystalline «-chitin is shown in Fig. 2, LII [4]. It
has an orthorhombic unit cell with unit vectors a, b,
and ¢?. The resulting lattice constants agree within
5% with the experimentally measured ones [14]. The
corresponding stiffness tensor, Ccy, was determined
from the response of the chitin crystal on uniaxial
stresses applied along the unit cell vectors a, b and
c [4].

Homogenization modeling for
hierarchy levels at the mesoscale

A classical problem in solid mechanics is the de-
termination of the effective fourth-order stiffness ten-
sor, C,, of a heterogeneous material consisting of
inclusions embedded in a matrix. In elasticity, the
goal of homogenization is to find C, as a function of
the microstructure so that a generalized Hooke’s law
holds:

(o(x)) = Ce:{e(x)) (D)

where ¢ (x) and g(x) are the second-order local stress
and strain tensors, respectively; angular brackets de-
note ensemble average.

To solve the problem, one defines a Representa-
tive Volume Element (RVE), which is generally much
smaller than the studied body but large enough to
contain the same statistical information about the mi-
crostructure as the body itself. To compute C,, var-
ious mean-field homogenization models were devel-
oped (see, e.g., [15]). They assume that the stress
and strain fields in the matrix and in the inclusions
are adequately represented by their volume-averaged
values. These models are limited to ellipsoidal inclu-
sions and use as microstructural information the prop-
erties and the volume fractions of the phases, shape
(but not dimensions) and orientations of the inclu-
sions.

A different homogenization method has been de-
veloped by Torquato [16]. It consists in exact per-
turbation series expansion for the effective stiffness
tensor, C,, of macroscopically anisotropic composite
with two isotropic phases. This method is valid for
arbitrary volume fractions and contrast between the
phase properties. It also accounts for the specific ar-
rangement of the inclusions (of arbitrary shape) via 3-

2The ¢ (chain) direction of the ¢-chitin crystal coincides with the axis of the chitin nanofibrils (Fig. 1, III; Fig. 2, II(a)).
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point statistical correlation parameters. The Torquato
3-point estimates are restricted to composites with
two isotropic phases and have been specialized for 2D
and 3D macroscopically isotropic composites [17].

Firstly, we derive the effective properties of the
chitin-protein fibrils employing the Mori-Tanaka ho-
mogenization scheme [18, 19]. The RVE of a single
chitin-protein fibril is shown in Fig. 2, llI(a). Its ho-
mogenized stiffness tensor, Cr, depends on the «-
chitin stiffness tensor, Ccy (obtained through ab ini-
tio calculations), and the stiffness tensor of the sur-
rounding protein matrix, Crp. The Mori-Tanaka esti-
mate for Cr reads:

Cr = Crp+ ¢cu[(Ccr — Crp):Acu][(1 — ¢cu)l
+9crAch]” (2)
where
Act = [1+Scu:(Crp) ":(Con —Crp)] ™' (3)

is the strain concentration factor for a chitin ellip-
soidal inclusion in an infinite protein matrix; I is the

4G 10G;

fourth-order identity tensor; Scy is the fourth-order
Eshelby’s tensor depending only on the shape of the
inclusions and the elastic constants of the matrix (see,
e.g., [15]); ¢cy is the volume fraction of the chitin
nanofibril.

Next, from experimental evidence, the mineral-
protein matrix is modeled as an isotropic composite
of packed CaCO3 spheres embedded in a protein ma-
trix (Fig. 2, III(b)). Because of the very high volume
fraction of the mineral spheres (the mineral content is
~ 70 % of the weight of a wet cuticle) and the strong
contrast between the mineral and protein properties,
we use the Torquato 3-point estimates for the bulk
and shear moduli. Let phases 1 and 2 with volume
fractions ¢; and ¢, = 1 — ¢; denote the protein ma-
trix and the mineral particles, respectively. With K,
K> being the bulk, and G, G, the shear moduli of
the matrix and the inclusions, respectively, the effec-
tive bulk, Ky, and shear, G,;, moduli of the mineral-
protein matrix read [17]:

1 K@ — K
+ 3K, 7] 30Ky +2G1) w1 &
Ky = Ki 106, 4)
l—-k¢pp— ——K
¢ 3K 12G)) o1&
9K 4 8G] 2KkuG 2 (13K1+G72 2K1+3Gq
L SOy PG RITGR s K36
GG 6(K1+2G1)”¢2 3(K1+2G1)¢1C2 Sk 26, TG (Ki+2G))? 016
M= G
2k1G; u? [3K1+G1]2 [ 2K 4 3G, ]
11— - —— | +5G) | ———
703 30K, +2G1)¢1C2 6 |k 126, 112 K 1262 n&
)
where The isotropic stiffness tensor of the mineralized
matrix, Cy, is trivially constructed from the moduli
— Lﬁ; 6) Ky and Gy:
Ky + =5t
o= G2~ (7 Cy =2Gy1 <1< 26 )1 1 (8)
- 9K, +8G M = ml+ M— 7UM &
G2 +Gi |:6(K1+2G:):| 3

The 3-point parameters {, and 1, are given by
three-fold integrals depending on the volume fraction
of the spheres, ¢, and 2-point and 3-point probability
functions. They have been numerically calculated for
different spherical assemblies (e.g., random, fcc, bec,
poly- and monodisperse, overlapping and impenetra-
ble) as a function of ¢, [15].

where 1 is the second-order identity tensor.

Finally, the bulk tissue of a mineralized chitin-
protein plane (without pore canals) is modeled as an
unidirectional transversely isotropic fiber composite
with hexagonal arrangement of the fibers (Fig. 2, IV).
The effective stiffness tensor of the ply, Cp, depends
on Cr (Eq. (2)) and Cy; (Eq. (8)). We use the Mori-
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Tanaka model to find Cp:
Cp=Cy
+9r((Cr — Cu):AF][(1 =9I+ 9rAF] ™ (9)
where
Ap = [I+Sp:(Cy) " :(Cp—Cyp)] ™! (10)

is the strain concentration factor for a chitin-protein
fibril in a mineral-protein matrix; Sg is the corre-
sponding Eshelby’s tensor; ¢ is the volume fraction
of the chitin-protein fibrils.

FFT-based spectral method for the macroscopic scale

For computing the elastic response of the cu-
ticle at the macroscale (see Fig. 2, V), we use a
spectral method based on Fast Fourier Transforms
(FFT) [11-13] instead of the standard Finite Element
Method (FEM). Compared to FEM, the FFT-based
method is computationally more efficient and better
adapted for periodic materials. Unlike the FEM, it
does not require mesh generation prior to finding the
solution of a particular boundary value problem.

The FFT-based method is conceived for periodic
unit cells, which are discretized by means of a reg-
ular 3D grid {x} of voxels. In turn, this partition of
Cartesian space determines a corresponding grid of
the same size in Fourier space {k}. The iterative algo-
rithm described below is taken from [11] and is based
on the use of a homogeneous reference medium of
stiffness C¥ that allows to rewrite the local constitu-
tive equations, o(x) = C(x):&(x), as:

o(x) = Ce(x) + 7(x) (11)

where o (x), €(x), and 7(x) are the local stress, strain
and polarization tensors, respectively. The polariza-
tion field

7(x) = (C(x) — CO) :£(x) (12)

is a function of the periodic heterogeneity in terms of
the elastic properties, and a current guess of the total
strain field.

Enforcing equilibrium, o;; j(x) = 0, and using the
definition &g (x) = (g (X) — u;x(X))/2 where u(x)
is the displacement field, from Eq. (11) the following
system of differential equations is obtained:

Cligtti (%) + Tij 5 (x) = 0 (13)

The Green’s function method is used to solve the sys-
tem Eq. (13). It consists in writing the following aux-
iliary problem:

CuiGrmj(x—X') + 8n8(x —x') =0

1

(14)

428

where Gy, (X) is the Green’s function associated with
the dispacement field, &;, is the Kronecker’s delta
tensor, §(x) is the Dirac delta function and x’ is a con-
stant. Once Gy,,(X) has been determined, the solution
of Eq. (13) can be obtained for any function 7;;(x)
from:

u(x) = /R3 Grij(x —X')7;;(x")dx’ (15)

Expressing this convolution integral in Fourier space
yields:

0 j (k) = Tju (K) Ty ()
for k#0, and u;;(0)=E;

(16)

where (f) denotes the Fourier transform of (f),
I';jxi = Gik ji» and E; is the macroscopic strain applied
to the unit cell. The operators in Eqs. (14) and (15)
are calculated in Fourier space. Anti-transforming
and symmetrizing Eq. (16) yields a new guess for
the total strain field, €(x), which in turn is used in
Eq. (12) to obtain a new guess for 7(x). The iterative
loop is repeated until the input strain field coincides
with the output field within a certain tolerance.

RESULTS AND DISCUSSION

The naturally wet cuticle exhibits nonlinear
viscoelastic-viscoplastic behavior [8]. Here we con-
sider dry cuticle. After drying, the cuticle becomes
linear elastic material and has higher stiffness com-
pared to the wet state but cannot sustain plastic de-
formations [8]. However, it is better suited for anal-
ysis of the substructures Fig. 2, III(a), III(b), IV us-
ing nanoindentation data which are reliable only for
dry cuticle. Moreover, our modeling is strictly valid
for composites with linear elastic components which
makes the dry cuticle a good choice for validation
purposes.

In Voigt notation, the stiffness tensor of o -chitin
obtained from ab initio calculations reads [4]:

[28 2 0.1 000]
2 24 11000
0.11.1119000

Cey = 0 0 0 800]|CPa (17)
0 0 0020
|0 0 0 005]
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It is defined in a local Cartesian coordinate frame;
the vectors of the orthorhombic unit cell a, b, ¢ are
along the axes 1, 2, 3, respectively. From Eq. (17)
it is seen that ¢-chitin is strongly anisotropic. The
crystal modulus along the chitin chains (c-axis) is de-
terminated by strong covalent bonds. Along the direc-
tions a and b, a network of weak hydrogen bonds en-
sures the cohesion of the chitin chains. Consequently,
the elastic constant (Ccy )33 along the c-direction is
almost five times larger compared to (Ccy)11 and
(Ccr )22 associated with deformations along the a and
b directions.

As virtually all cuticle proteins have unknown
atomic structure and mechanical properties, they are
assumed to be isotropic media and are identified via
combined approach using (continuum-scale) model-
ing and experimental data. The protein properties in
the chitin-protein fibrils (Fig. 2, IlI(a)) are assumed
to be the same as in a dry chitin-protein abdominal
membrane of lobster reported in [7]. Using micro-
tensile experimental data from [7] and Mori-Tanaka
modeling for the membrane, we obtain the Young’s
modulus of the fibril protein as Epp = 56 MPa; the ex-
perimentally measured Poisson’s ratio is vpp = 0.28
[7]. The stiffness tensor Cgp is then trivially con-
structed from Erp and Vpp. The ratio length/diameter
of the chitin nanofibrils needed to compute the Es-
helby’s tensor in Eq. (2) is 100, as observed. The vol-
ume fraction of chitin in the fibrils is ¢cy = 0.31, ob-
tained from measurements of the diameters of the fib-
rils (5.4nm [9]) and the chitin nanorods (3nm). The
stiffness, Cr, of the composite fibril is obtained with
Egs. (2) and (3).

In the mineral-protein matrix (Fig. 2, III(b)), the
Young’s modulus and the Poisson’s ratio of the pro-
tein are identified as E; = 570MPa and v; = 0.28,
respectively; those of the ACC spherules are E, =
37GPa and v, = 0.35 [20], respectively. The corre-
sponding shear and bulk moduli are: G; =0.223 GPa,
G, = 13.7GPa, K| = 0.432GPa, K; = 41.1GPa. The
volume fraction of the ACC spherules, ¢,, is obtained
using thermo-gravimetric analysis. After converting
the weight- to volume fractions and taking into ac-
count that the mineral is excluded from the fibrils, we
obtain ¢» ~ 0.9. We choose a microstructure that can
accommodate such a high volume fraction of spher-
ical particles, namely that of overlapping spheres.
The corresponding 3-point correlation parameters are
& =0.56 and 1, = 0.66 [15]. The stiffness tensor of

the mineralized matrix, Cyy, is calculated with Egs.
(4-8).

The bulk tissue of the mineralized chitin-protein
planes (Fig. 2, IV) is modeled as a regular hexago-
nal array of fibrils with (anisotropic) stiffness Cr em-
bedded in a matrix with (isotropic) stiffness Cj;. The
fibrils are assumed infinitely long. Their volume frac-
tion, ¢r = 0.22, is obtained from the average fibril
diameter (5.4nm), and the center-to-center distance
(11nm) measured from SEM micrographs. The stiff-
ness tensor Cp is obtained with Egs. (9) and (10).

We assume that all dry proteins in the cuticle
have Poisson’s ratio of v = 0.28 (as measured in lob-
ster membrane [7]). This leaves the Young’s mod-
ulus, Eq, of the matrix protein as a ’free’ parameter
estimated via combined modeling-experimental ap-
proach. We identify the above mentioned value of E;
to be 570 MPa using the nanoindentation data in Fig. 3
obtained from dry endocuticle of lobster claw [7].

In Fig. 3 the Young’s modulus obtained from
nanoindentation is plotted against the angle between
the indented sample surface and the chitin-protein fib-
rils axis. The experimental data are given by their
mean value and the averaged minimum and maxi-
mum values of the Young’s modulus. The original
data points are shown in the insert. It is seen that
the Young’s modulus along the chitin fibrils is ~ 60 %
larger compared the modulus in direction perpendic-
ular to the fibrils and the model reproduces the ex-
perimental data quite well. Therefore, the presence
of chitin fibrils considerably reinforces the mineral-
ized planes along the fibril direction. Because of the
twisted plywood structure, at the macroscopic scale
the cuticle has in-plane isotropic stiffness enhanced
by the presence of the chitin fibrils.

A single mineralized chitin-protein plane without
pore canals with fibrils oriented along the Y axis in
Fig. 4 has the following stiffness tensor:

[96 3.1 31 0 0 0
3114431 0 0 0
313196 0 0 0
0
0

Cr=1% 0 0380 GPa  (18)
0 0 0 032
0 0 0 0 0 38

At the macroscale, we construct the periodic RVE
geometry of the endocuticle using information from
SEM micrographs (Fig. 4, a). The unit cell is for reg-
ular hexagonal array of pore canals.
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Fig. 3. Mesoscale Young’s modulus of lobster endocuticle as a function of the angle between the sample surface (subjected
to nanoindentation) and the fibrils axis. Symbols and horizontal line: nanoindentation data, solid line: model predictions.
Insert is taken from [7], the original data are plotted for fibril angles from 0° to 90°; solid line in the insert is a fit not

related to our model.

For the model set-up and subsequent FFT-based
simulations we use the integrated simulation tool
DAMASK [12, 13]. The RVE contains 64 x 110 x
700 ~ 4.9Mio voxels. The twisted plywood is dis-
cretized in 100 chitin-protein planes. The pore canals
in the RVE are with ellipsoidal cross section (with the
ellipse major axis oriented along the fibril direction)
and rotate along the Z axis together with the fibrils
in the planes (see Fig. 2, V). The rotation angle from
bottom to top plate of the RVE is 180°. The area frac-

tion of the pore canals is 36 %; the major/minor axes
ratio of the pores ellipsoidal cross-section is 3.5. To
avoid convergence problems, the pore canals are filled
with perfectly compressible substance with negligible
stiffness.

Experimentally, the dry endocuticle from lobster
claws subjected to in-plane tension exhibits linear
elastic behavior with in-plane Young’s modulus rang-
ing from 5.8 to 7 GPa [8]. The cuticle abruptly breaks
at deformation of ~ 0.7 % [8]. To analyze the stress-

b)

l200

-100

Ko
von Mises
stress [MPa]

Fig. 4. a) RVE of lobster endocuticle used for FFT-based calculations; b) Stress field map for tensile experiment.
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strain state of the cuticle just before failure, we apply
tensile strain of 0.7 % to the RVE along the X axis in
Fig. 4. The resulting 3D stress field is represented by
von Mises stress field map in Fig. 4, b.

We examine the regions where stress concentra-
tions occur because they are the most likely sites for
damage initiation before failure. In the stress field
map, the highlighted voxels represent stress concen-
tration regions having von Mises stress greater than
154 MPa (the sample stress at failure ranges from 40.1
to 48.8 MPa [8]). It is seen that the stress concen-
tration regions do not span across the whole cuticle
thickness (this would strongly decrease its resistance
to fracture) but are localized in certain layers with par-
ticular orientations of the ellipsoidal pores with re-
spect to the loading direction. This is due to the spe-
cific twisted plywood architecture and the ellipsoidal
pore shape.

In the pair of highlighted critical planes with
highest stress concentrations, one observes that: (i)
the major axes of the ellipsoidal pores (as well as
the chitin-protein fibrils) are oriented at about +45°
w.r.t. the loading direction, (ii) the separation regions
between the pores are thinnest, and (iii) the shear
stresses in the thinnest separation regions are close to
their maximum values (theoretically found at +45°
w.r.t. the loading direction). We suggest that these
are the necessary conditions for damage initiation in
the lobster cuticle.

CONCLUSIONS

We developed an integrated multiscale approach
for modeling the elastic properties of biologi-
cal organic-inorganic nanocomposites that com-
bines three different modeling methods: ab-initio
calculations at the nanoscale, homogenization at
the mesoscale and FFT-based calculations at the
macroscale. The concept is applied to the cuticle of
lobster.

At the mesoscale, the properties of cuticle proteins
are identified and the bulk mineralized tissue is inves-
tigated. The model confirms the experimental nanoin-
dentation data that the Young’s modulus of the bulk
tissue along the chitin fibrils is ~ 60% larger com-
pared the modulus in direction perpendicular to the
fibrils.

At the macroscale, it is found that the highest
stress concentrations in the cuticle in uniaxial in-
plane loadings are in planes where: (i) the major axes
of the ellipsoidal pores (as well as the chitin-protein

fibrils) are oriented at about +45° w.r.t. the load-
ing direction, (ii) the separation regions between the
pores are thinnest, and (iii) the shear stresses in the
thinnest separation regions are close to their maxi-
mum values. We suggest that these are the necessary
conditions for damage initiation in the lobster cuticle.
The presented approach is general and can be spe-
cialized for other organic-inorganic composites like
bone, shells, etc. It can also be useful for design and
optimization of new biomimetic nanocomposites.
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KOHCTPYKTUBHU [MPUHIIUIIU 1 MEXAHUYHU CBOMCTBA HA BUOJIOTMYHU HAHOKOMIIO3UTU
C MEPAPXYHA CTPYKTYPA: MHOTOMAIIIABHO MOJEJINPAHE HA YEPVYIIKATA
HA OMAPA Homarus americanus

CB. Huxkonos!, X. ®abpuunyc?, M. ®puax?, [I. Paade?

1 Hncmumym no mexauuka, Bsnzapcka akademus Ha Haykume, ya. “Axad. I. Bonues” 610k 4, 1113 Cogus, Banzapus
2 Max-Planck-Institut fiir Eisenforschung, Max-Planck-Str. 1, 40237 Diisseldorf, [epmanus

(Pestome)

OT IIemHa TOYKA HA MaTepUalIO3HAHMETO, eCTECTBEHMUTE MaTepUaIyu YMITO OCHOBHA (DYHKIMS € 3ama3BaHeTO Ha YCTOWUYMBY HA
MeXaHWYHM HaTOBapBaHMs CTPYKTypa 1 hopma (Hamp. KOCTU, BbHIIIHM CKeJIETH) TIPEICTAB/ISIBAT HAHOKOMITO3UTMH C fiepapXuyHa CTpyK-
Typa, ChCTOSIIIY Ce OT OPTaHUYHY M HEOPTAaHMYHY ChCTABKU. BBIIpeKky ye ChCTaBHUTE KOMIIOHEHTY HA Te3M MaTepualy MMaT JOoCTa
CKPOMHM MeXaHUYHM CBOJICTBAa, HAHOKOMITO3UTHATA ThKaH MPUTeXaBa M3KIUNTENHA 3paBMHA OTHeCeHa KbM eJVMHMIIA TTBTHOCT.
Pa36upaHeTo Ha OCHOBHMUTE KOHCTPYKTMBHM MPUHLIUIIM Ha €CTECTBEHMUTE OPraHMYHI/HEOPTaHMYHY HAHOKOMIIO3UTHM € OT QyHAaMeH-
TaJTHO M MPAKTUYHO 3HaUeHMe KOeTo 6 JOBeJIO J0 Ch3ZaBaHeTO Ha HOBO ITOKOJIeHVe HAHOKOMITO3UTH C U3KITIOUMTETHM MeXaHUIHU
CBOJICTBA.

B Tasu paboTa Hie KOMOMHMpPaMe aTOMUCTUYHO MOJeIMpaHe OCHOBAHO Ha KBAHTOBAaTa MeXaHMKa C XOMOTe€HU3AIIOHHM MeTOIM
3a MoZe/IMpaHe Ha XeTepPOreHHM MaTepuasy 3a 1a MOMyYMM MaKpPOCKOITMYHUTE eJIaCTUIHY CBOMCTBA HAa YepynKaTa Ha AMepUKAHCKUS
yepBeH oMmap. To3m maTepuan (KaKTo ¥ BbHIIHUTE cKejieTy Ha 90% OT sKMBUTE ChLIECTBA HA 3eMsTa) Ce CbCTOM OT XUTUH, IPOTEUHMU,
HaHOCKOMMUYHM YaCTULIM OT KajIl[MeB KapOoHAT 1 Boja. HammsT moaxop, e moc/ieqoBaTeIHO MOJeNpaHe Ha MEXaHUYHUTE CBOCTBA OT
HAaHO- KbM MaKpO HMBO U I€MOHCTPMpPA KaK MeXaHWYHUTE CBOICTBA HA YepPYIIKaTa Ce MPOMEHST Y ONMTUMMU3UPAT C BCSIKO CIeIBAIL0
BB3XOASAII0 HMBO Ha JiepapxuyHaTa CTpyKTypa. [IpefckasaHuTe CTOHOCTY 32 MOIYJ/Ia Ha eJJaCTUYHOCT U KoeduuyeHnTa Ha IToacoH Ha
yepymnKara ca CpaBHeHU C JAHHUTE MOTyYeHU OT eKcriepuMeHTH. [TokazaHo e Kak OT CMJIHO aHM30TPOIEeH MaTepuaa C HeIOAXOAS N
MeXaHMYHM CBOVICTBA HA HAHO-HUBO, YepyIKara Ce MPeBpbhlla B MIOYTY M30TPOIEH HAHOKOMIIO3UT C OTJIMYHO OTHOIIEHNE 3[paBU-
Ha/IUTbTHOCT G/1arojapesye Ha “MHTelureHTHaTa” i

jtepapxyuyHa CTPyKTypa.
1. S. Nikolov, M. Petrov, L. Lymperakis, M. Fridk, C. Sachs, H.-O. Fabritius, D. Raabe, and ]. Neugebauer, Advanced Materials 22
(2010) 519-526.
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