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Abstract: Recent studies have shown that the mechanical properties of bioinspired periodic 

composite materials can be strongly influenced by finite deformation effects, leading to highly 

nonlinear static and dynamic behaviors at multiple length scales. For instance, in porous periodic 

nacre-like microstructures, microscopic and macroscopic instabilities may occur for a given uniaxial 

loading process and, as a consequence, wave attenuation properties may evolve as a function of the 

microstructural evolution, giving it the designation of metamaterials. The numerical outcomes 

provide new opportunities to design bioinspired soft composite metamaterials characterized by 

high deformability and enhanced elastic wave attenuation capabilities given by the insertion of 

voids and lead cores. 

Keywords: bioinspired materials; Bloch wave analysis; nonlinear homogenization; band gap; locally 

resonant; metamaterials; instability; finite deformations 

 

1. Introduction 

Over the last twenty years, as a result of the high mechanical, thermal, and electrical 

performance requirements [1], advanced composite materials have been preferred over traditional 

ones in many extreme engineering applications [2–4]. For example, structural members or engine 

parts of space shuttles or aircraft have been designed thanks to advanced composite materials. In 

addition, recently, bioinspired microstructures were used by researchers to develop innovative 

materials with exceptional properties. For instance, it has been found that nacre-like materials possess 

unique mechanical properties resulting from the alternating layering of soft protein and hard 

aragonite platelets [5–7] and, thanks to the recent development in additive manufacturing [8–10], 

many researchers started to investigate the mechanical properties of 3D printed microstructured 

bioinspired materials [11–14]. Due to their complex microstructures, such bioinspired composite 

materials are generally regarded as highly heterogeneous media liable to several nonlinear 

phenomena such as microscopic and macroscopic instabilities caused by large deformations [15] or, 

also, microscopic damage processes could occur as a result of platelets debonding from the matrix 

[16]. Several studies have demonstrated that such microscopic damage phenomena are closely related 

to fracture phenomena occurring at the macroscopic scale, such as delamination and crack 

propagation, and that they strongly influence the dynamic response of the structure in terms of 

natural frequency vibrations [17–19], thus representing the most frequent failure precursor for 

advanced materials employed in extreme engineering applications. Hyperelastic constitutive laws 

are commonly employed to predict with accuracy the mechanical behavior of such advanced 

composite materials in a large deformation framework. To prevent numerical modeling from 

becoming too expensive from the computational point of view, several advanced numerical modeling 

strategies have been proposed, for example, nonlinear homogenization [20] and multiscale methods 

[21]. In recent works, it has been demonstrated that bioinspired nacre-like composite materials may 
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be optimized to improve their mechanical performance under static loadings [22,23], and, due to their 

periodic microstructures, they are also intrinsically capable of influencing elastic wave propagation. 

For this reason, their vibrational response is attracting extraordinary attention [24–26] leading to the 

design of new advanced bioinspired nacre-like metamaterials, which are composite materials 

characterized by periodic microstructures inspired by nature. They are commonly distinguished 

from traditional bioinspired materials by properties that are not found in nature [27]. While 

metamaterial research has made remarkable progress over the past decade, there are still several 

drawbacks. For example, frequently, their material characteristics fail to fulfill the energy dissipation 

criteria essential for managing the transmission of waves and reducing noise in mechanically 

challenging procedures. In recent years, the study of elastic wave propagation in nacre-like composite 

metamaterials has focused on finding the optimal combination of material and geometric parameters. 

It is therefore the objective of this study to improve the scientific knowledge about nacre-like 

composite metamaterials, exhibiting microscopic instability under extreme loading conditions, by 

proposing a lightened nacre-like composite metamaterial with hollow reinforcing platelets and lead 

cores to investigate the influence of the main microscopic material and geometrical parameters 

together with the addition of lead cores on the evolution of its wave attenuation properties. A brief 

recap of the theoretical concepts related to the nonlinear static and dynamic response of periodic 

composite materials has been reported in Section 2, while the numerical results obtained by 

superimposing an elastic wave motion through the Bloch-wave technique [28–30] on a finitely 

deformed configuration of the proposed lightened composite metamaterials have been reported in 

Section 3. As a result of this work, we highlighted that there are great design potentials for porous 

advanced bioinspired locally resonant metamaterials characterized by excellent wave absorption 

properties given by the addition of lead cores and by the onset of microscopic instabilities. 

2. Theoretical background 

In this section, the theoretical background related to the evaluation of the homogenized 

properties (Section 2.1) is reported together with the problem statement of the Bloch-wave analysis 

employed to investigate the micro- and macroscopic instability conditions and the elastic wave 

propagation in prestressed periodic materials (Section 2.2). 

2.1. Homogenized properties in periodic media 

Consider a representative volume element (RVE) of the nonlinear composite microstructure 

made by an assembly of the repetitive unit cell (RUC), as reported in Figure 1, representing a 

lightened nacre-like microstructure consisting of alternating stiff platelets, matrix, and voids.  

 

Figure 1. Homogenized lightened nacre-like composite metamaterial and the corresponding 

undeformed and deformed unit cell configurations. 

The volume of the homogenized nacre-like composite material is denoted by ( )iV  and is 

enclosed by the surface ( )iV∂  on which the first Piola-Kirchhoff traction vector acts Rt . All the 
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quantities reported in Figure 1 with the subscript (i) are referred to the undeformed configuration. 

The volume of the primitive unit cell (RUC) is identified as ( )iU . 

The undeformed and deformed RVE configurations are associated with an infinitesimal 

neighborhood of a generic point X  which is related to the homogenized lightened nacre-like 

composite material subjected to a macroscopic gradient deformation F . The position vectors are 

defined as X  and x , with reference to the undeformed and the deformed RVE configuration, 

respectively. The microscopic gradient deformation tensor is defined as ∂ ∂F = x / X , while its 

determinant detJ ≡ F  represents the Jacobean of the transformation giving the volume change 

measure. For an easier imposition of the essential boundary condition on the RVE, the microscopic 

equilibrium problem is formulated in terms of the deformation gradient tensor F  and the first-Piola 

Kirchhoff stress tensor RT . By assuming a sufficiently small value of the time-like parameter t 

governing the monotonically increasing loading, the quantities in the incremental form can be 

considered as rate quantities. Therefore, the microconstituents are characterized by the following 

incrementally linear relation: 

R
R =   
 T C F , (1)

where R
T , R

C  and F  denote the rate of the first Piola-Kirchhoff stress tensor, the fourth-order 

tangent moduli tensor, and the rate of the deformation gradient tensor, respectively. Here, we 

consider a finitely deformed composite material composed by nearly-incompressible hyperelastic 

constituents characterized by a strain energy density ( )W F . The first and the second derivatives of 

( )W F  represent the stress tensor RT  and the tangent moduli tensor R
C , respectively: 

2

2
,  R

R

W W∂ ∂
= =

∂ ∂
T C

F F
. (2)

By considering a quasi-static loading process and the absence of volume forces, the equation of 

motion in the undeformed configuration can be written in the following form: 

RDiv = 0T . (3)

The averaging relationships define the macroscopic gradient deformation tensor F  and the 

macroscopic first Piola-Kirchhoff stress tensor RT  in terms of the boundary values of the microscopic 

deformation field and the nominal traction vector (in turn functions of the volume average of F  

and RT ), as follows: 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

1 1 1( )
i i i

i i i i i

i i iV B H

dS dV dS
V V V∂ ∂

⊗ ⊗= = −  F x n  F X  x n  , (4)

( ) ( )

( ) ( )
( ) ( )

1 1 ( )
i i

R R i R i

i iV B

dS dV
V V∂

⊗= = T t X T X  , (5)

where ( )R R i=t T n  denotes the traction vector with ( )in  the outward normal at ( )iV∈∂X  and ⊗  

denotes the tensor product. Moreover, ( )iB  and ( )iH  denote the solid and void portions of the 

volume ( )iV  occupied by the RVE. The microscopic deformation field x  can be expressed as a sum 

of two contributes, the homogeneous deformations representing the linear part FX  and the 

fluctuation field representing the correction part w : 

= +x FX w . (6)

By substituting the expression (6) into the expression (4), we obtain that the following integral 

constraint must be satisfied to make the fluctuation field w  kinematically admissible: 

( )

( ) ( ) 0
i

i i

V

dS
∂

⊗ = w n  . (7)
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Coherently with the periodic distribution of the reinforcing platelets and void inclusions, the 

above-mentioned integral constraint could be satisfied by imposing a periodic distribution of the 

stress and strain fields, corresponding, from the viewpoint of the deformation field, to impose 

periodic deformations on ( )iV∂ : 

( )+ − + −− = −x x F X X , (8)

while, from the viewpoint of the stress field, it corresponds to imposing antiperiodic traction on ( )iV∂ : 

( ) ( )( ) ( )R i R i
+ −= −T n T n , (9)

where the superscripts +  and −  denote pairs of points located on the opposite sides of the RVE 

boundaries. The variational form of the associated boundary value problem is defined in terms of the 

fluctuation field w  at a given macroscopic gradient deformation tensor F : 

( )

1
( ) ( )#0  ( )

i

R i i

B

dV H Vδ δ⋅∇ = ∀ ∈ T w w , (10)

where 1
( )# ( )iH V  represents the first-order Hilbert space of the vector-valued functions periodic over 

( ) ( )
N

i iV U= , that is over all possible assembly of [ ]0, NNk k=  unit cells, with N = 2 for bidimensional 

problems and N = 3 for tridimensional ones, with k denoting a strictly positive integer and # denoting 

the field periodicity. The variational equation (10) is consistent with a microstructural equilibrium 

state characterized by antiperiodic traction on the external boundaries (9) and zero tractions on the 

hole boundaries ( )iH∂ : 

( )R i = 0T n . (11)

By imposing an incremental change in the macroscopic gradient deformation tensor 


F  the 

following incremental boundary value problem is obtained: 

( )

1
( ) ( )#[ ] 0  ( )

i

R
i i

B

dV H Vδ δ∇ ⋅∇ = ∀ ∈    C F + w w w , (12)

where w  represents the incremental fluctuation field. By considering the following relations:  

[ ]R
R =
 

T C F , with R R=
 T T , (13)

the constitutive macroscopic response is then determined in terms of homogenized tangent moduli 

tensor R
C : 

( ) ( )[ ]
( )

( )
( )

1 ,  
i

R R hk hk
mn mn iijmnijhk

i B

C I w dV
V

= ∇ C F X F + , (14)

where hkw  denotes the incremental fluctuation field induced by hk=


F I  with hk
mn mh nkI δ δ= . 

2.2. Nonlinear static and dynamic response of periodic media 

The nonlinear static and dynamic responses of a porous periodic bioinspired microstructure 

subjected to uniaxial macroscopic compressive loading processes are analyzed (see also [31] for 

additional information). In the former case, the microstructure static equilibrium solution path, 

together with the accompanying instability analysis, is determined, while in the latter one, the 

incremental wave motion problem superimposed on a finitely deformed configuration of the 

microstructure equilibrium path is considered. Interrelations between the microscopic instabilities 

occurring at a given uniaxial compression and wave propagation phenomena are also analyzed. 

Firstly, the static response was investigated by solving the nonlinear boundary value problem 

formulated on an adequately chosen RVE, adopting the homogenization theory assumptions 

together with periodic boundary conditions, as reported in Figure 2. The finite deformed 

configuration was obtained by imposing the following macroscopic gradient deformation tensor: 
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1
1 1 2 2 1

(1 ) 0
( ) (1 ) (1 )

0 (1 )
β

β β β
β

−

−
⊗ ⊗

− 
= − + − =  − 

F e e e e , (15)

with 1e , 2e  denoting the unit basis vectors along the direction X1 and X2, respectively and β 

denoting the load parameter. By imposing that 1
22 11F F −=  , an acceptable approximation of the 

incompressibility constraint may be established for low percentages of void volume fractions. 

Subsequently, the onset of primary instabilities with short (microscopic instability) or long 

(macroscopic instability) wavelength was detected by solving the following frequency domain wave 

equation through the Floquet-Bloch theorem:  

{ } 2
( )Div [ ( )] + ( )R
iρ ω∇ = 0 C X Xκ κ , (16)

where ( )iρ  is the mass density in the undeformed configuration ( )iV , 2ω  are the roots of the 

characteristic equation, 
R

C  denotes the nominal tangent moduli tensor determined with reference 

to a unit cell, and ( )κ X  denotes the wave function in a periodic solid based on the Floquet-Bloch 

theorem which is equal to:  

0ˆ( ) ( ) ie ⋅=κ κ K X
X X , (17)

where ˆ( )κ X  denotes a wave function which is periodic on the unit cell and 0
K  denotes the Bloch 

wave vector defining the direction of the wave propagation and the wavelength. Primary instabilities 

are detected when the lowest eigenvalue of the equation (16) first vanishes. Secondly, the dynamic 

response was investigated through a Bloch-Wave analysis by evaluating the dispersion relations 

associated with the proposed periodic microstructure. Specifically, the dispersion relations evolution 

for increasing levels of deformation was performed by superimposing the following Bloch-Floquet 

boundary conditions on the external boundaries of the unit cell on a finitely deformed configuration:  

0 0 0 0
1 2 1 2

0 0 0 0
1 2 1 2

( ) ( )
1 1 1 1

( ) ( )
2 2 2 2

| | | |
,

| | | |

i K L K H i K L K H

right left upper lower

i K L K H i K L K H

right left upper lower

u u e u u e

u u e u u e

+ +

+ +

 = = 
 

= =  

   

   
, (18)

where 0
1K  and 0

2K  denote the components of the Bloch wave vector 0
K  which are defined as a 

function of a scalar parameter k ranging from 0 to 4 following the relations reported below: 

0 0
1 2

( ) 0 1 0 0 1
( ) 1 2 ( 1)( ) 1 2

  ,    
(3 )( ) 2 3 ( ) 2 3
0 3 4 (4 )( ) 3 4

k L k k

L k k H k
K K

k L k H k

k k L k

π

π π

π π

π

≤ < ≤ < 
 ≤ < − ≤ < 

= = 
− ≤ < ≤ < 

 ≤ ≤ − ≤ ≤ 

. (19)

 

Figure 2. Geometrical representation of the RVE adopted for the nonlinear static analysis together 

with the imposed prescribed displacement under the assumption of periodic fluctuations. 

Ranging the parameter k from 0 to 4, the Bloch-Wave vector is swapped on the external 

boundaries of the first Brillouin zone allowing to determine the so-called bandgap structure of the 
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periodic unit cell in terms of dispersion graph. The dispersion curves, relating the wavelength of the 

propagating waves to their frequency, were analyzed to determine the evolution of the complete 

bandgaps as a function of the applied strains. The numerical investigations were carried out through 

a finite element discretization performed on the simulation software COMSOL Multiphysics v6.1. 

3. Numerical simulations for different geometrical and material parameters  

We investigated the propagation of elastic waves firstly at the undeformed configuration (Case 

1) and secondly at the bifurcated state for increasing loading levels on a standard porous nacre-like 

microstructure containing periodically arranged solid and hollow platelets (Case 2) and a lead-

enhanced nacre-like microstructure containing also periodically arranged lead cores (Case 3).  

The geometry of the numerical model is reported in Figure 3, the unit cell length is equal to L 

and its height is equal to H, in addition, two different thicknesses for the horizontal bh and vertical bv 

matrix interphases were considered. The platelet's length and height are equal to Lp and Hp, 

respectively. The parametric analyses were performed by varying the geometrical parameters in 

terms of volume fraction vf, the hollow platelets volume fraction vf(hp), platelets aspect ratio wp= Lp /Hp, 

with Lp=10µm, and interface thickness aspect ratio wb= bv / bh with bh equal to: 

2 2 2 2 2( 2 4 )
2

f b f p f b f b p f p f b p p

h

f b p

v w v w v w v w w v w v w w L
b

v w w

− − + +
=

− +
. (20)

 

Figure 3. Investigated lightened nacre-like unit cell and associated RVE assembly with the main 

geometrical parameters. 

The thickness of the hollow platelets is defined by the following relation:  

)
2

(
24 2

4 4 4
f hpp p p p p pp p

H vL H H L LH L
b

+ − +
= + − . (21)

The volume fraction 8 (2 2 )(4 4 )]/ [f p p p v p hv L H L b H b= + +  is evaluated by considering both the 

volume occupied by the platelets and voids. The hollow platelets volume fraction vf(hp) defines the 

percentage of the voids with reference to the hollow platelets (vf(hp)=1 denotes full void inclusions 

while vf(hp) = 0 represents full platelets), while vf(v), vf(p) and vf(l) define the volume fraction of the voids, 

platelets and the lead, respectively.  

In the following, the relations between the above-reported geometrical quantities are reported:  

( )

( ) (

)

( )

)

(

( 2 )( 2 )
 with m

2
1
4

11 1

in( , )

2 2

2

f v f l

f

p p p p

f hp

p p

hp

f f

hp

f f fp

v

L b H b L H
v

v

v

v

b
L H

v v

v v

− −
= ≤




= =

  

= + −  
 

. (22)
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The mechanical behavior of the matrix, the platelets and the lead was modeled employing a neo-

Hookean hyperelastic constitutive law based on the following strain energy density function:  

21 1(tr( ) 3) ln( ) ln( )
2 2

W J Jµ µ λ= − − +C . (23)

Where µ is the initial shear modulus, C is the right elastic Cauchy-Green tensor, J  is the 

Jacobian while λ defines the material compressibility which is taken equal to 1000µ to model the 

incompressible behavior of material phases. The initial shear modulus of the matrix phase is set equal 

to µm = 0.16 MPa corresponding to Young's modulus equal to 0.5 MPa (typical of a Tango Plus 3D 

printed material) and the initial shear modulus of the platelets is µm = kµm, while their material density 

and Poisson's ratio are set equal to each other as 3
( ) ( ) 1.145 kg / mp mρ ρ= =  and ( ) ( ) 0.49p mν ν= = , 

respectively. The lead cores are characterized by the following material parameters: ( ) 4929MPalµ =

, ( ) 0.42lν = , and 3
( ) 11340 kg / mlρ = . 

 

3.1. Case 1: Lightened nacre-like metamaterials without hollow platelets and lead cores at the undeformed 

configuration  

Firstly, the bandgap structure was investigated for the limit case with vf(hp) = 1 ( corresponding to 

the case without hollow platelets and lead cores) at the undeformed configuration for increasing 

values of volume fraction vf (i.e. from 91% to 99%) and by varying the main geometrical and material 

parameters, as reported in Table 1. The highlighted areas represent the frequency ranges 

corresponding to complete bandgaps for which the wave propagation is forbidden in any direction 

of wave propagation. This first set of parametric investigations was conducted focusing on high 

values of stiffness ratio for a frequency range equal to 0 - 150 kHz, while lower values of the stiffness 

ratio will be investigated subsequently. 

Table 1. Geometrical and material parameters investigated for the composite metamaterial at the 

undeformed configuration. 

wp 0.25 0.5 1 2 4 
wb 0.25 0.5 1 2 4 
k 1,000 10,000 100,000 - - 

The numerical outcomes in Figure 4 show that joint aspect ratio wb = 1 (i.e. with equal thickness 

between vertical and horizontal matrix joints) leads to better performance in terms of wave 

propagation attenuation compared with the other values investigated. 
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Figure 4. Bandgap structure at the undeformed configuration versus the volume fraction for different 

values of stiffness ratio k, platelets aspect ratio wp and joints aspect ratio wb. 

Generally speaking, the numerical outcomes highlighted that the complete bandgaps become 

wider for increasing values of volume fraction vf from 91% to 99%, while for vf <91%, no bandgaps 

were found for all the investigated parameters. In addition, we highlighted that the ranges of 

frequency of the complete bandgaps become higher for increasing values of platelets aspect ratio wp 

and also wider for increasing values of stiffness ratio k; in fact, the lowest investigated stiffness ratio 

k=1,000 gives the worst performance in terms of wave propagation giving few and narrow bandgaps 

and thus the results were not reported. Thus, the bandgap range can be tuned by varying the 

geometrical parameters vf and wp considering that the wider bandgap ranges were obtained with wb 

= 1, wp = 4 and the highest investigate value of k =100,000. 

3.2. Case 2: Lightened nacre-like metamaterials with hollow platelets and without lead cores for increasing 

levels of deformation (standard microstructure) 

The previous set of preliminary investigations reported in Section 3.1 was conducted focusing 

on high values of stiffness ratio, which leads to the appearance of bandgaps in a high range of 

frequency (often outside the acoustic range of frequencies), making such composite metamaterials 

unsuitable for acoustic applications.  

In addition, in previous work by some of the authors [15], it was obtained that with increasing 

values of stiffness ratio and platelets aspect ratio, the critical load factors associated with the 

macroscopic instability notably decrease, leading to a higher risk of catastrophic failures due to the 

onset of macroscopic instability phenomena. Subsequently, in the light of the obtained bandgap 

structures reported in Figure 4, the investigation was focused on lower values of stiffness ratio k 

(leading to ranges of frequency belonging to the acoustic range 20 Hz – 20 kHz), also investigating 

the influence of the applied deformations together with the onset of instabilities at the microscopic 

scale. A consistent set of parametric investigations was performed concerning the following 

geometrical and material parameters to identify the best combination giving the widest bandgaps:  
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Table 2. Geometrical and material parameters investigated for the standard metamaterial for 

increasing levels of deformation.  

k 1 5 10 20 30 40 50 100 

wb 1 5 10 20 30 40 50 100 

wp 4 5 6 7 - - - - 

vf 0.5 0.55 0.6 0.65 0.7 0.75 0.8 - 

vf(hp) 1 0.95 0.9 0.85 0.8 0.75 0.7 - 

After some preliminary investigation, the best combination of geometrical and material 

parameters, giving a wide bandgap in the undeformed configuration, was found: Lp = 10 mm, k = 20, 

wb = 50, wp = 4, vf = 0.8, vf(hp) = 0.8. First of all, the microscopic and the macroscopic instability analyses 

were performed, and we found that the microscopic instability occurs before the macroscopic one at 

a load parametric value equal to 0.09789, representing a percentage of deformation along the 

compression direction (X1 direction with reference Figure 3) equal to about 10%. Subsequently, as can 

be seen in Figure 5a, by adding a geometrical imperfection in the form of the identified critical mode 

shape, the bifurcated solution was determined, and the bandgap analysis was performed at each 

loading step to determine the evolution of the dispersion graphs. The proof that the primary 

instability is characterized by a local instability (wavelength of the critical mode shape comparable 

with the unit cell size) was given by the local instability check reported in Figure 5b. 

 

Figure 5. Deformed configuration of the metamaterial RVE for the principal solution path step 

together with the bifurcated one a) and the results of the local instability check b). 

In Figure 6, the evolution of the bandgap structure at the undeformed configuration and for 

increasing levels of deformation after the onset of the microscopic instability is reported. We observed 

that at the undeformed configuration, a complete wide bandgap is found in the range from 2.6 kHz 

to 3.2 kHz, while, as the level of deformation increases, the dispersion graph evolves considerably, 

showing a thinning of the bandgaps up to the complete extinction of the one identified at the 

undeformed configuration. However, new and wider complete bandgaps also appear in lower ranges 

of frequencies, and numerous partial bandgaps along the X and Y directions of wave propagation 

appear due to the prestress state inducing the onset of microscopic instability. 
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Figure 6. Dispersion relations for the standard microstructure at the undeformed configuration a) and 

at the bifurcated one b) with a uniaxial stretch ratio along the X direction equal to 0.3. 

The results obtained through the Bloch-wave analyses were also validated by the attenuation test and 

the transient analyses reported in Figure 7. In this figure, it is highlighted that the elastic pressure 

waves propagating with a frequency equal to 2 kHz (outside the bandgap range) can propagate 

through the proposed microstructured metamaterials while with a frequency equal to 3 kHz (inside 

the complete bandgap range) the elastic wave propagation is completely forbidden.  

 

Figure 7. Transmittance spectra at the undeformed configuration and transient simulation results for 

propagating waves inside and outside the bandgap range. 

Further numerical validations by the transmittance spectra determination were performed on 

every investigated microstructure reported, both at the deformed and undeformed configuration, but 

for the sake of brevity, only the first validation was reported in the text. 
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3.3 Case 3: Lightened nacre-like metamaterials with hollow platelets and lead cores for increasing levels of 

deformation (lead-enhanced microstructure) 

In this section, the numerical results related to the evolution of the bandgap structure in a locally 

resonant metamaterial were reported. The previously investigated nacre-like microstructure with 

hollow platelets and voids was modified with the addition of lead cores. In Figure 8, the dispersion 

relations at the undeformed and deformed configurations were reported to investigate the intricate 

interplay between structural modifications and the resulting acoustic properties. 

 

Figure 8. Dispersion relations for the lead-enhanced microstructure at the undeformed configuration 

a) and at the bifurcated one b) with a uniaxial stretch ratio along the X direction equal to 0.3. 

At the undeformed configuration, Figure 8a illustrates the presence of wide and complete 

bandgaps spanning the frequency ranges from 2 to 3 kHz and from 3.4 kHz to 4.2 kHz, together with 

two thinner bandgaps along the X2 direction of elastic wave propagation. The bandgaps found results 

to be incredibly wider compared with those obtained for a microstructure without the insertion of 

lead cores (Figure 7a). 

The introduction of lead cores surrounded by a soft matrix plays a fundamental role in shaping 

these acoustic properties. The lead cores, acting as local resonators, are influential in enhancing the 

material's ability to absorb energy. This is especially noteworthy at lower vibration frequencies, 

where the lead-modified microstructure demonstrates superior performance compared to its non-

modified microstructure. This highlights the potential of the locally resonant metamaterial to 

attenuate vibrations within this specific frequency band effectively.  

However, as deformation levels intensify, the dispersion graph undergoes significant 

transformations. Notably, in Figure 7b, there is a discernible widening of the first complete bandgap, 

with a complete extinction of the second complete bandgap, which is followed by the appearance of 

a thinner complete bandgap in low and high-frequency ranges. In addition, the results highlight the 

emergence of a new wider bandgap along the X1 direction in an incredibly low-frequency range (0.5 

kHz to 1 kHz). These phenomena are directly attributed to the prestress state induced by the 

structural modifications, leading to the onset of microscopic instability. With its lead-enhanced 

configuration, the proposed locally resonant metamaterial offers a valuable design alternative to 

control and tune the elastic wave propagation in bioinspired nacre-like metamaterials. 

4. Conclusions 

In this work, the main goal was to design soft metamaterials inspired by nacre, capable of 

bearing significant deformations before the onset of microscopic instabilities, together with the 

capability to attenuate the elastic wave propagation in specified frequency ranges beneficial for 

advanced engineering applications. To achieve this goal, a comprehensive set of parametric analyses 

was conducted, systematically varying the main geometrical and material parameters of a novel 
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microstructure inspired by nacre-like and modified by the addition of reinforcing hollow platelets 

and lead cores. The aim was to identify the optimal combination that would yield superior wave 

attenuation capabilities. 

The numerical findings highlighted that an elevated shear stiffness ratio between the reinforcing 

platelets and the soft matrix contributes to the appearance of wide and complete bandgaps. 

Interestingly, we found that the promising attenuation properties are not exclusive to scenarios with 

high contrast between the platelets and the matrix. Instead, they can also be achieved at lower 

contrast levels by tuning the percentage values of platelet, lead cores, and void inclusions volume 

fraction.  

Additionally, it has been observed that the initiation of microscopic instability results in a 

transformation of the microstructural pattern. This transformation, in conjunction with applied 

deformations, significantly influences the investigated microstructure's wave propagation 

properties, giving rise to the formation of both new complete and partial bandgaps. 

Definitively, this study presents novel opportunities for the design of bioinspired soft composite 

metamaterials. Incorporating lead cores, acting as local resonators, we found a strong increase in the 

wave attenuation properties, contributing to the overall versatility and performance of the 

engineered locally resonant metamaterials. Consequently, this research provides valuable insights 

for developing innovative, bioinspired metamaterials tailored for applications requiring high 

deformability and effective wave attenuation capabilities. 
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