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In this paper, the mechanical behavior of bio-inspired nacre-like staggered composites is studied. The bio-in-
spired materials, combining stiff and soft constituents, exhibit superior mechanical properties. Here, the at-
tention is focused on the competing properties: penetration resistance and flexibility of the composites. To this
end, a novel hybrid multiscale method is developed, combining a hierarchical multiscale approach with a
concurrent approach. The method allows to perform accurate parametric nonlinear analyses at a low compu-
tational cost. The influence of the microstructural parameters (i.e., platelet aspect ratio and volume fraction) on

the macroscopic mechanical behavior is thus analyzed. Finally, the potential of achieving tailored protective
properties and flexibility through microstructural design of the bio-inspired composites is illustrated.

1. Introduction

In the past few years, materials reinforced with fibers, particles or
platelets have been increasingly studied to satisfy the escalating re-
quirements of a wide range of composite materials used in many en-
gineering fields [1-7]. These materials, in the form of advanced com-
posites (advanced metal, ceramic or polymer matrix composites), bio-
inspired materials (staggered bone-, tooth- or nacre-like composites)
and metamaterials (piezoelectric polymers or ceramics, shape memory
alloys, electro-active or magneto-active polymers), find application in
aerospace, civil construction, automotive, electronic devices, sport
goods, furniture and bio-medical equipment. Such materials have been
actively investigated delving into new developments and future possi-
bilities since offer enhanced mechanical properties and additional
functionalities provided by the strong interaction between a weak
material known as matrix and a stiffer material known as reinforce-
ment. Among these, composite materials inspired by biological struc-
tures, such as bone and nacre materials [8], are currently the focus of
extensive research devoting significant efforts to obtain optimized
structural constituents. For instance, a nacre-like composite is usually
composed of 95% of high aspect ratio stiff material (in the form of
platelets, also referred to as inclusions) and of 5% of soft material in a
staggered structure with a brick-and-mortar arrangement, and it ex-
hibits exceptional toughness and strength under tension in the direction
parallel to the longitudinal platelet axis but results weak in the

transverse direction [9,10]. Several authors reported that the mechan-
ical properties of nacre-like microstructures are mostly characterized by
the interaction between the platelets and that the enhanced mechanical
performances are provided by several mechanisms acting on distinct
length scales [11]. Consequently, understanding the platelet's interac-
tion and the mechanical properties of the bonding interfaces between
soft and stiff phases is necessary to elucidate the microstructure-prop-
erty relations. This understanding will enable the design of materials
with enhanced mechanical properties — including stiffness, toughness,
ductility or impact and penetration resistance — through tailored
choices of constituent materials and geometrical arrangements. For
instance, the sliding resistance of platelets can be increased actuating
an interlocking mechanism by changing the waviness of the platelet
surfaces [3]. The capability of producing microstructures with a high
geometrical complexity — provided by the recent development in the
additive manufacturing (AM) or 3D printing — opened new ways for
mechanical characterization of bio-inspired composites at different
length scales [12]. For instance, a fracture response is analyzed on a
biomaterial composite with a bone-like microstructure [13], the per-
formance of a nacre-like composite panel is investigated in terms of
deformation and energy dissipation [14], a design strategy of isotropic
two-dimensional structural composites consisting of stiff and soft con-
stituents arranged in square, triangular, and quasicrystal lattices is
defined [15], a structure created by mimicking fish scale protective
system is experimentally tested to reveal its ability to provide
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protection against penetration while preserving flexibility [16], the
overall strength of bio-inspired staggered composites is investigated by
employing a micromechanical analysis and by experimental tests on 3D
printed composite materials [17], the failure mechanisms of bio-in-
spired composites subjected to nonaligned loadings is investigated
using analytical models and experimental tests [18]. Generally
speaking, composite materials, owing to their intrinsic heterogeneities,
are commonly afflicted by several nonlinear phenomena especially
when they are used in high-performance applications involving a mi-
crostructural evolution due to loss of composite integrity (coalescence
of micro-cracks, delamination, interface debonding, etc. [19,20]) or to
geometrical and/or material nonlinearities induced by large deforma-
tions (including micro-buckling and associated microstructure trans-
formations [21-24]). Recent studies reported the influence of nonlinear
phenomena on the macroscopic response in undamaged hyperelastic
material models [25-31], and the role of interactions between different
microscopic failure modes (fracture and instability) [32-36]. Here, we
investigate the response in bio-inspired microstructured materials with
nonlinear constituents. The task to determine the macroscopic response
of microstructured materials taking into account their microscopic
mechanical behavior, including microstructural evolution, usually re-
quires a rigorous description of all microstructural details leading to
daunting computational efforts. In the past, to overcome direct mod-
eling, several approaches have been proposed in the framework of small
and large deformation such as classical homogenization techniques
[37-41] and multi-scale strategies [42-46], requiring the development
of specialized numerical procedures based on the finite element
method. The application of these advanced computational techniques
has been mainly reserved for the traditional composite materials, while
for the bio-inspired microstructured materials, comprehensive research
of the mechanical behavior in large deformation is still limited. Parti-
cularly, the optimization of the patterns and dimensions of the com-
ponents of nacre-like composite microstructures has not been in-
vestigated. In the present work, a novel hybrid multiscale strategy is
proposed to predict the mechanical behavior of nacre-like composite
material in a large deformation context with the purpose of identifying
the compromise between penetration resistance and flexibility to design
a body protective bio-inspired material architecture. The main idea of
the proposed multiscale approach is to combine the advantages of
hierarchical and concurrent approaches using a numerical strategy that
is able to replace the typical procedure of extracting the homogenized
constitutive law for each time step solving a BVP in each Gauss point
with a macro-stress/macro-strain database obtained in a pre-processing
step. Then, comprehensive parametric analysis with respect to the main
microstructural geometrical parameters (platelets aspect ratio and stiff-
phase volume fraction), governing the macroscopic behavior of bio-
inspired nacre-like composite is performed analyzing its penetration
resistance and flexibility. To this end, a material performance metric,
the protecto-flexibility, incorporating the performance requirements of
penetration resistance and flexibility in one parameter, was analyzed to
investigate the role of microstructural parameters in this integrated
measure and revealing advantageous microstructured configurations
that can be used for design and further optimization of the nacre-like
composite material.

2. Numerical framework of the hybrid multiscale approach

Multiscale approaches provide a framework for constructing com-
putational models able to simulate physical systems incorporating more
detailed material information and a more complex geometrical struc-
ture by examining the behavior of the analyzed system at different
length scales. The literature on multiscale modeling shows a variety of
approaches, but the focus of recent research has been on hybrid algo-
rithms that somehow combine the standard multiscale methods widely
investigated in the past years. These methods are usually categorized as
either hierarchical or concurrent. The first ones (see Fig. 1) are the most
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commonly used since they are computationally the most efficient, be-
cause the response of a representative volume element under prescribed
microscopic boundary conditions is determined first over a range of
macrostrain loading paths, and from these, a constitutive law is then
extracted.

At the end of this procedure, a microscopically informed macro-
scopic model is obtained, and it can then be used to analyze the mac-
roscopic behavior of the system under different conditions. Function
values that are not found in the extracted values can be obtained using
interpolation methods. Hierarchical approaches are generally well
suited for problems characterized by a weakly coupled relation between
different analysis scales; hence application of these techniques on
nonlinear mechanical problems presents significant complexities, and
in some instances are invalid, in case of damage and failure for ex-
ample.

The second is characterized by the presence of a fine-scale model
linked to the coarse-scale model, such that the coarse-scale model ex-
changes information directly with the fine-scale model and vice versa
through some coupling procedure, as shown in Fig. 2. Both compat-
ibility and momentum balances are enforced across the interface to
restore the continuity conditions between the two submodels. Such
models are effective when the behavior at each scale depends strongly
on what happens at the other scale.

In this work, a hybrid hierarchical/concurrent multiscale approach
(see Fig. 3) is proposed with the main idea to combine the advantages of
the hierarchical and of the concurrent approach through a numerical
strategy able to further reduce the computational effort required by the
concurrent multiscale approaches already investigated by other authors
[47,48]. In general terms, the hybrid multiscale analysis can be per-
formed identifying the area domains in which a fine scale modeling
must be used to capture the resulting high effect of all the nonlinearities
(material, geometrical, damage, friction, etc.), and the area domains in
which a coarse scale can be used.

The fine-scale domain is characterized by a microstructural evolu-
tion which requires a numerical model able to describe all its micro-
scopic details completely and may contain heterogeneities, singula-
rities, defects or some other notable geometrical or material
nonlinearities leading to a more considerable computational effort. A
homogeneous continuum model, instead, uses information obtained by
a representative volume element (RVE) at the fine scale to describe the
mechanical behavior of the homogenized material characterizing the
coarse-scale domain. Specifically, the typical procedure to solve a
boundary value problem (BVP) on the RVE in each Gauss point and for
each time step of the macroscopic simulation (in the spirit of the clas-
sical FE2 method), has been now replaced with the application of a
macro-stress/macro-strain database previously extracted. Thus, a da-
tabase and an interpolation method are used to obtain the macro-stress
of the homogenized model. In this hybrid approach the following steps
have to be performed:

i) identification of an RVE whose individual constituents are assumed
to be known entirely, together with their constitutive properties;
ii) formulation of the microscopic boundary conditions to be applied
to the RVE;
iii) solving the BVP for a given macroscopic strain path, the average
stress and strain are calculated;
step iii is repeated in order to create a numerical data point in the
macroscopic gradient tensor space, in which radial strain paths are
parametrized by using spherical coordinates; the average of the
stress and the strain is evaluated for every time step and stored in a
database matching the information on strains with information on
stresses;
after the previous steps are performed, the obtained constitutive
law in the form of strain/stress database is incorporated in the
computational model together with an interpolation method able to
give as output not only the interpolated values of the stresses, but
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Fig. 1. Schematic representation of the hierarchical multiscale approach.
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Fig. 2. Schematic representation of the concurrent multiscale approach.

also the derivative of the interpolated function (useful to evaluate
the tangent stiffness matrix);

vi) at the end, the fine and the coarse scale are joined together in a
macroscopic model obtaining a substantial reduction of the com-
putational effort compared to a full-scale direct analysis (DNS).

3. Theoretical background of the RVE problem in a large
deformation context

To describe finite deformation of a continuous body, we introduce
the position vectorsXand x, corresponding to the reference (un-
deformed) and deformed configuration, respectively. Each point of the
undeformed configuration at the time t, has position x given by
x=x(X,t). The relation betweenXand x 1is defined by
x(X, t) = u(X, t) + X in which u(X, t) is the displacement vector field
and the deformation gradient tensor is defined as F (X, t) = 0x(X)/0X.
Then, the Jacobian J = detF defines the volume change of the body
with respect the reference configuration. The constitutive behavior of a
hyperelastic material can be described in terms of an objective strain
energy-density function W (X, F) and hence, the first Piola-Kirchhoff
stress tensor can be defined as

_ WX, F)

Te="%F &)

The corresponding Cauchy stress tensor and second Piola-Kirchhoff
stress tensor are related to the first Piola-Kirchhoff stress tensor via
o =J 'TzFT and T® = F~'T;, respectively. For a neo-Hookean mate-
rial, the strain energy function is given as

W(F) = 2u(t = 3) - uIn@) + 22 [P, -
where u is the shear modulus of the material, I; = tr(C) is the first
invariant of the right Cauchy-Green deformation tensor C = F'F, 1 is
the first Lamé parameter that is related to the bulk modulus k (modulus
of compressibility) and to the shear modulus. Considering deformation
applied quasi-statically and the absence of body forces, the equation of
motion can be written in the undeformed configuration as

Div Tz =0. 3

Then, the homogenization problem for a heterogeneous solid (steps
i, ii and iii), whose periodic microstructure consists of stiff rectangular
platelets separated by thin layers of soft material (bio-inspired nacre-
like composite material) is formulated in the following. The micro-
structural equilibrium problem is here formulated in terms of the de-
formation gradient F and of its conjugate stress measure T because is

nonlinear macroscopic

Jfine scale + coarse scale constitutive law
| \ - Gauss points Y_ku o Y i
I : == = 7 ‘
=T = = RE/E Cu (1)
I = =
I — = — 1 Fy

micro-macro connection
compatibility and momentum balance

Fig. 3. Schematic representation of the hybrid hierarchical/concurrent multiscale approach.
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Fig. 4. 2D Representation of the homogenized solid of a staggered composite material (on the left) and of its corresponding undeformed and deformed RVE
configurations (on the right) attached to a generic macroscopic material point in the X;-X, plane.

convenient in defining the essential boundary conditions (BCs) on the
unit cell. With reference to Fig. 4, the volume of the homogenized solid
denoted by ¥; in the undeformed reference configuration is enclosed
by the surface 8V/;), on which the first Piola—Kirchhoff traction vector %
acts (note that the subscript (i) is referred to variables in the initial
configuration).

The RVE is assumed to be associated with an infinitesimal neigh-
borhood of a generic macroscopic material point X. Each micro-
structural constituent is characterized by an incrementally linear re-
lationship between the first Piola-Kirchhoff stress rate tensor T and the
deformation gradient rate tensor F as follow: Ty = CR(X, F)[F] in
which CR(X, F) is the fourth-order tensor of nominal moduli satisfying
the major symmetry condition (CRy = CRyy). This constitutive law is
representative of a large class of rate-independent materials (including
hyperelastic ones), and every loading process can be parametrized in
terms of a time-like parameter ¢ = 0 monotonically increasing (t = 0 in
the undeformed configuration). The rates of field quantities are eval-
uated as the derivatives with respect the parameter t that describes the
quasi-static deformation path of the composite solid. The micro- and
macro-scales can be coupled by the common relations that define the
macroscopic first Piola-Kirchhoff stress tensor T; and the macroscopic
deformation gradient F as a function of boundary data of the traction
field tz and of the deformation field x (X, t), respectively:

L [xxn

~ 1
Te® =y V!
O avgy

RX, 1) ® XdS;,
I

Vi

® nypdSw, @)

F(t)=

in which ® denotes the tensor product, ng the outward normal at
X € 0Vj;) and tg = Tyn(;) the nominal traction vector. In a macrostrain-
driven loading regime is assumed that the microscopic deformation
field can be additively split into a linear part and a fluctuating part:

x(X,t) = F(O)X +w(X, 1), )

where F ()X is a linear displacement contribution and w(X, t) is the
fluctuation field. Inserting the definition of the microscopic deforma-
tion field into the definition of the macroscopic deformation field, it
provides an integral constraint that a microscopic displacement fluc-
tuation field should satisfy to be kinematically admissible:

f we n(,-)dS(,-) =0.
Mi) (6)

Then the macro-micro transition is achieved by imposing the ap-
propriate boundary condition on the RVE displacement fluctuation
field. Hence, in accordance with the periodic nature of the staggered

composite microstructure, periodic boundary displacement fluctuations
can be imposed on the boundaries dVj; of the RVE satisfying the pre-
viously mentioned integral constraint:

w(X*, 1) =w(X", t) on V), ()]

where the superscripts + and — denote pairs of opposite RVE boundary
points. The imposed periodicity conditions are written as

Ting(X*, 1) = —Trnp (X, t) on AV, ]
x(X*, ) —x(X~, 1) = F()(X* — X™) on V), 9

representing antiperiodic traction (8) and periodic deformation (9)
imposed on the boundary of the RVE. Finally, the equilibrium boundary
value problem at given macrodeformation gradient is governed by the
following equations:

Div T =0 in VE,)
Trng(X*, 1) = —Trng (X, £) on 8V (10)

Solving this boundary value problem, the macroscopic constitutive
quantities that are essential to proceed with the stress-strain database
determination can then be extracted by applying appropriate volume
averages (4). The macroscopic constitutive response, in terms of the
homogenized tangent moduli tensor CR(F), can be expressed as a
function of the microscopic tangent moduli tensor CR(X, F) as follows:

— — 1 - .
Cjic(F) = —— [ (X, F)[I + Vo] dViy,
Vol % an

where W denotes the incremental fluctuation field induced by

F =I"*,
4. Macro-stress/macro-strain database determination

In this section, more detailed information about the procedure
adopted to extract the macro-stress/macro-strain database is given (step
iv). The strategy adopted to parameterize the radial loading paths by
using spherical coordinates is based on the space of the macroscopic
right stretch tensor (U) instead of on the space of the macroscopic
deformation gradient tensor (F); this allows to significantly decrease
the computational effort requested for the creation of the database. As a
matter of fact, in a planar setting, F is described by a 2 x 2 matrix
whose components are: F;, Fj,, F5; and Fy,, hence a numerical data
point database must be represented on a four-dimensional space leading
to an expensive computationally effort with respect to a para-
meterization on a three-dimensional space. The adopted procedure to
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overcome this complexity exploits the objectivity of the macroscopic
strain energy function W by means of the following relation [49]:

W (QF) = W(F) V Q € Orth*, (12)

where W is defined as:

W= % S W&, Fdvp,
O vy (13)

and Q is an arbitrary proper orthogonal tensor. Eq. (12) is a direct
consequence of the assumed objectivity of W and leads to the following
reduced form of the constitutive law:

Tz (F) = RT (D), a4
where Ty is the restriction of Tz (F) to positive-definite symmetric
tensors (Psym), U is the macroscopic right stretch tensor involved with
the polar decomposition F = RU and R is the macroscopic rotation
tensor. Eq. (14) states that the constitutive properties of the homo-
genized material are not influenced by the rotational part of the mac-
rodeformation R. Since the response function T; (F) is completely de-
termined by its restriction to positive-definite symmetric tensors,
during the database creation phase we can assume that R = I and
F = U in order to determine the restricted response function Ty (D).
Definitely, since U is a 2 X 2 symmetric matrix with components U,
Uy, = U,; and Uy, we can parameterize the restricted homogenized
response function using spherical coordinates (see Fig. 5) in a three-
dimensional space with axes representing the components of U.

The 3D space is scanned fixing the radial direction (by varying 6
from 0° to 180° and ¢ from 0° to 360°) and incrementing the time-like
parameter t, therefore each database point corresponding to the mac-
roscopic first Piola-Kirchhoff stress is evaluated in a time step t of the
imposed radial loading path. The homogenized constitutive law can be
hence extracted by imposing a sufficient number of radial loading paths
and an adequate time step to store as much information as possible
about the response of the RVE in every load direction. This procedure
was implemented in the finite element code COMSOL 5.4 integrating,
via a MATLAB script, a parametric sweep to allow 6 and ¢ to be swept
through a prefixed range of values. Once the database is created, an
additional step is necessary because the variational formulation of the
adopted numerical environment is written in terms of the second Piola-
Kirchhoff stress (T® = F'T;) and the Green-Lagrange strain
(E = (F'F — I)/2) as frame-indifferent work-conjugate stress-strain
pair. For this reason, the previously discussed database function of U (t)
and Ty (U (t)) must be transformed using the following relations:

E = %(UZ—I), (15)

T® = U'Ty, (16)

(_]11 (_]22

_ 1+tcosgsinf tcos@

Ut
() tcosf 1+£sin ¢sin @
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leading to a work-conjugated stress/strain database function of E
and T®. Once the restricted response function database is built, the
macroscopic constitutive response to a generic macrodeformation point
can be obtained by applying Eq. (14). In addition, the obtained mac-
roscopic stress will be used to compute the tangent constitutive matrix
by using the following relation:

co = 9T?
T GE’ 17

where 8T@/3E is a fourth-order tensor whose component are
COypye = aTi}(-”/cﬁEhk. The macro-stress/macro-strain database is im-
plemented by means of an external material routine that allows de-
fining the homogenized material model in the macroscopic domain. A
linear interpolation function is recalled inside the external material
routine to interpolate the macro-stress/macro-strain database loaded as
unstructured file data in which the values of the function are matched
in a discrete generic point cloud. A Newton-Raphson solver is employed
to find the solution of the nonlinear macroscopic problem and, during
Newton-Raphson iterations, the external material routine is recalled for
each Gauss point until the solution was converged to within the desired
tolerance.

5. Numerical applications

The multiscale analysis technique described in Section 2 is here
applied to analyze the penetration resistance and the flexibility of bio-
inspired composites with nacre-like microstructure. The periodic unit
cell shown in Fig. 6 describes the investigated representative volume
element, containing hard platelets connected by soft matrix materials
and arranged in an overlapping brick-and-mortar pattern.

The thickness of the matrix interphase is denoted with H;, H and L
denote the height and the length of the unit cell respectively, H, and L,
denote the height and the length of platelets. With reference to [17],
since linear elastic model can provide adequate approximation for
material behavior for small strains (typically not exceeding 5%), the
stiff platelets are modeled as linear elastic material with elastic modulus
E, = 1.8 GPa and Poisson’s ratio v = 0.42, while the soft interphase is
modeled as nearly incompressible neo-Hookean material with initial
shear modulus y; = 0.21 MPa (a bulk modulus equal to 1000y; is
adopted to simulate the incompressibility condition). The length of the

platelets is L, = 20 mm, the amount of hard inclusions in a unit cell is
(LpHp)
(Lp + Hi)(Hp + Hj)

w= %. Multiscale parametric analyses were performed to analyze the

defined by vy = and the platelets aspect ratio is defined by

p
influence of the platelets volume fraction and the platelets aspect ratio
on the flexibility and on the penetration resistance by varying the main
microstructural geometrical parameters (v;and w) with reference to the

Un 1

05 o5

Fig. 5. 3D space of right stretch tensors parametrized using spherical coordinates (on the left) and an example of MATLAB scattered plot of the stress tensor extracted

from a 3D reduced database obtained.



F. Greco, et al.

17 T

.y

/2

I
2 L /

Fig. 6. 2-D Periodic microgeometrical arrangement of bio-inspired nacre-like
composite. The gray and white areas represent the hard inclusions (platelets)
and the soft interphase (matrix) respectively.

above described microstructure.

The flexibility was investigated employing a three-point bending
test on beams composed by a 14 X 4 unit cell assembly
(column X row), as shown in Fig. 7a, in which the real microstructure
is introduced only in correspondence of the vertical concentrated load
where the local effects are more intense. The penetration resistance was
investigated employing an indentation test on a rectangular sample
composed by a 6 X 4 unit cell assembly using a spherical indenter with
radius equal to L/4, as shown in Fig. 7b.

Numerical simulations were performed using the finite element
code COMSOL 5.4 considering a 2D system in plane-strain conditions
applying displacement-controlled loadings in a quasi-static regime. The
typical mesh adopted for the examined unit cell is of a structured type
and involves quadratic Lagrangian quadrilateral elements. The contact
condition between the indenter and the sample was modeled by a
penalty method which is rather simple and robust, based on inserting a
stiff spring bed, active only in compression, between the contacting
boundaries. First of all, validation and mesh convergence tests of the
multiscale model were reported comparing numerical results obtained
by means of a multiscale numerical simulation (MNS) with numerical
results obtained by means of a direct numerical simulation (DNS) in
which the composite microstructure is explicitly modeled.

As shown in Fig. 8a and b both the multiscale models give a slightly
stiffer response (with respect to the DNS simulations) and a higher in-
fluence of the degrees of freedom on the response is observed for the
indentation test simulations. Anyway, for both the examined tests, no
more than 20,000 degrees of freedom are needed for the multiscale
approach to obtain a response in good agreement with the direct model
results, thus saving between 50 and 60% of computational effort re-
quired for a full-scale direct numerical analysis.

5.1. Numerical investigation of the flexibility property

With reference to the three-point bending test, the dependence of
the normalized bending load on the bending angle for nacre-like com-
posite structures with inclusions volume fraction ranging from 0.5 to
0.9 with increments of 0.1, and platelets aspect ratio ranging from 6 to
10 with increments of 2, is shown in Fig. 9. The normalized bending
load is defined as M = . HZLILPZ, where L; is the distance between the
supports, H,, is the total height of the beam and z is the out-of-plane

depth, while the bending angle is defined as a = atan(?) where § is

ot

Composite Structures 233 (2020) 111625

the vertical displacement in the middle of the beam and L,,, is the total
length of the beam. The flexibility decreases with an increase in volume
fraction, as well as with an increase in aspect ratio. Nacre-like micro-
structures with volume fraction equal to 0.9 (green lines) results in a
more pronounced decrease of flexibility leading, for instance, to values
of the normalized load approximately doubled with respect to ar-
rangements with volume fraction equal to 0.8 (fuchsia lines), at fixed
inclusions aspect ratio.

The composite flexibility is further investigated by plotting the re-
lative bending stiffness as function of aspect ratio in Fig. 10a and vo-
lume fraction in Fig. 10b. The relative bending stiffness represents a
non-dimensional bending stiffness taken as the tangent bending stiff-
ness of the composite beam divided by the tangent bending stiffness of
the homogeneous beam (v; = 0). Since the relative bending stiffness
changes with bending angle, the initial tangent stiffness (measured at
a = 1°) and the finite tangent stiffness (¢ = 15°) were plotted. The in-
itial stiffness is presented by filled symbols, while the finite stiffness is
denoted by hollow symbols. The results show that both initial and finite
stiffness increase with an increase in both aspect ratio and volume
fraction. In particular, an almost linear dependence on the aspect ratio
at fixed volume fraction (Fig. 10a), and a superlinear dependence on
the volume fraction at fixed aspect ratio (Fig. 10b) are reported. In
other words, the investigated microstructure shows a more pronounced
stiffening effect with increasing volume fraction, especially for the fi-
nite stiffness values. On the contrary, as shown in Fig. 10a, the aspect
ratio has a small effect on the bending stiffness (especially for the initial
values), which becomes negligible for low volume fractions (vf ranging
between 0.5 and 0.6). Furthermore, the difference between the finite
and initial bending stiffness increases for increasing values of both
volume fraction and aspect ratio, and becomes negligible for low vo-
lume fractions regardless the considered aspect ratio, meaning that the
bending behavior of the given microstructure is nearly linear in these
cases (see Fig. 10b).

5.2. Numerical investigation of the penetration resistance property

The dependence of the normalized indentation load on the nor-
malized indentation depth with an inclusions volume fraction ranging
from 0.5 to 0.9 with increments of 0.1, and a platelets aspect ratio
ranging from 6 to 10 with increments of 2 is shown in in Fig. 11. The

normalized indentation load is defined as P = ﬁ, which is plotted as
iHtol

function of the normalized indentation depth A = % where § is the
vertical displacement at the top of the midsection, coinciding with the
central point of the contact area with the indenter. The indentation load
levels increase with an increase in inclusions volume fraction, while the
aspect ratio provides a slight influence on the indentation load levels.
The penetration stiffness increases with increasing indentation depth,
as will be shown in more detail next. High volume fractions and low
aspect ratios offer the greatest penetration resistance, with the excep-
tion of the case with v = 0.9 (green line), which shows the highest
penetration resistance offered with w = 10 for levels of the normalized
indentation depth greater than 0.12. The influence of the inclusions
volume fraction and aspect ratio on the material resistance against in-
dentation is further analyzed by plotting the relative penetration stiff-
ness as function of these parameters in Fig. 12.

a) b) |F
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T T 1 F
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Fig. 7. Schematic of the geometric multiscale models adopted to simulate numerically the three-point bending test (a) and the indentation test (b).
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The relative penetration stiffness is defined here as the tangent
penetration stiffness of the composite sample normalized to the tangent
penetration stiffness of the homogeneous sample (v;= 0). Since the
relative penetration stiffness changes with depth indentation, the initial
tangent stiffness is measured at A = 0.01 and the finite tangent stiffness
is measured at when the tangent stiffness approaches a limit constant
value (this occurs generally for the last value of A before convergence
problems appear).

As in the previous analyzed case, both initial and finite penetration
stiffness increase with increasing volume fraction. Moreover, the finite
penetration stiffness is much higher than the initial value reflecting the
highly nonlinear behavior due to a combination of geometrical and
material nonlinearity, mostly for high values of volume fraction (see
Fig. 12c and d). The aspect ratio provides a relatively small influence on
both the initial and the final penetration stiffness. In detail, the finite
penetration stiffness increases with increasing aspect ratio for volume
fraction values ranging from 0.5 to 0.7, while decreases for volume
fraction equal to 0.8 and 0.9. Consistent with the previous observation,
Fig. 12d shows that merely for the cases with v;= 0.8 and 0.9 the
maximum value of finite relative penetration stiffness is given by the
highest value of aspect ratio (w = 10).

5.3. Numerical investigation of the combined protecto-flexibility property

To better investigate the flexibility and the penetration stiffness in a
coupled manner, the relative bending stiffness was plotted as function
of the relative penetration stiffness in Fig. 13a and b, showing that an
increase in penetration protection is accompanied by an increase in
bending stiffness (decrease in flexibility) except for the finite relative
bending stiffness with v < 0.8.

In particular, with vs= 0.5 and 0.6, the finite relative bending
stiffness can be varied without affecting the finite relative penetration
stiffness, which is however negligible with respect to higher volume
fractions (see black and red points of Fig. 13b). Fig. 13 clearly shows
that the volume fraction strongly influences the penetration stiffness
(both initial and finite values) while slightly affecting the bending
stiffness, especially for higher values of v. Moreover, it can be seen that
the aspect ratio influences scarcely the initial penetration stiffness (see
Fig. 13a) while influencing moderately both the finite penetration and
bending stiffness, except with vy < 0.7, for which no significant influ-
ence is reported (see Fig. 13b). These figures also show that the pene-
tration resistance can be tailored as a function of the flexibility prop-
erties by opportunely varying the examined microstructural
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Fig. 9. Normalized bending load vs. bending angle for nacre-like composite structures considering an inclusions volume fraction ranging from 0.5 to 0.9 with
increments of 0.1, and an inclusions aspect ratio ranging from 6 to 10 with increments of 2.
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geometrical parameters. In particular, Fig. 13b shows that different
combinations of v and w may lead to the similar values of the desired
finite flexibility and penetration resistance. In particular, once the de-
sired finite relative bending stiffness is assigned to the nacre-like ma-
terial, the volume fraction and the platelets aspect ratio can be opti-
mized such that the desired relative penetration stiffness is reached. For
instance, after choosing a finite relative bending stiffness of about 100,
a finite relative penetration stiffness ranging between 3500 and 4500
can be achieved either for vy = 0.8 and w > 10 or for vf= 0.9 and
w < 6.

Then, the contrasting combination of penetration protection and
flexibility, called protecto-flexibility, was taken as the ratio Q = Cp/Cp
between the normalized indentation stiffness Cp and the normalized
bending stiffness Cp. The influence of the microstructural geometry of
the composite on 2 is shown in Fig. 14, in which Q is plotted as
function of aspect ratio (a, b) and volume fraction (c, d). This figure
clearly shows that the protecto-flexibility increases with increasing
volume fraction and decreasing aspect ratio except for the cases with
v = 0.9 and w = 8, 10, shown in Fig. 14d, where £ is lower compared
to the cases with v = 0.8 and w = 8, 10. Note that the finite protecto-

flexibility is very sensitive to changes in volume fraction and aspect
ratio, on the contrary, the initial protecto-flexibility does not change
significantly with a change in volume fraction or aspect ratio. We can
observe that volume fractions of 0.8 and 0.9 are optimal to achieve the
best combinations of flexibility and penetration resistance. Considering
the initial protecto-flexibility, we can see that, for each fixed aspect
ratio, the highest value is obtained for v = 0.9 as shown in Fig. 14a; on
the other hand, at finite deformations, the highest value, of about 40, is
obtained for v¢= 0.9 and w = 6. For this value of aspect ratio, the
general trend is that increasing value of the volume fraction are asso-
ciated with increasing value of the protecto-flexibility. Such a trend is
not reported for higher aspect ratios, i.e. w = 8 and 10, where the op-
timal value of the volume fraction to achieve the highest protecto-
flexibility is v = 0.8. Finally, it is worth noting that the finite protecto-
flexibility is more important, being in general two orders of magnitude
greater than the initial one. This means than the protecto-flexibility
properties appear in the considered staggered nacre-like material only
at large deformation, essentially due to the delayed activation of the
penetration stiffness.

F
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Fig. 11. Normalized indentation load vs. normalized indentation depth for nacre-like microstructures considering an inclusions volume fraction ranging from 0.5 to
0.9 with increments of 0.1, and a platelets aspect ratio ranging from 6 to 10 with increments of 2.
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6. Conclusions

In this work, we numerically investigate the mechanical behavior of
nacre-like composite material in a large deformation context. Motivated
by to design a body protective bio-inspired material architecture, we
examine the competing properties: penetration resistance and flex-
ibility. Mimicking nacre’s hierarchical brick-and-mortar structure in 3D
printed microstructured composite materials is an efficient approach to
achieve structural materials with high mechanical performances, but
the task to determine the macroscopic response of microstructured
materials taking into account their microscopic nonlinear mechanical
behavior usually requires a rigorous description of all microstructural
details leading to impracticable computational efforts. Here, to over-
come a computationally expensive full-scale modeling, a novel hybrid
hierarchical/concurrent multiscale strategy is developed to evaluate the
macroscopic mechanical response of nacre-like composites considering
the complexity of its microstructure with reduced computational effort.
The aim of the proposed technique is to adopt a hierarchical multiscale
approach in domains in which the assumption of scale separation is
satisfied (homogenized domains), combined with a concurrent ap-
proach in domains in which, due to strain or stress localization phe-
nomena, this condition is no longer satisfied (fine-scale domains). In
detail, fine-scale domains are characterized by a microstructural de-
scription that requires a numerical model able to completely describe
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all its microscopic details and may contain heterogeneities, singularities
or/and defects. Homogenized domains, instead, use information ob-
tained by an RVE at the fine scale to describe the mechanical behavior
of the homogenized material characterizing coarse-scale domains;
specifically, a microscopically informed macroscopic constitutive rela-
tion in the form of macro-stress/macro-strain database previously ex-
tracted, in conjunction with an interpolation method, has been im-
plemented in a finite element model. A comprehensive parametric
analysis with respect to platelets aspect ratio and volume fraction, re-
presenting the main geometrical parameters governing the macroscopic
behavior of the bio-inspired nacre-like composite material, is performed
analyzing its flexibility and penetration resistance. Initially, validation
and mesh convergence tests of the multiscale model were reported
comparing the numerical results obtained by using multiscale and di-
rect numerical simulations and it was deduced that using a multiscale
model an amount of computational effort between 50 and 60% is saved
with respect to a full-scale numerical model. Then, the flexibility is
investigated by means of a three-point bending test on beams, in which
the real microstructure is introduced in correspondence of the vertical
concentrated load. In particular, both the initial and the finite tangent
stiffness are computed as functions of aspect ratio and volume fraction.
The results show that flexibility decreases with an increase in both
volume fraction and aspect ratio. In detail, the investigated micro-
structure shows a pronounced stiffening effect for larger values of the
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volume fraction, especially for the finite stiffness. On the contrary, the
bending stiffness (especially the initial one) is only slightly influenced
by the aspect ratio, especially for lower volume fractions (vf ranging
between 0.5 and 0.6). Moreover, the bending stiffening effect asso-
ciated with the occurrence of large deformations increases for in-
creasing values of both volume fraction and aspect ratio, and becomes
negligible for low volume fractions regardless the considered aspect
ratio; in fact, in this case, the bending response of the given micro-
structure remains almost linear. Next, the penetration resistance was
investigated by employing an indentation test on a rectangular sample
using a spherical indenter and modeling the contact between the in-
denter and the sample. The results show that the indentation load levels
increase with an increase in the stiff phase volume fraction, while the
aspect ratio provides a small influence on the indentation load levels.
The penetration stiffness increases with increasing indentation depth,
and high volume fractions and low aspect ratio offer the greatest pe-
netration resistance, with the exception of the greatest tested volume
fraction (v = 0.9), for which the highest penetration resistance is
reached for the highest tested aspect ratio (w = 10). The influence of
the stiff phase volume fraction and the platelets aspect ratio on the
material resistance against indentation is further analyzed by plotting
the initial and the finite tangent penetration stiffness as functions of
these parameters. The finite penetration stiffness is higher than the
initial value, reflecting the nonlinear behavior due to a combination of
geometrical and material nonlinearity, mostly for high values of volume
fraction. Both initial and finite penetration stiffness increases with an
increase in volume fraction, with stiffness increase more prominent in
the range of high volume fractions. On the other hand, the aspect ratio
provides only a relatively small influence on the penetration stiffness,
with a negligible influence on the initial values.

Next, from the comparison between the relative bending stiffness
and relative penetration stiffness, it can be observed that the volume
fraction strongly influences the penetration stiffness (mainly the finite
value), while it slightly influences the bending stiffness. Moreover,
generally speaking, an increase in penetration protection is accom-
panied by an increase in bending stiffness. In particular, with volume
fraction values up to 0.6, the finite relative bending stiffness can be
varied without affecting the finite relative penetration stiffness, which
is however negligible with respect to that achieved with higher volume
fractions.

These results demonstrate that the penetration resistance can be
tailored as a function of the flexibility by opportunely varying inclu-
sions volume fraction and/or aspect ratio.

Finally, the performance requirements of penetration resistance and
flexibility are incorporated in a single parameter, called protecto-flex-
ibility, which was evaluated for different values of aspect ratio and
volume fraction, to investigate the role of the main microstructural
parameters in this integrated measure. It is worth noting that the pro-
tecto-flexibility is very sensitive to changes in volume fraction and as-
pect ratio, on the contrary, the initial protecto-flexibility does not
change significantly with a change in volume fraction or aspect ratio.
The numerical results have shown that the finite protecto-flexibility is
more important, since, generally speaking, it is two orders of magnitude
greater than the initial one. This is essentially due to the delayed ac-
tivation of the penetration stiffness, associated with the occurrence of
large deformations.

Generally speaking, the best combinations of flexibility and pene-
tration resistance are obtained with high volume fractions (equal or
greater than 0.8), regardless of the considered aspect ratio. However,
for very high aspect ratios (starting from w = 8) and for volume frac-
tion values greater than 0.8, a further increase in the volume fraction
inevitably leads to a reduction of the protecto-flexibility. This counter-
intuitive result demonstrates that, in the presence of highly elongated
platelets. A limited range of variation for the volume fraction (around
the value of 0.8 for the specific staggered microstructure) guarantees
the optimal coupled protection/flexibility behavior.
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The reported findings can provide guidelines to enhance mechanical
properties of bio-inspired nacre-like composite material manipulating
the main microstructural geometry parameters. Specifically, a careful
selection of volume fraction and aspect ratio can provide optimized
designs to grant protection against penetration while preserving flex-
ibility. It is worth also noting that the hybrid multiscale techniques
developed in this work is reliable and can effectively be used to conduct
further research on the optimization of patterns and microstructural
configurations for bio-inspired structures.
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