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Abstract
This paper aims to optimize vibro-acoustic response of (non-) auxetic sandwich panels 
by use of topology optimization method. First, structural noise and vibration responses of 
the auxetic panel with the re-entrant hexagonal honeycomb core are studied. It is proved 
that the interactions between the structural vibrations and induced noise are more com-
plex when expected for a low-frequency range, and the optimized noise reduction can be 
obtained by a proper combination of auxetic and non-auxetic properties within a single 
structure. Therefore, vibro-acoustic response of the sandwich panel with a re-entrant hex-
agonal honeycomb core by applying a full-gradient two-dimensional geometry optimiza-
tion method is analyzed and optimized. It is shown that under various random loads, the 
sound power level can be reduced by about 20% at the cost of a slight increase (< 5%) of 
the total mass. Besides, the structural Eigen frequencies are shifted to lower values that are 
desirable for applications, e.g., in the aerospace industry. The obtained results ensure that 
the proposed optimization approach delivers extra noise reduction for auxetic sandwich 
panels as compared to the results available in the literature.
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1 Introduction

Two-dimensional, light-weight structures with high strength-to-mass ratio are important 
elements in multiple practical applications, e.g., high-speed vehicles, such as trains, auto-
mobiles, and planes. Many researchers investigated these structures by means of differ-
ent numerical or analytical methods (Civalek and Avcar 2020; Safaei et al. 2017; Sobhani 
et al. 2021; Younesian et al. 2019). The increase of strength and reduction of mass have 
been achieved by employing composite, sandwich, and smart structures. Reinforcement 
of these elements in different directions, especially in the transverse direction, has been 
actively considered in the field of two-dimensional structures. In this regard, passive meth-
ods (Moradi-Dastjerdi et  al. 2020a) and active methods (Moradi-Dastjerdi et  al. 2020b) 
were suggested as vibration control approaches, and their dynamic behavior under complex 
loadings was studied (Safaei 2020; Sahmani and Safaei 2021; Hadji and Avcar 2021a, b). 
As a result of these efforts, there emerged a separate class of materials called as cellular 
mechanical metamaterials. These are man-made materials with carefully tailored archi-
tecture that delivers extraordinary properties. A special type of them constitutes auxetic 
(meta) materials exhibiting an effective Negative Poisson’s Ratio (NPR) (Farhangdoust 
et  al. 2021; Ren et  al. 2018; Wojciechowski et  al. 2019). The NPR originates from the 
arrangement of constituent geometries rather than material constituents. It has been shown 
that the employment of the NRP materials can improve the mechanical behavior of a struc-
ture to satisfy the demands for a high strength-to-mass ratio as well as to control vibro-
acoustic properties (Donescu et al. 2009; Boldrin et al. 2016; Smith et al. 2002). Auxetic 
materials were discovered by Lakes (1987), who showed that the effective negative Pois-
son’s ratio can improve mechanical and thermal material response. Subsequently, research-
ers proposed to use NPR materials in various fields, including biomedical, protection, sen-
sors and actuators, and the vibro-acoustics (Eghbali et  al. 2020; Ebrahimian et al. 2021; 
Liu and Hu 2010). Since this study is focused on the vibro-acoustic analysis, we further 
review only vibro-acoustic applications.

Structural noise and vibration is a serious problem for high-speed vehicles. It can be 
address by means of sandwich panels. However, the noise and vibration suppression by 
these structures made of commonly used materials often appears to be insufficient or 
requires large structure dimensions (Surjadi et al. 2019; Prawoto 2012; Vigé 2010). This 
issue can be addressed by using cellular mechanical metamaterials (Panahi et al. 2021; Qin 
and Yang 2019; Chekkal et  al. 2012) that have already been employed to overcome the 
structural vibration/noise problem in high-speed vehicles (Mazloomi and Ranjbar 2021; 
Hosseinkhani et al. 2020).

Auxetics exhibit different acoustic and dynamic behavior as compared to conven-
tional materials (Chekkal et al. 2010). In particular, Poisson’s ratio has significant effects 
on natural frequencies of flexible structures, as was derived by comparing vibration 
characteristics of thick auxetic and non-auxetic plates (Lim 2014). Besides, traditional 
assumptions on the mechanical properties of conventional materials are no longer appli-
cable to auxetic materials. This refers, for instance, to a constant shear correction factor 
and negligible rotary inertia of layered plates. Chen and Feng investigated the variation 
of natural frequencies of a 5-layered sandwich plate composed of three PPR (Positive 
Poisson’s Ratio) layers and two NPR layers and concluded that the concept of NPR can 
be used to design materials with desired natural frequencies (Chen and Zhihua 2017). 
Furthermore, Poisson’s ratio can significantly influence structural damping as well as 
the effective shear and normal moduli (Maruszewski et al. 2013; Choi and Lakes 1995).  
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For example, Scarpa and Tomlinson found that the NPR allows one to achieve a high 
out-of-plane shear modulus and to improve the bending stiffness of auxetic plates 
(Scarpa and Tomlinson 2000). The damping feature and dynamic performance of bio-
based auxetic structures were investigated in Essassi et al. (2019). The effect of hetero-
geneity and disorder in the mechanical response of auxetic structures was evaluated by 
Horrigan et al. (2009). Mizzi et al. (2018) analyzed irregular hexachiral auxetics with a 
wide range of negative Poisson’s ratios that opens promising functions and applications 
in various engineering fields. Alomarah et al. (2018) investigated the effects of topologi-
cal parameters on the tensile properties of an auxetic built of re-entrant and chiral hon-
eycombs. Topology optimization was first introduced by Sigmund in 1994 to identify 
center symmetric configurations that possess in-plane negative Poisson’s ratio (Sigmund 
1994). Vogiatzis et al. (2017) introduced the topology optimization for these structures 
and developed a multi-material with negative Poisson’s ratio. Noise and vibration damp-
ing performance of auxetic sandwich panels was examined in Li et al. (2019), and they 
were attenuated by the use of gradient pattern used in the construction of the panel. 
Auxetic honeycombs have been also used to provide host platforms for nonlinear damp-
ers made of granular systems to increase the vibration transmissibility (Ma et al. 2013).

More sophisticated design approaches were also used to develop auxetic materials for 
other applications (Lira et al. 2009). By optimizing the design of the unit cell arrange-
ment in auxetic materials, one can achieve at least a 12% reduction of the vibration level 
as compared to the non-auxetic materials (Qin and Yang 2019). To further advance this 
approach, the concept of the gradient has been introduced recently as a technique to 
fine-tune the local and global dynamics of a cellular structure. This concept was applied 
to achieve predefined mechanical properties at specific locations in a structure in order 
to improve its general mechanical behavior. For example, Hou et al. (2013) applied it to 
the core of an auxetic sandwich beam and demonstrated that the gradient arrangement 
significantly influences the flexural behavior. Lira et al. (2011) used this concept to opti-
mize the dynamics of an auxetic aerospace fan blade by considering the first three struc-
tural modes. They found that the optimized models reveal a reduced level of vibrations 
with a simultaneous reduction in mass. Later on, Kaminakis and Stavroulakis used a 
homogenized model in the topology optimization of auxetic structures (Kaminakis and 
Stavroulakis 2012). Hosseinkhani et al. optimized the topological distribution of local 
resonators embedded into chiral auxetic sandwich panels and provided low-frequency 
enhanced vibroacoustic performance in auxetic sandwich panels (Hosseinkhani et  al. 
2021). The homogenized model approach was further applied by Ranjbar et al. (2016) 
to optimize the vibro-acoustic performance of auxetic sandwich panels to analyze its 
dynamics by considering gradients along a single dimension. Mazloomi et  al. (2018) 
extended this approach to two dimensions by considering an auxetic sandwich structure 
under harmonic excitation and limiting the analysis to a partial gradient topology.

Yet, the vibro-acoustic properties of auxetic materials are not fully understood. The 
available studies analyze the advantages of auxetic behavior on the reduction of noise 
radiation from structural vibrations as compared to materials with a positive Poisson’s 
ratio. In this study, we apply a non-restricted two-dimensional full–gradient optimiza-
tion method for optimizing the geometry of an auxetic core with the aim to enhance 
the vibrational response of a sandwich panel subjected to a variety of random loads. 
This method gives more degrees of freedom for a topological arrangement of the design 
parameters, and thus more freedom to achieve directional and locally tunable mechani-
cal properties. In this way, we can reduce the sound power level by about 20% at the 
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cost of a small increase of the structural mass. Importantly, such a reduction can be 
counted as a big gain in vibro-acoustic optimization (Marburg 2002).

The remaining manuscript is structured as follows. First, the mechanical properties 
of the re-entrant hexagonal honeycomb structure are summarized, and these relations 
are used for homogenized finite-element (FE) modeling. Next, the modal and spectral 
analyses are performed. The latter is done considering several colored noise excitations 
with various frequency content applied at two different locations. Then, the optimiza-
tion of the vibro-acoustic behavior is performed for the specified load conditions. The 
paper is finalized with conclusions and outlook of the obtained results.

1.1  Theoretical Formulation

We consider a sandwich panel composed of two skin layers and an auxetic core 
(Fig. 1b). Our auxetic material is represented by a re-entrant hexagonal honeycomb with 
a unit cell shown in Fig. 1a. The material of the skins behaves isotropically, while the 
core is orthotropic. The mechanical properties of the core can be derived analytically 
under assumption that the ligaments forming the cell are modeled as Euler–Bernoulli 
beams (Liu and Hu 2010). The relevant geometric parameters are cell angle � , relative 
ligament thickness � =

t

l
 , and sides aspect ratio � =

h

l
 . The principal Young’s moduli 

and the in-plane Poisson’s ratio can then be calculated as follows:

 

(1)Ex = Ec�
3
(
� + sin �

cos3 �

)
,

(2)Ey = Ec�
3

(
cos �

sin2 �(� + sin �)

)
,

(3)Ez = Ec�

(
� + 2

2(� + sin �) cos �

)
,

Fig. 1  a Geometry and parameters of an auxetic hexagonal honeycomb unit cell. b Schematics of the sand-
wich panel with an auxetic core
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where Ec and �c are the Young’s modulus and the Poisson’s ratio of the base material. The 
in-plane shear moduli can be estimated as

 with Gc being the shear modulus of the base material.
The expression for out-of-plane shear modulus Gyz can be derived analytically:

 while the other shear modulus, Gxz , can only be approximated through its upper and lower 
bounds:

 when 1 < 𝛾 < 10 (Scarpa and Tomlin 2000).
Equations (1)–(7) provide all required mechanical properties to describe the response of 

our orthotropic auxetic material. (Note that this formulation refers to the most general case, 
and can be modified to a different number of cells (Mazloomi et al. 2018).) Then, by using 
Hook’s law for an orthotropic material in the form of:

 with [S] designating a compliance matrix,

 and supplementing it by the classic equations of motion, we can fully describe the dynam-
ics of the core and, thus, of the whole sandwich panel.

In principle, the formulation (1)–(9) can be directly used to estimate the vibrational 
behavior. However, in multiple calculations implied by an optimization procedure, straight-
forward simulations are extremely inefficient, even by using modern computers (Chekkal 
et  al. 2010). Therefore, we proceed by applying a homogenized finite-element modeling 
approach allowing to deal with large geometries in a computationally reasonable time.
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2  Homogenized Finite Element Modeling

The homogenized finite-element modeling implies the replacement of a real material 
model by that of a homogeneous medium with effective properties (Chekkal et al. 2010; 
Sorohan et  al. 2018). In other words, the inhomogeneous anisotropic lattice medium 
is substituted by a homogenous one with identical properties. We extract the mechani-
cal properties from the force–deflection and stress–strain relations (Gibson and Ashby 
1999) and derive for them closed-form expressions. Since the cellular core is ortho-
tropic, the equivalent homogenized model should also describe an orthotropic material 
with Young’s modulus, shear modulus, and Poisson’s ratio different in prescribed spatial 
directions.

The considered core has 18 by 30 cells, each of which has the mechanical properties 
given by Eqs. (1–9). To derive the mechanical properties of the homogenized medium 
we use the methodology of Ref. (Lira et  al. 2011) and introduce non-dimensional 
parameters of � and � defining the mechanical properties of hexagonal honeycombs. 
The calculation of the properties is performed by means of macro-coding developed in 
ANSYS software. The equivalent parameters are substituted in the compliance matrix, 
Eq.  (9), and are assigned to the corresponding cells. The mechanical properties of the 
faces are the same as those of a base material. The homogenized modeling enables to 
boost the speed of simulations that is crucial for optimization.

Specifically, we consider a square panel of size 960  mm and thickness 24  mm, 
including the thickness of the two skin layers of 2  mm. The geometric parameters of 
auxetic core are h = 36.95 mm, l = 18.48 mm, t = 1 mm, � = −30◦ . The panel geometry 
is the same as in Mazloomi et al. (2018). The boundary condition implies a simple sup-
port of the four faces of the panel.

The homogenized panel is meshed by two types of shell finite elements (Fig. 2). The 
interfaces between the core and skins are modeled by means of a node-merge option 
connecting the nodes on the common surface of the core with the skins. For this, the 
coordinates of the nodes on the common surfaces must be identical. The elements rep-
resenting the skin layers and the core are made of the same material with linear elas-
tic isotropic and orthotropic properties, respectively. The base material is Acrylonitrile 

Fig. 2  Homogenized finite-
element model of the sandwich 
panel with an auxetic core
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Butadiene Styrene (ABS) with Young’s modulus Ec = 1756 MPa, shear modulus Gc = 
618 MPa, and mass density �c = 1040 kg/m3.

The finite element simulations are performed in the APDL environment of the ANSYS 
software. To verify the accuracy of the homogenized model, we compared its Power 
Spectral Density response (PSD) to that of the original (full-scale) model estimated in 
Mazloomi et al. (2018). The comparison shown in Fig. 3 reveals a good agreement in the 
0–180 Hz range that includes the first five natural frequencies of the panel given in Table 1. 
Slight deviation is observed for the sixth natural frequency, 182.8 Hz, that is considered to 
be acceptable, as the current analysis is focused on optimizing the structural dynamics at 
low frequencies.

2.1  Vibro‑Acoustic Response Under Different Random Loads

To optimize the vibro-acoustic performance of the panel under various excitation condi-
tions, we analyze its dynamics for three load cases suggested in Refs. (Ranjbar 2011; Ran-
jbar et al. 2012). Namely, the top surface of the panel is loaded at locations indicated in 
Fig. 4. Two of the load cases (load case a and b) have asymmetrical patterns and the excita-
tions are applied on three locations. The third load case is symmetrical and the excitation is 
applied on the whole top surface of the panel. The vibro-acoustic response is calculated as 
the velocity of particles at the bottom surface.

To ensure different frequency content in the excitation, we apply standard white and 
colored noises. The white noise is defined as a pressure of uniform amplitude 2500 Pa in the 
considered frequency range, 0–200 Hz. In other words, this means that the white noise load 
has the power of (2500 Pa)2 in this frequency range. By representing the noise power versus 
frequency, the other colored noises can be defined as follows. The pink noise has a negative 
slope of −3 dB per octave band; the Brownian (red) noise has a negative slope of −6 dB per 

Fig. 3  Harmonic response (Mazloomi et al. 2018) and PSD response (the current analysis) for the hexago-
nal honeycomb auxetic sandwich panel

Table 1  First six frequencies (in 
Hz) of the sandwich panel with 
the reference parameters

Mode No. 1st 2nd 3rd 4th 5th 6th

f (Hz) 37.8 91.7 94.6 143.8 178.2 183.1
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octave band; the blue noise has a positive slope of + 3 dB per octave band, and the violet noise 
has a positive slope of + 6 dB per octave band (Dimian et al. 2012). To ensure identical power 
for all the noises, the integral under power curves of the colored noises must be identical to 
that of the white noise. The PSD of noises can be calculated as:

where PSD(f ) is the power of applied pressure at frequency f. According to the described 
condition, the frequency content of the considered noises can be reach as shown in Fig. 5.

To evaluate vibro-acoustic performance of the panel, we apply the method of Equivalent 
Radiated Power (ERP). This method provides a good approximation for an upper bound of the 
radiated sound, since the same radiation efficiency is assumed at all frequencies (Fritze et al. 
2009).

The power of the radiated sound is calculated through squared velocity integrated over the 
radiating surface (Fritze et al. 2009). Hence, for our surface, this power is as follows:

(10)PSD(f ) = 10 log
(
P2(f )

)

(11)P(f ) =
1

2
𝜌0c0Sv

2
⊥rms

(f )𝜎(f ),

Fig. 4  Locations of applied load in different load cases (Ranjbar 2011)

Fig. 5  Pressure amplitude for different colored noises
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where �0 is the density of air, c0 is speed of sound in air, S is the radiating surface area, 
v2
⟂rms

 is Root Mean Square of velocity in normal direction, and �(f ) is radiation efficiency 
(as mentioned, in the ERP method �(f ) = 1).

The Level of Radiated Sound Power (RSPL) in dB is:

where P(f ) is the power of radiated sound at each frequency, P0 is a hearing threshold equal 
to 1e–12 W.

To estimate the vibro-acoustic response on a frequency range, we use the Root Mean 
Square of the sound power Level (RMSL):

In the subsequent optimization, the RMSL is considered as an objective function to be 
minimized.

Figure  6 shows the RSPL versus frequency for the first two load cases. Note that at 
100 Hz, all the loads excite the structure equally, because the considered noises have the 
same amplitude of power at the frequency. Also, both local load cases excite all six eigen 
frequencies of the panel that can be seen by the presence of local peaks at these frequency. 
The sound power is, however, differently distributed among the resonant modes in the two 
load cases. For example, the third and sixth modes have a lower contribution to acoustic 
response in load case a, while in load case b, the lowest contribution has the fifth mode. 
To some degree, these responses can be expected from observing Fig. 5. The more detailed 
contribution of the mode shapes to the response in each load case and the differences 
between the vibroacoustic response of the system to the random noises is better appreci-
ated by inspecting Fig. 6.

An alternative representation of the same results can be obtained by plotting the aver-
aged radiated sounds over the considered frequencies for each colored noise separately 
(Fig. 7). These values are calculated from Eq. (13) for the frequency range of 0–200 Hz. 
As can be seen, high-frequency loads such as the Blue and Violet noises cause higher 
RMSL than low-frequency loads, and this effect is preserved for both load cases. It 
shows that the system is more sensitive to high-frequency loads than to low-frequency 

(12)RSPL(f ) = 10 log

(
P(f )

P0

)

(13)RMSL =

√√√√∫
fmax

fmin
RSPL2(f )df

fmax − fmin

Fig. 6  RSPL vs. frequency for different colored noises
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ones. This perfectly fits our design purposes, as the reduction of structural-borne noise 
for a structure under a high-frequency excitation is more critical.

Finally, the influence of the internal angle of the unit cells on the level of RMSL 
when the structure is excited by the Pink and Violet noises is analyzed. Figure 8 shows 
that for all considered angles, the averaged radiated sound is higher when the struc-
ture is subjected to the Violet noise (the load with a higher frequency content). Note 
that according to Eq. (4) and Fig. 1, the negative angle corresponds to a negative effec-
tive Poisson’s ratio, i.e., an auxetic behavior. Therefore, Fig. 8 is divided to two regions 
(auxetic and non-auxetic), according to the sign of cell angle. Besides, Poisson’s ratio 
affects the effective mechanical parameters such as density and shear moduli according 
to Eqs. (1–7). Previously, it was observed that the overall values of the elastic modulus 
within the auxetic region and along that particular direction of the unit cell configura-
tion are higher as compared to the non-auxetic region. An auxetic material is denser 
than an equivalent non-auxetic case (Mazloomi et  al. 2018). This feature also makes 
an auxetic material stronger. Indeed, one can see that the auxetic region in Fig. 8 has a 
lower acoustic response as compared to the non-auxetic region. Hence, the auxetic core 
is preferred in applications when it is necessary to reduce vibrations and radiated sound 
power. Based on this argumentation, we consider an auxetic material with the angle 
equals −30◦ as an initial guess for the subsequent optimizations. We call this sandwich 
panel as a base model, and its total weight is 5.635 kg.

Fig. 7  RMSL of the base model of the sandwich panel for different random loads

Fig. 8  RMSL of the base model of the sandwich panel for different random loads, Load case b 
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2.2  Full‑Gradient Geometry Optimization

The radiated sound induced by the structural vibrations can be minimized by optimiz-
ing the design parameters, i.e., the topology of the sandwich core from the vibro-acoustic 
perspective. For this purpose, we apply a gradient-based method of Moving Asymptotes 
(MMA) (Svanberg 1987). This method implies the separation of the optimization proce-
dure into several steps. At each step, a strictly convex sub-problem is generated that can be 
solved separately, so that the solution obtained at a current step serves as an input for a next 
step.

In our case, the design variables are cell angles � of the core unit cells (Fig. 9). For the 
core with 18 cells along the horizontal direction and 30 cells along the vertical direction, 
we have 270 design variables.

During the optimization, the six points shown in Fig. 9 are assumed to be fixed. Hence, 
length L remains constant, while the variations of � result in varied values of h and l.To 
ensure a full-gradient distribution of the variables (a full-gradient model), all angles are 
allowed to be varied.

The optimization algorithm is implemented in the MATLAB software linked to the 
macro code for the FE modeling. If the objective function is represented by the RMSL over 
the analyzed frequency range, the optimization problem can be formulated as follows:

This problem converges fast to an optimized solution due to the gradient-based nature 
of the MMA algorithm. To illustrate this, Fig. 10 shows the values of the objective func-
tion versus the optimization steps for the Violet noise excitation. As can be seen, the con-
vergence is achieved after about 6 iterations that allows stopping the optimization after 20 
iterations.

The effects of the load distribution and of the frequency content are shown in Fig. 11 in 
terms of the ratios of RMSL for an optimized model in respect to the base model vs. the 
load conditions. Specifically, in case of the Violet noise excitation, the noise is reduced 

(14)

Objective function:

RMSL
(
θ1, θ2,… , θ270

)

Parameters range:

−50◦ < θ1, θ2,… , θ270 < +50◦

Initial guess:

θ1, θ2,… , θ270 = −30◦

Fig. 9  Unit cell and its possible 
modification due to the change of 
the angle
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by 1.04 dB (load case a) and by 0.99 dB (load case b) as compared to the base model. 
Thus, one can see that the optimization results in an overall noise reduction by around 
0.9–1 dB for the whole frequency range. Besides, the RMSL reduction is higher for the 
high-frequency loads, as the maximum reduction is achieved for the Violet noise in both 
load cases. However, the optimization increases the mass of the panel. For example, the 
mass of the optimized structure is increased by 4.6% for the Violet noise case.

It is interesting to investigate the noise reduction in terms of sound power. For this, 
the reduction of the optimized level of the sound power is plotted in percentage in Fig. 12 
showing that the full-gradient geometry optimization enables to achieve up to 21% sound 
power reduction. The strongest reduction is achieved for the high-frequency Violet noise, 
and the lowest reduction is observed for the Brownian noise that has a low-frequency con-
tent. In this latter case, the amount of sound power reduction is below 20%.

To gain a deeper insight into the origin of the sound power reduction, the distribution of 
the unit cells with the optimized configurations are analyzed. The configuration in Fig. 13a 
corresponds to the structure optimized under the Violet noise excitation for load case a. We 
can see that the majority of the cells have large negative angles corresponding to the aux-
etic behavior, and these cells are located in the areas of the applied load. These unit cells 
have a higher stiffness as compared to the cells with positive angles. For this optimization 
case, the total amount of mass is increased about 4.6%, RMSL is reduced 1.04 dB consti-
tuting around 21% reduction of sound power (in W).

Fig. 10  Values of the optimization function vs. the iteration number for the Violet noise excitation of the 
load case a 

Fig. 11  Noise reduction on RMSL for the optimized configurations
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Yet, the complete structure is not fully auxetic, since around 25% of the unit cells 
have a positive angle. Thus, we conclude that an initial auxetic configuration does not 
guarantee the lowest sound radiation, and the structural vibrations responsible for the 
sound radiation are rather complex even in the low-frequency range. This complicates 
the design of sandwich panels if one is aimed at obtaining panels with reduced sound 
radiation.

The derived conclusions are general, as they are valid for other optimized configura-
tions. For example, Fig.  14 shows the structure of the optimized core under the Pink 
noise excitation for load case b and the corresponding PSRL. The optimization delivers 
in this case about 0.94 dB reduction of RMSL equivalent to the 20% of the sound power 
reduction at the cost of 4.29% increase of total mass. It is interesting to note that in con-
trast to the previous situation (Fig. 13), (close to) the excited areas contain auxetic unit 
cells with the less negative angles than the initial base model.

Another remarkable feature of the optimized configurations is shifting of the natural 
frequencies to lower values (Figs. 13b and 14b) that is desirable in practical situations 
when the frequency content of applied loads is in the high-frequency range (e.g., in the 
aerospace industry). This also explains why the observed noise reduction is larger for 
the high-frequency loads (e.g., the Violet noise) as compared to the low-frequency loads 
(e.g., the Pink noise).

Fig. 12  Percentage of sound 
power reduction for the opti-
mized structure

Fig. 13  a Structure of the optimum core for the Violet noise excitation, load case a. b The RSPL of the 
optimized configuration in comparison with the base model
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To summarize, two asymmetrical loading cases a and b, where the excitation was 
locally applied to the structure have been considered. We see that the optimization algo-
rithm tried to make the structure stronger around the location of the applied loads, and 
as a result, the optimized panel has asymmetrical distributions of (non-)auxetic cells.

Finally, the topology optimization is also applied to the panel subjected to load case 
c that has a symmetric loading pattern distributed over the whole surface of the panel 
(Fig. 4c). The obtained optimization results are illustrated in Fig. 15. Subfigure Fig. 15a 
illustrates the distribution of the cell’s angles that appears to be symmetric. More aux-
etic cells are found in the middle part of the panel, away from boundaries with larger 
displacements and, thus, larger velocities. The locations close to the boundaries have 
nearly zero cell angles. This result is consistent with the data from Fig. 9 showing the 
highest amount of radiated structural sound for the zero internal angle.

Fig. 14  a Structure of the optimum core for the Pink noise excitation, load case b. b The RSPL of the opti-
mized configuration in comparison with the base model

Fig. 15  a Structure of the optimum core for the Violet noise excitation, load case c. b The RSPL of the 
optimized configuration in comparison with the base model
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3  Conclusion and outlook

In this study, we studied the vibro-acoustic performance of the sandwich panels with a 
re-entrant hexagonal honeycomb core was analyzed and optimized. We applied a homog-
enized finite-element model and considered three load cases with the aim to investigate the 
effects of the loading location and various random loads on the sound radiation level. These 
cases provided some important information about the effects of the location and frequency 
content of the applied load on the vibroacoustic responses and optimization results. For the 
first time, we applied a non-restricted two-dimensional full–gradient optimization method 
that provides a complete freedom for the geometric distribution of the design variables. 
This freedom together with the topological optimization allowed to obtain an enhanced 
vibroacoustic response at the cost of a slight increase of the structural mass.

The structure of the core has a complex architecture formed by a carefully tailored 
arrangement of auxetic and non-auxetic unit cells. We found out that the auxetic struc-
ture (with negative cell angles) is preferable to reduce structural vibrations and noise. The 
optimization algorithm concentrates auxetic unit cells around the load application areas. In 
particular, the algorithm tries to make the structure stronger and stiffer around the locations 
with a stronger dynamic loading and to minimize the structural weight in the unloaded 
parts. Therefore, the optimized designs are not fully auxetic and can contain up to 25% of 
non-auxetic unit cells. This indicates a more complex noise radiation process that can be 
intuitively expected in a low-frequency range. Furthermore, we showed that the optimized 
designs allow shifting natural frequencies of initially auxetic structures to lower values due 
to slightly increased structural mass. This ensures better working performance for high-
frequency loads that is beneficial for aerospace engineering.

Funding There was no funding support for this study.

Declarations 

Conflict of interest The authors of this article have no conflicts of interest.

References

Alomarah, A., Ruan, D., Masood, S.: Tensile properties of an auxetic structure with re-entrant and chiral 
features—a finite element study. Int J Adv Manuf Technol 99, 2425–2440 (2018). https:// doi. org/ 10. 
1007/ S00170- 018- 2637-Y

Boldrin, L., Hummel, S., Scarpa, F., Di, M.D., Lira, C., Ruzzene, M., et al.: Dynamic behaviour of auxetic 
gradient composite hexagonal honeycombs. Compos Struct 149, 114–124 (2016). https:// doi. org/ 10. 
1016/j. comps truct. 2016. 03. 044

Chekkal, I., Bianchi, M., Remillat, C., Bécot, F.X., Jaouen, L., Scarpa, F.: Vibro-acoustic properties of 
auxetic open Cell foam: Model and experimental results. Acta Acust United with Acust 96, 266–274 
(2010). https:// doi. org/ 10. 3813/ AAA. 918276

Chekkal, I., Remillat, C., Scarpa, F.: Acoustic properties of auxetic foams. High Perform Struct Mater 124, 
119–129 (2012)

Chen, X., Zhihua, F.: Dynamic behaviour of a thin laminated plate embedded with auxetic layers subject to 
in-plane excitation. Mech Res Commun 85, 45–52 (2017)

Choi, J.B., Lakes, R.S.: Analysis of elastic modulus of conventional foams and of re-entrant foam materials 
with a negative Poisson’s ratio. Int J Mech Sci 37, 51–59 (1995)

https://doi.org/10.1007/S00170-018-2637-Y
https://doi.org/10.1007/S00170-018-2637-Y
https://doi.org/10.1016/j.compstruct.2016.03.044
https://doi.org/10.1016/j.compstruct.2016.03.044
https://doi.org/10.3813/AAA.918276


154 A. Hosseinkhani et al.

1 3

Civalek Ö, Avcar M. Free vibration and buckling analyses of CNT reinforced laminated non-rectangular 
plates by discrete singular convolution method. Eng with Comput 2020:1–33. https:// doi. org/ 10. 1007/ 
S00366- 020- 01168-8.

Dimian, M., Manu, O., Andrei, P.: Influence of noise color on stochastic resonance in hysteretic systems. J 
Appl Phys 132, 2–4 (2012). https:// doi. org/ 10. 1063/1. 36778 19

Donescu, S., Chiroiu, V., Munteanu, L.: On the Young’s modulus of a auxetic composite structure. Mech 
Res Commun 36, 294–301 (2009)

Ebrahimian, F., Kabirian, Z., Younesian, D., Eghbali, P.: Auxetic clamped-clamped resonators for high-
efficiency vibration energy harvesting at low-frequency excitation. Appl Energy 295, 117010 (2021). 
https:// doi. org/ 10. 1016/J. APENE RGY. 2021. 117010

Eghbali, P., Younesian, D., Moayedizadeh, A., Ranjbar, M.: Study in circular auxetic structures for effi-
ciency enhancement in piezoelectric vibration energy harvesting. Sci Rep 10, 1–11 (2020)

Essassi K, Rebiere J-L, Mahi A El, Souf MA Ben, Bouguecha A, Haddar M.: Dynamic characterization of a 
Bio-based sandwich with auxetic core: experimental and numerical study. 11:1950016 (2019). https:// 
doi. org/ 10. 1142/ S1758 82511 95001 69.

Farhangdoust S, Adediran IA, Ranjbar M, Krushynska AO. Vibro-acoustic analysis of auxetic hexagonal 
and anti-tetrachiral stepped cantilever beams. Heal. Monit. Struct. Biol. Syst., vol. 11593, International 
Society for Optics and Photonics; 2021, p. 115930N. https:// doi. org/ 10. 1117/ 12. 25833 41.

Fritze, D., Marburg, S., Hardtke, H.J.: Estimation of radiated sound power: A case study on common 
approximation methods. Acta Acust United with Acust 95, 833–842 (2009). https:// doi. org/ 10. 3813/ 
AAA. 918214

Gibson LJ, Ashby MF.: Cellular Solids: Structure and Properties. Cambridge University Press, Cambridge 
(1999).

Hadji L, Avcar M.: Free vibration analysis of FG porous sandwich plates under various boundary condi-
tions. J Appl Comput Mech 7:505–19 (2021a). https:// doi. org/ 10. 22055/ JACM. 2020. 35328. 2628.

Hadji L, Avcar M.: Nonlocal free vibration analysis of porous FG nanobeams using hyperbolic shear defor-
mation beam theory. Adv Nano Res 10:281–93 (2021b). https:// doi. org/ 10. 12989/ ANR. 2021. 10.3. 281.

Horrigan, E.J., Smith, C.W., Scarpa, F.L., Gaspar, N., Javadi, A.A., Berger, M.A., et al.: Simulated optimisa-
tion of disordered structures with negative Poisson’s ratios. Mech Mater 41, 919–927 (2009). https:// 
doi. org/ 10. 1016/J. MECHM AT. 2009. 04. 008

Hosseinkhani, A., Younesian, D., Ranjbar, M.: Vibro-acoustic analysis and topology optimization 
of anti-tetra chiral auxetic lattices driven by different colored noises. Int J Struct Stab Dyn 22, 
S0219455420501138 (2020). https:// doi. org/ 10. 1142/ S0219 45542 05011 38

Hosseinkhani A, Younesian D, Ranjbar M, Scarpa F.: Enhancement of the vibro-acoustic performance of 
anti-tetra-chiral auxetic sandwich panels using topologically optimized local resonators. Appl Acoust 
177:107930 (2021).

Hou, Y., Tai, Y.H., Lira, C., Scarpa, F., Yates, J.R., Gu, B.: The bending and failure of sandwich structures 
with auxetic gradient cellular cores. Compos Part A Appl Sci Manuf 49, 119–131 (2013). https:// doi. 
org/ 10. 1016/j. compo sitesa. 2013. 02. 007

Kaminakis, N.T., Stavroulakis, G.E.: Topology optimization for compliant mechanisms, using evolutionary-
hybrid algorithms and application to the design of auxetic materials. Compos Part B Eng 43, 2655–
2668 (2012)

Lakes R.: Foam structures with a negative Poisson’s ratio. Science 235(80):1038–41 (1987).
Li Q, Vibration DY-S and, 2019 undefined. Vibration and Sound Transmission Performance of Sandwich 

Panels with Uniform and Gradient Auxetic Double Arrowhead Honeycomb Cores. HindawiCom n.d.
Lim, T.-C.: Vibration of thick auxetic plates. Mech Res Commun 61, 60–66 (2014)
Lira, C., Innocenti, P., Scarpa, F.: Transverse elastic shear of auxetic multi re-entrant honeycombs. Compos 

Struct 90, 314–322 (2009)
Lira, C., Scarpa, F., Rajasekaran, R.: A gradient cellular core for aeroengine fan blades based on auxetic 

configurations. J Intell Mater Syst Struct 22, 907–917 (2011). https:// doi. org/ 10. 1177/ 10453 89X11 
414226

Liu, Y., Hu, H.: A review on auxetic structures and polymeric materials. Sci Res Essays 5, 1052–1063 
(2010). https:// doi. org/ 10. 1103/ PhysR evLett. 98. 117601

Ma Y, Scarpa F, Zhang D, Zhu B, Chen L, Hong J.: A nonlinear auxetic structural vibration damper with 
metal rubber particles. Smart Mater Struct, p. 22 (2013). https:// doi. org/ 10. 1088/ 0964- 1726/ 22/8/ 
084012.

Marburg, S.S.: Developments in structural-acoustic optimization for passive noise control. Arch Comput 
Methods Eng 9, 291–370 (2002). https:// doi. org/ 10. 1007/ BF030 41465

Maruszewski, B.T., Drzewiecki, A., Starosta, R.: Auxetic rectangular plate with thermal relaxation - Free 
vibrations. Smart Mater Struct 22, 26 (2013). https:// doi. org/ 10. 1088/ 0964- 1726/ 22/8/ 084003

https://doi.org/10.1007/S00366-020-01168-8
https://doi.org/10.1007/S00366-020-01168-8
https://doi.org/10.1063/1.3677819
https://doi.org/10.1016/J.APENERGY.2021.117010
https://doi.org/10.1142/S1758825119500169
https://doi.org/10.1142/S1758825119500169
https://doi.org/10.1117/12.2583341
https://doi.org/10.3813/AAA.918214
https://doi.org/10.3813/AAA.918214
https://doi.org/10.22055/JACM.2020.35328.2628
https://doi.org/10.12989/ANR.2021.10.3.281
https://doi.org/10.1016/J.MECHMAT.2009.04.008
https://doi.org/10.1016/J.MECHMAT.2009.04.008
https://doi.org/10.1142/S0219455420501138
https://doi.org/10.1016/j.compositesa.2013.02.007
https://doi.org/10.1016/j.compositesa.2013.02.007
https://doi.org/10.1177/1045389X11414226
https://doi.org/10.1177/1045389X11414226
https://doi.org/10.1103/PhysRevLett.98.117601
https://doi.org/10.1088/0964-1726/22/8/084012
https://doi.org/10.1088/0964-1726/22/8/084012
https://doi.org/10.1007/BF03041465
https://doi.org/10.1088/0964-1726/22/8/084003


155Full‑Gradient Optimization of the Vibroacoustic Performance…

1 3

Mazloomi, M.S., Ranjbar, M., Boldrin, L., Scarpa, F., Patsias, S., Ozada, N.: Vibroacoustics of 2D gradient 
auxetic hexagonal honeycomb sandwich panels. Compos Struct 187, 593–603 (2018). https:// doi. org/ 
10. 1016/j. comps truct. 2017. 10. 077

Mazloomi MS, Ranjbar M. Hybrid design optimization of sandwich panels with gradient shape anti-tetra-
chiral auxetic core for vibroacoustic applications. Transp Porous Media 2021:1–18. https:// doi. org/ 10. 
1007/ S11242- 021- 01646-7.

Mizzi, L., Attard, D., Gatt, R., Farrugia, P.-S., Grima, J.N.: An analytical and finite element study on the 
mechanical properties of irregular hexachiral honeycombs. Smart Mater Struct 27, 105016 (2018). 
https:// doi. org/ 10. 1088/ 1361- 665X/ AAD3F6

Moradi-Dastjerdi, R., Behdinan, K., Safaei, B., Qin, Z.: Static performance of agglomerated CNT-rein-
forced porous plates bonded with piezoceramic faces. Int J Mech Sci 188, 105966 (2020a). https:// doi. 
org/ 10. 1016/J. IJMEC SCI. 2020. 105966

Moradi-Dastjerdi, R., Behdinan, K., Safaei, B., Qin, Z.: Buckling behavior of porous CNT-reinforced plates 
integrated between active piezoelectric layers. Eng Struct 222, 111141 (2020b). https:// doi. org/ 10. 
1016/J. ENGST RUCT. 2020. 111141

Panahi, E., Hosseinkhani, A., Khansanami, M.F., Younesian, D., Ranjbar, M.: Novel cross shape phononic 
crystals with broadband vibration wave attenuation characteristic: Design, modeling and testing. Thin-
Walled Struct 163, 107665 (2021). https:// doi. org/ 10. 1016/J. TWS. 2021. 107665

Prawoto, Y.: Seeing auxetic materials from the mechanics point of view: A structural review on the negative 
Poisson’s ratio. Comput Mater Sci 58, 140–153 (2012). https:// doi. org/ 10. 1016/j. comma tsci. 2012. 02. 
012

Qin H, Yang D. Vibration reduction design method of metamaterials with negative Poisson’s ratio. J Mater 
Sci n.d.:1–17.

Qin, H., Yang, D.: Vibration reduction design method of metamaterials with negative Poisson’s ratio. J 
Mater Sci 54, 14038–14054 (2019). https:// doi. org/ 10. 1007/ s10853- 019- 03903-z

Ranjbar M. A comparative study on optimization in structural acoustics. Technische Universitat Dresden, 
2011.

Ranjbar, M., Marburg, S., Hardtke, H.J.: Structural-acoustic optimization of a rectangular plate: A tabu 
search approach. Finite Elem Anal Des 50, 142–146 (2012). https:// doi. org/ 10. 1016/j. finel. 2011. 09. 
005

Ranjbar, M., Boldrin, L., Scarpa, F., Neild, S., Patsias, S.: Vibroacoustic optimization of anti-tetrachiral and 
auxetic hexagonal sandwich panels with gradient geometry. Smart Mater Struct 25, 054012 (2016). 
https:// doi. org/ 10. 1088/ 0964- 1726/ 25/5/ 054012

Ren, X., Das, R., Tran, P., Ngo, T.D., Xie, Y.M.: Auxetic metamaterials and structures: a review. Smart 
Mater Struct 27, 023001 (2018). https:// doi. org/ 10. 1088/ 1361- 665X/ AAA61C

Safaei, B., Fattahi, A.M., Chu, F.: Finite element study on elastic transition in platelet reinforced compos-
ites. Microsyst Technol 24, 2663–2671 (2017). https:// doi. org/ 10. 1007/ S00542- 017- 3651-Y

Safaei B.: The effect of embedding a porous core on the free vibration behavior of laminated composite 
plates. Steel Compos Struct 35:659–70 (2020). https:// doi. org/ 10. 12989/ SCS. 2020. 35.5. 659.

Sahmani, S., Safaei, B.: Large-amplitude oscillations of composite conical nanoshells with in-plane het-
erogeneity including surface stress effect. Appl Math Model 89, 1792–1813 (2021). https:// doi. org/ 10. 
1016/J. APM. 2020. 08. 039

Scarpa, F., Tomlin, P.J.: On the transverse shear modulus of negative Poisson’s ratio honeycomb structures. 
Fatigue Fract Eng Mater Struct 23, 717–720 (2000)

Scarpa, F., Tomlinson, G.: Theoretical characteristics of the vibration of sandwich plates with in-plane neg-
ative Poisson’s ratio values. J Sound Vib 230, 45–67 (2000). https:// doi. org/ 10. 1006/ jsvi. 1999. 2600

Sigmund, O.: Materials with prescribed constitutive parameters: An inverse homogenization problem. Int J 
Solids Struct 31, 2313–2329 (1994). https:// doi. org/ 10. 1016/ 0020- 7683(94) 90154-6

Smith FC, Scarpa FL, Burriesci G.: Simultaneous optimization of the electromagnetic and mechanical prop-
erties of honeycomb materials. In: Davis LP, editor. Smart Struct. Mater. Smart Struct. Integr. Syst., 
vol. 4701, SPIE; 2002, p. 582–91 (2002). https:// doi. org/ 10. 1117/ 12. 474693.

Sobhani E, Arbabian A, Civalek Ö, Avcar M.: The free vibration analysis of hybrid porous nanocompos-
ite joined hemispherical–cylindrical–conical shells. Eng Comput, pp. 1–28 (2021). https:// doi. org/ 10. 
1007/ S00366- 021- 01453-0.

Sorohan S, Constantinescu DM, Sandu M, Sandu AG.: On the homogenization of hexagonal honeycombs 
under axial and shear loading. Part I: Analytical formulation for free skin effect. Mech Mater 119:74–
91 (2018). https:// doi. org/ 10. 1016/j. mechm at. 2017. 09. 003.

Surjadi, J.U., Gao, L., Du, H., Li, X., Xiong, X., Fang, N.X., et  al.: Mechanical metamaterials and their 
engineering applications. Adv Eng Mater 21, 1800864 (2019). https:// doi. org/ 10. 1002/ adem. 20180 
0864

https://doi.org/10.1016/j.compstruct.2017.10.077
https://doi.org/10.1016/j.compstruct.2017.10.077
https://doi.org/10.1007/S11242-021-01646-7
https://doi.org/10.1007/S11242-021-01646-7
https://doi.org/10.1088/1361-665X/AAD3F6
https://doi.org/10.1016/J.IJMECSCI.2020.105966
https://doi.org/10.1016/J.IJMECSCI.2020.105966
https://doi.org/10.1016/J.ENGSTRUCT.2020.111141
https://doi.org/10.1016/J.ENGSTRUCT.2020.111141
https://doi.org/10.1016/J.TWS.2021.107665
https://doi.org/10.1016/j.commatsci.2012.02.012
https://doi.org/10.1016/j.commatsci.2012.02.012
https://doi.org/10.1007/s10853-019-03903-z
https://doi.org/10.1016/j.finel.2011.09.005
https://doi.org/10.1016/j.finel.2011.09.005
https://doi.org/10.1088/0964-1726/25/5/054012
https://doi.org/10.1088/1361-665X/AAA61C
https://doi.org/10.1007/S00542-017-3651-Y
https://doi.org/10.12989/SCS.2020.35.5.659
https://doi.org/10.1016/J.APM.2020.08.039
https://doi.org/10.1016/J.APM.2020.08.039
https://doi.org/10.1006/jsvi.1999.2600
https://doi.org/10.1016/0020-7683(94)90154-6
https://doi.org/10.1117/12.474693
https://doi.org/10.1007/S00366-021-01453-0
https://doi.org/10.1007/S00366-021-01453-0
https://doi.org/10.1016/j.mechmat.2017.09.003
https://doi.org/10.1002/adem.201800864
https://doi.org/10.1002/adem.201800864


156 A. Hosseinkhani et al.

1 3

Svanberg, K.: The method of moving asymptotes: a new method for structural optimization. Int J Numer 
Methods Eng 24, 359–373 (1987)

Vigé D.: Vehicle interior noise refinement – cabin sound package design and development. Veh. Noise Vib. 
Refinement. Elsevier, Amsterdam, p. 286–317 (2010). https:// doi. org/ 10. 1533/ 97818 45698 041.3. 286.

Vogiatzis, P., Chen, S., Wang, X., Li, T., Wang, L.: Topology optimization of multi-material negative Pois-
son’s ratio metamaterials using a reconciled level set method. Comput Des 83, 15–32 (2017)

Wojciechowski, K.W., Scarpa, F., Grima, J.N., Alderson, A.: Auxetics and other systems of anomalous char-
acteristics. Phys Status Solidi 256, 1800736 (2019). https:// doi. org/ 10. 1002/ PSSB. 20180 0736

Younesian D, Hosseinkhani A, Askari H, Esmailzadeh E.: Elastic and viscoelastic foundations: a review 
on linear and nonlinear vibration modeling and applications. vol. 97. Springer, Netherlands (2019). 
https:// doi. org/ 10. 1007/ s11071- 019- 04977-9.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1533/9781845698041.3.286
https://doi.org/10.1002/PSSB.201800736
https://doi.org/10.1007/s11071-019-04977-9

	Full-Gradient Optimization of the Vibroacoustic Performance of (Non-)auxetic Sandwich Panels
	Abstract
	1 Introduction
	1.1 Theoretical Formulation

	2 Homogenized Finite Element Modeling
	2.1 Vibro-Acoustic Response Under Different Random Loads
	2.2 Full-Gradient Geometry Optimization

	3 Conclusion and outlook
	References




