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Résumé

Dans cet article, un métamatériau acoustique constitué d'une structure en nid d'abeille avec des couches de membrane intégrées
est étudié a l'aide de la méthode des éléments finis. Ce matériau léger présente une excellente perte par transmission en basse
fréquence. La structure en nid d'abeille avec deux et trois couches de membranes intégrées est analysée numériquement et les
effets du nombre de couches de membranes et de I'épaisseur du gap d’air entre les membranes sont illustrés. Les influences des
propriétés de matériau et de l'épaisseur de la membrane sur la perte par transmission et I'amplitude et la forme du mode du
déplacement a différentes fréquences sont présentées. Il est montré que la perte par transmission augmente sur une large bande
fréquentielle lorsque la taille des cellules du nid d'abeille diminue tandis que I'amplitude du déplacement de la membrane est
réduite et la forme du mode du déplacement est affectée. Il est observé que la perte par transmission présente de multiples pics
de résonance au fur et a mesure que I'épaisseur de la membrane est réduite. Une amélioration de la perte par transmission est
observée autour des fréquences anti-résonnantes en augmentant le facteur d'amortissement de la membrane, ce qui provoque
une réduction des pics de résonance du déplacement et de la perte par transmission. Le métamatériau étudié peut étre utile dans
de nombreuses applications d'ingénierie de contrdle du bruit.

Mots clefs : Métamatériau acoustique, structure en nid d'abeille, membrane, perte par transmission, matériau léger.

Abstract

In this paper, a honeycomb membrane-type acoustic metamaterial made of a honeycomb structure with embedded membrane
layers is investigated using the finite element method. This lightweight material presents excellent transmission loss (TL) at
low frequency. Honeycomb structures with two and three embedded membrane layers are analyzed numerically and the effects
of the number of membrane layers and of the thickness of the air gap between membranes are illustrated. Also, the influences
of the membrane material properties and thickness on the TL and displacement magnitude and mode shape at different fre-
quencies are presented. It is shown that the TL increases over a large frequency band when the honeycomb cell size decreases
while the displacement magnitude of the membrane is reduced and the mode shape is affected. It is observed that the TL
presents multiple resonant peaks as the thickness of the membranes is reduced. An improvement of the TL is observed around
the anti-resonant frequencies by increasing the damping loss factor of the membrane, which causes a reduction of the resonant
displacement magnitude and TL peaks amplitude. The investigated metamaterial can be useful in many noise control engineer-
ing applications.

Keywords: Acoustic metamaterial, honeycomb structure, membrane, transmission loss, lightweight material.

1 Introduction materials to achieve low-frequency acoustic attenuation. An

) ) ) ) ) optimal design of lightweight material with a high TL would
Lightweight materials are often desirable and used in many  herefore be interesting. Li et al. [1] investigated experimen-
applications such as in the aerospace and automotive indus- tally the TL of a lightweight multilayer honeycomb mem-
tries. One critical shortcoming of these lightweight materials brane-type acoustic metamaterial (MAM). They illustrated a
is their poor sound transmission loss (TL) because of the mass significant sound insulation performance of the proposed
law, which states that the noise transmission trough a material structures by comparison with the traditional honeycomb
is inversely proportional to the surface mass of the panel and  gyycyre with minimal mass increase. Sui et al. [2] and Lu et
the frequency. This requires a large thickness of lightweight ;1 [3] studied a honeycomb acoustic metamaterial made of a

lightweight flexible rubber material layer sandwiched be-
* zacharie.laly@usherbrooke.ca tween two layers of honeycomb cell plates. The structure pre-
" chris.mechefske@queensu.ca sented negative mass density at frequencies below the first
, cbastian.ghinet@nre-cnre.gc.ca natural frequency, which results in excellent TL with mini-

* behnam.ashrafi@nrc-cnre.gc.ca .
# tenoncharly kone@nrc-cnre.gc.ca mum weight-penalty. Nguyen et al. [4] presented a double-
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layer membrane-type acoustic metamaterial (DMAM) using
theoretical and numerical analysis. They performed experi-
mental tests on an acoustic panel made of an 8 x 8 DMAM
array and showed that the transmission loss ranges from
40 dB to 59 dB in the frequency band 0.45—1.48 kHz, break-
ing the mass density law. Yang et al. [5] investigated light-
weight membrane-type metamaterials made of a circular elas-
tic membrane with a small weight attached at the center with
fixed outer boundary. A negative effective mass was obtained
at low frequency and the sound insulation was far higher than
the one predicted by the mass law. Li et al. [6] proposed a
theoretical method to predict the transmission loss of acoustic
micro-membranes and showed significant enhancement of
the sound insulation at low frequency. The influences on the
TL of the membrane geometrical parameters such as the
thickness and the surface area are illustrated in their study.
Qiu et al. [7] proposed a theoretical method to study an array
of membranes mounted in a lattice-like frame. They investi-
gated the influence of the frame vibration and showed how
the frames affect the vibration and transmission loss charac-
teristics of the membranes. They derived an analytical ex-
pression of the TL by coupling the vibration of the frame and
the membranes where the frame and membranes are consid-
ered in parallel. It was observed that the global response of
the assembly is no longer dominated by the membranes but
by the frame as the assembly becomes larger. Finite element
method was used by Laly et al. [8] to model a honeycomb
structure with embedded membrane layers. An improvement
of the transmission loss at low frequency was illustrated. Gao
et al. [9] investigated numerically and experimentally the low
frequency sound insulation performance of a deformable
honeycomb acoustic metamaterial made of honeycomb struc-
tures with embedded ethylene-vinyl acetate (EVA) rubber
material. They observed that the investigated metamaterial
has a better sound insulation than traditional sound insulation
structures and its transmission loss can be adjusted by the dis-
location, compression, and tensile deformation. Hu et al. [10]
studied a type of membrane-sandwich plate metamaterial
constituted by sandwich panels with embedded membranes
with attached masses. They presented the sound insulation
properties for different masses and illustrated the influence of
the mass size on the TL. Their experimental analysis showed
excellent low frequency sound insulation performance. Ma et
al. [11] reported numerical and experimental analysis on a
type of 2D multiple cells lumped ultrathin lightweight plate-
type acoustic metamaterials structures, which illustrates good
TL in the low frequency range. The basic unit cell of the met-
amaterials was made of an ultrathin stiff nylon plate clamped
by two elastic ethylene-vinyl acetate copolymer. Marinova et
al. [12] modelled a low frequency noise shield made of a dou-
ble wall system, which includes two membrane-type acoustic
metamaterials panels in the enclosed cavity. The MAM panel
comprises a thin elastic mass-loaded membrane and a sup-
porting frame. They validated the numerical simulations with
experimental measurements. Zhou et al. [13] presented a
method to broaden the low frequency bandwidth of sound in-
sulation by designing a flexible membrane-type acoustic met-
amaterial sample that is made of a homogenous membrane
and a perforated EVA copolymer plate. They created holes of
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different diameters in the flexible EVA plate and showed that
the lower limit, the peak frequency and the upper limit of the
TL bandwidth can be regulated by the lumped coupling reso-
nance, anti-resonance and local resonance modes of the rele-
vant areas. They proposed two MAM samples and the results
of the TL illustrated improved bandwidths. Mo et al. [14] in-
vestigated a structure of acoustic micro membrane metamate-
rial where each micro membrane is a small square held within
a larger lattice frame. Using theoretical and numerical simu-
lations that include the vibration of the frame, they showed
how the global TL of the assembly is related to the geomet-
rical parameters of the micro membrane cells and the lattice.
They noted that the frame should be strong enough to provide
rigid boundaries to the micro membranes in order to improve
the TL. Langfeldt et al. [15] presented an analytical method
to predict the TL of baffled panels with multiple subwave-
length sized membrane-type acoustic metamaterial unit cells
using effective surface mass density concept. They studied
the influence of flexible MAM unit cell edges and observed
that the compliance of the edges has small impact on the TL
except in the stiffness-controlled regime.

The development of lightweight materials with good
transmission loss at low frequency is a challenge.

The work presented here uses the finite element method
to investigate a honeycomb membrane type acoustic met-
amaterial constituted by a honeycomb structure with embed-
ded membrane layers. This analysis considers a lightweight
material design with a high sound attenuation efficiency. The
transmission loss of the metamaterial is significantly im-
proved especially at low frequency while the TL of the hon-
eycomb core structure alone is zero over the entire frequency
range. The influence of the membrane material properties on
the TL is analyzed. By reducing the thickness of the mem-
brane, the displacement magnitude of the membrane and the
TL show multiple resonant peaks. The impacts of the honey-
comb cell size on the TL and the membrane displacement
magnitude and mode shape are studied numerically as well as
the effect of the membrane damping loss factor. The honey-
comb with two and three integrated membrane layers is stud-
ied numerically and the influences of the number of mem-
brane layers as well as the impact of the air gap between the
membranes are demonstrated. The numerical analysis is de-
scribed in section 2. In section 3, the results of different par-
ametric analysis are shown and finally section 4 presents the
numerical investigations on honeycomb structure with multi-
ple embedded membrane layers.

2 Honeycomb structure with embedded mem-
brane design

Honeycomb structures used in many applications are light-
weight and offer good stiffness. In general, lightweight struc-
tures are not efficient in acoustic attenuation especially at low
frequencies and this is due to the mass law. The integration
of a membrane within honeycomb structures can present both
the characteristic of lightness and good acoustic attenuation.
In this paper, numerical analysis is performed on honeycomb
structures with embedded membranes for transmission loss
improvement. This is a honeycomb membrane-type acoustic
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metamaterial where the impacts of the honeycomb cell size
and the membrane properties on the transmission loss are an-
alyzed using finite element method. In Fig. 1, a honeycomb
structure with one embedded membrane layer is illustrated.
The numerical simulations are conducted using acoustic-
solid interaction of COMSOL Multiphysics to illustrate the
contribution of the membrane in the transmission loss im-
provement. The membrane and the two honeycomb struc-
tures in Fig. 1 have the same lateral dimensions of 84 mm x
75 mm. An incident fluid and a transmission fluid are con-
nected to the structure and all the air domains within the hon-
eycomb cells are identified. The boundary between the mem-
brane surface and each honeycomb structure layer is consid-
ered fixed in the numerical simulations. The geometry is
shown in Fig. 1(a) and the mesh is presented in Fig. 1(b)
which is a physics-controlled mesh with 144590 domain ele-
ments and 39707 boundary elements where the total degrees
of freedom is 261100.
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Figure 1: Numerical design of honeycomb structure with embedded
membrane: (a) geometry (b) mesh.

(a) membrane (b)
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Figure 2: Honeycomb structure with embedded membrane: (a) hon-
eycomb structure geometry (b) one honeycomb cell geometry.

Figure 2(a) shows the membrane that is sandwiched be-
tween two honeycomb structure layers and the geometry of
one honeycomb cell is presented in Fig. 2(b). The dimension
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of the cell size is denoted by R and the thickness of each hon-
eycomb structure layer is set to 10 mm.

The membrane is modeled as a linear isotropic elastic
material using the solid mechanics module of COMSOL
Multiphysics [8, 16, 17]. At the inlet and outlet planes as
shown in Fig. 1, the plane wave radiation condition is applied
to minimize the reflection of the acoustic waves. The material
properties of the honeycomb structure namely the Young’s
modulus, the density, and the Poisson’s ratio are 2.7 GPa,
1100 kg/m® and 0.38 respectively. The incident fluid and
transmission fluid have the same length of 130 mm. A normal
incidence plane wave with pressure amplitude of 1 Pa is ap-
plied on the inlet plane and the transmission loss is calculated
numerically by the following relation [16-19]

— Win (1)
TL = 10 logy, (Waut),
where W, and W,,,; are respectively the incoming power at
the inlet plane and the outgoing power at the outlet plane
given by
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where c is the speed of sound in air, p is the density of air,
and p, and p are the pressures at the inlet and outlet planes,
respectively.

3 Finite element analysis results of honeycomb
structures with embedded membrane

3.1 Numerical analysis of the effects of the mem-
brane material properties

The geometry and mesh presented in Fig. 1 are used for the
numerical analysis to evaluate the influence of the membrane
material properties on the transmission loss. The honeycomb
cell size R is set to 4.5 mm and the thickness of the membrane
is 1 mm with a damping loss factor of zero. Different mem-
brane material properties with Young’s modulus that are
gradually increased from 1.2 MPa to 100 MPa are considered.
Table 1 summarizes the material properties of each mem-
brane. Membrane 1 is a butyl rubber while membrane 3 is a
silicone elastomer and membranes 2 and 4 are ethylene-vinyl
acetate rubbers. Membrane 5 is a rubber material.

Table 1: Material properties of the membrane.

Membranes  Young’s modu-  Density  Poisson’s ra-
lus (MPa) (kg/m?) tio
1 1.2 910 0.4
2 5 660 0.45
3 12 1400 0.48
4 25 850 0.46
5 100 1100 0.49

The boundary between each membrane and each honey-
comb structure layer is fixed. The transmission loss obtained
using Eq. (1) for each membrane material in Table 1 is shown
in Fig. 3. For the TL without a membrane within the honey-
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Figure 3: Effect of the membrane material properties on the trans-
mission loss.

comb structures (Fig. 3), the cell size is 4.5 mm and the thick-
ness of the honeycomb is set to 20 mm. The TL predicted by
the mass law is illustrated for membrane 2 and 5.

For the honeycomb structure alone without membrane,
the transmission loss in Fig. 3 is zero over the entire fre-
quency range. It does not attenuate any noise even though its
stiffness and lightness can be interesting. The transmission
loss with membrane 1 in Fig. 3 shows a drop at the frequency
f=1110 Hz where the TL value is zero and below 500 Hz the
TL is greater than 30 dB. With membrane 2, the TL is greater
than 35 dB for frequencies lower than 1000 Hz while with
membrane 5, the TL is over 65 dB for f<1000 Hz. When one
considers a membrane with an increased Young’s modulus,
the TL increases over the entire frequency range. From mem-
branes 2 to 5, the TL in Fig. 3 presents a large frequency band
and is higher than the TL obtained by the mass law.

3.2 Effect of the membrane thickness

The influence of the membrane thickness 7 is investigated in
the following where the numerical analysis was conducted
using one honeycomb cell as illustrated in Fig. 4 with mem-
brane fixed boundary conditions. The membrane is connected
to an incident and transmission fluid. A plane wave radiation
condition is applied on the inlet and outlet plans and a pres-
sure of 1 Pa is applied on the inlet plane and the transmission
loss is calculated using Eq. (1). The lateral boundary of the
incident and transmission fluid are considered rigid and the
point in the center of the membrane on the incident fluid side
is located to extract numerically its displacement magnitude.
The membrane is modeled using a solid mechanics module
while the incident and transmission fluid domains are mod-
eled with a pressure acoustics module of COMSOL and the
boundaries between these two physics are the two membrane
surfaces.

The membrane 2 of Table 1 is used and the honeycomb
cell size R is set to 6 mm. The length of the incident and trans-
mission fluid are both equal to 24 mm. The impact of the
membrane thickness on its displacement mode shapes is pre-
sented in Figs. 5 and 6 for some frequencies. In Fig. 5, the
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Figure 4: Honeycomb cell used for numerical analysis: (a) geome-
try (b) mesh.

f=730Hz f=1390 Hz f=1830Hz

f=1870 Hz

Figure 5: Displacement mode shapes of the membrane 2 for a thick-
ness of 0.1 mm.

thickness of the membrane is set to 0.1 mm while in Fig. 6,
the thickness is 0.25 mm. The displacement magnitude of the
point in the center of the membrane (Fig. 4(a)) for different
membrane thicknesses is illustrated in Fig. 7.

For each frequency, the membrane displacement mode
shape changes in Figs. 5-6 when the thickness changes. With
a thickness of 0.1 mm, one observes that the mode shapes in
Fig. 5 are more complex than those in Fig. 6. The displace-
ment magnitude of the point in the center of the membrane
presented in Fig. 7 shows two peaks for a thickness of 0.1 mm
at 555 Hz and 1880 Hz where the peak values are respec-
tively 13.4 um and 11.4 pm. For a thickness of 0.25 mm, the
displacement values are 1.55 pm and 0.18 um at 555 Hz and
1880 Hz respectively. With a thickness of 1 mm, the dis-
placement tends towards zero. Thus, when the thickness of
the membrane increases, the displacement magnitude de-
creases.

The impact of the membrane thickness on the transmis-
sion loss is shown in Fig. 8.

For a thickness of 1 mm, the transmission loss in Fig. 8
is greater than 25 dB with a wide attenuation band for fre-
quencies below 1000 Hz and decreases when the thickness
decreases. For t=0.5 mm, the TL presents a drop around
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Figure 6: Displacement mode shapes of the membrane 2 for a thick-
ness of 0.25 mm.
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Figure 7: Effect of the membrane thickness on the displacement
magnitude.
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Figure 8: Effect of the membrane thickness on the transmission
loss.

1500 2000

825 Hz where its value is zero. With a thickness of 0.25 mm,
one observes a resonance peak at 1355 Hz where the TL
value is 49 dB. Two TL resonance peaks are observed for a
thickness of 0.1 mm at 555 Hz and 1345 Hz where the TL
values are 55 dB and 32 dB respectively. Apart from these
two resonant frequencies, the TL for t=0.1 mm is low and
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close to zero for <450 Hz. Thus, when the thickness of the
membrane increases, the TL is improved at low frequency
with an increased attenuation frequency band.

3.3 Finite element analysis of the influence of the
honeycomb cell size

The effect of the honeycomb cell size is analyzed numerically
in this section using the geometry that is illustrated in Fig. 4.
Membrane 2 of Table 1 with a thickness of 0.5 mm is consid-
ered with fixed boundary conditions and the cell size R is var-
ied. The incident and transmission fluid have the same length,
which is equal to 4R. Figure 9 shows the transmission loss
for different honeycomb cell sizes. In Fig. 10, the displace-
ment magnitude of the point in the center of the membrane
(Fig. 4) is illustrated.

T T

100

—R=2mm R=5mm
~ 80t | R=3mm ——R=10mm 1
% ——R=4mm - - -R=15mm
[}
S 60
-
C
kel
2 40
=
2
g ) ! U
= 20 ‘

oLbs= \\/, . _ L
500 1000 1500 2000
Frequency (Hz)

Figure 9: Effect of the cell size on the transmission loss for the
membrane thickness of 0.5 mm.
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Figure 10: Effect of the cell size on the displacement magnitude for
the membrane thickness of 0.5 mm.

The transmission loss in Fig. 9 is greater than 38 dB over
the entire frequency range for R=2 mm and for R=3 mm, it is
greater than 23 dB and increases when the frequency de-
creases. The TL drop for R=4 mm and R=5 mm is observed
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around 1845 Hz and 1190 Hz respectively and for R=10 mm,
the TL presents a resonant peak at 970 Hz with value of
46 dB. With a cell dimension of 15 mm, the TL exhibits 3
resonance peaks at 435 Hz, 1035 Hz and 1885 Hz where the
TL values are 40 dB, 48 dB and 44 dB respectively. As the
honeycomb cell size is reduced, the TL increases over the en-
tire frequency range. The displacement magnitude in Fig. 10
of the point at the center of the membrane presents several
resonance peaks for R=20 mm. When the honeycomb cell
size decreases, the resonant peaks disappear and the ampli-
tude of the displacement tends towards zero. The reduction
of the honeycomb cell size leads to a reduction in the dis-
placement amplitude, but the TL increases over the entire fre-
quency band.

The influence of the honeycomb cell size on the displace-
ment mode shapes of the membrane is illustrated in Figs. 11-
13. These show the displacement mode shapes for honey-
comb cell size R of 10 mm 15 mm and 20 mm respectively.
The thickness of the membrane is set to 0.25 mm with fixed
boundary conditions.

As the dimension of the honeycomb cell increases, the
displacement mode shapes in Figs. 11-13 change at each fre-
quency while the displacement amplitude presents more
peaks in Fig. 10 as well as the TL in Fig. 9.

3.4 Analysis of the membrane damping loss factor

The impact of the membrane damping loss factor on the dis-
placement and transmission loss were also investigated. One
honeycomb cell as shown in Fig. 4 is considered with size R
of 8 mm. The membrane 4 of Table 1 is used with a thickness
of 1 mm and its boundary conditions are fixed. The isotropic
loss factor 5 of the membrane is varied from zero to 40% and
the transmission loss is presented in Fig. 14. Figure 15 shows
the average surface displacement magnitude of the membrane
for different loss factors.

In Fig. 14, one observes a drop in the TL for #=0 at
1850 Hz where the TL value is zero and the displacement at
this frequency in Fig. 15 presents a peak with a value of 0.21
um. When the loss factor # increases, the transmission loss
around 1850 Hz increases and the peak of the displacement
magnitude in Fig. 15 decreases. For #=0.1, the TL value at
1850 Hz is 10.56 dB in Fig. 14 and the displacement ampli-
tude value is 0.063 pm. For 5 =0.4, the TL value at 1850 Hz
is 20 dB while the peak of the displacement is 0.02 um. Be-
tween 1655 Hz and 2060 Hz, the TL is improved when the
loss factor # increases while the peak of the displacement
magnitude is reduced.

One considers now the membrane 2 of Table 1 with fixed

boundary conditions and the dimension of the honeycomb
cell size R is set to 8 mm. In Figs. 16-17, the transmission
loss is presented for different damping loss factors. In
Fig. 16, the membrane thickness is set to 1 mm while in
Fig. 17, the thickness is 0.25 mm.
The influence of the damping loss factor on the displacement
magnitude and displacement mode shape at different frequen-
cies is illustrated in Figs. 18-20 for a membrane thickness of
0.25 mm.
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Figure 11: Displacement mode shape of the membrane for a cell
size of 10 mm.

f=1250 Hz

Figure 12: Displacement mode shape of the membrane for a cell
size of 15 mm.

=400 Hz

f=1100 Hz
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Figure 13: Displacement mode shape of the membrane for a cell
size of 20 mm.

The displacement magnitude peaks in Fig. 18 decrease
as the damping factor increases. In Fig. 16, the TL is im-
proved around the anti-resonance frequencies of 930 Hz and
3225 Hz when the damping loss factor increases, on the other
hand the resonance TL peak at 2760 Hz decreases. In Fig. 17,
one observes also that the resonance TL peaks are reduced
when the damping loss factor increases and the displacement
modes in Figs. 19-20 are influenced.
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Figure 16: Effect of the membrane damping loss factor on the trans-

mission loss for a membrane thickness of 1 mm.
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Figure 19: Displacement mode shape of the membrane for a damp-
ing loss factor of zero.

4 Honeycomb structure with multiple embed-
ded membranes

In this section, numerical studies are carried out on the hon-
eycomb structure with multiple embedded membrane layers.
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Figure 20: Displacement mode shape of the membrane for a damp-
ing loss factor of 0.2.

4.1 Honeycomb structure with two embedded
membranes

Figure 21 shows a honeycomb cell with two integrated mem-
brane layers. D represents the thickness of the air gap be-
tween the two membranes. Fixed boundary conditions are
considered for each membrane with the same thickness t. The
geometry is shown in Fig. 21(a) where the incident and trans-
mission fluid have the same length. The mesh is illustrated in
Fig. 21(b). Each membrane is characterized as a linear iso-
tropic elastic material using the solid mechanics module of
COMSOL and the material properties of each membrane are
identical to membrane 2 of Table 1 with zero damping loss
factor. An incident pressure of 1 Pa is applied on the inlet
plan and the transmission loss is calculated using Eq. (1).

In Fig. 22, the influence of the thickness t of each mem-
brane on the transmission loss is illustrated. The thickness of
the air gap D is set to 10 mm and the cell size R is 5 mm.

With a thickness of 0.25 mm, the TL in Fig. 22 presents
a peak at 2000 Hz with a value of 114 dB and drops to zero
at the frequencies around 610 Hz, 1425 Hz, 2325 Hz and
2530 Hz. For a thickness of 0.5 mm, the TL presents a drop
in the frequency range 1000-1600 Hz while outside this band,
the TL is greater than 20 dB for <1000 Hz and £>1600 Hz.
With a thickness of 1 mm, the TL is greater than 30 dB for
f<2000 Hz and increases when the frequency decreases.

Figure 23 shows the influence of the air gap thickness D
on the transmission loss where the honeycomb cell size is set
to 5 mm. Each membrane has a thickness of 0.5 mm. The TL
in Fig. 23 for each value of D has two frequencies where the
TL is zero. The first frequency drop of the TL around
1180 Hz is the same for all values of D. For air gap thick-
nesses of 3 mm, 5 mm, 10 mm, 15 mm and 20 mm, the sec-
ond frequency drop is observed at 2150 Hz, 1855 Hz,
1570 Hz, 1440 Hz and 1375 Hz respectively. As D increases,
the second frequency drop decreases. For D=20 mm, the fre-
quency band where the TL drops is reduced and outside this
frequency band, the TL is higher than the others. By increas-
ing the thickness of the air gap, the TL in Fig. 23 is improved.

Figure 24 shows the impact of the cell size R on the trans-
mission loss of the honeycomb structure with two integrated
membranes layers. The thickness of each membrane is
0.5 mm with an air gap thickness D of 10 mm.
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Figure 21: Honeycomb structure with two embedded membrane
layers: (a) geometry (b) mesh.
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Figure 22: Effect of the membranes thickness on the transmission
loss of honeycomb cell with two embedded membrane layers.
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Figure 23: Effect of the air gap thickness on the transmission loss.
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Figure 24: Effect of cell size on the transmission loss of honeycomb
cell with two embedded membrane layers.

For cell dimensions of 2 mm and 3 mm, the TL in Fig. 24
exhibits a wide attenuation frequency band. For R = 2 mm,
the TL is greater than 68 dB over the entire frequency range
and with R=3 mm, the TL is greater than 43 dB for
<2000 Hz. With a dimension R of 5 mm, the TL presents a
drop in the frequency range 1120-1640 Hz. When R is equal
to 8 mm, there is a resonant frequency of 1495 Hz where the
TL value reaches 119.5 dB and for R=10 mm, one observes
two resonance frequencies at 1060 Hz and 2595 Hz where the
TL peak values reach 92 dB and 113 dB respectively. Thus,
by reducing the dimension of the honeycomb cell size, the TL
increases over a wide frequency range.

4.2 Honeycomb structure with three embedded
membranes

A honeycomb structure with three embedded membrane lay-
ers is shown in Fig. 25. The thickness of each membrane is
set to 0.5 mm with fixed boundary conditions. The thickness
of the air gap between the membranes is denoted by D, and

D, and the material properties of membrane 2 in Table 1 are

used for the three membranes with negligible (zero) loss fac-
tor.

The effect of the cell size R on the TL of honeycomb
structure with three embedded membrane layers is shown in
Fig. 26. The thickness of each air gap is set to 5 mm. For a
cell dimension R of 3 mm, it is observed that the TL in Fig. 26
exhibits a wide attenuation frequency band. Three anti-reso-
nance frequencies at 1190 Hz, 1570 Hz and 2090 Hz where
the TL is zero appear for R=5 mm while there is a resonance
TL peak at 1515 Hz for R=8 mm. For R=10 mm, the TL pre-
sents two resonant frequencies at 975 Hz and 2275 Hz where
the TL peak values are 93 dB and 122 dB respectively. The
TL frequency band is improved by reducing the cell size.

Figure 27 shows the TL for different air gap thicknesses
by setting the honeycomb cell size to 5 mm.

The TL in Fig. 27 increases for f<1175 Hz when the air gap
thickness increases. The three anti-resonance frequencies de-
crease respectively with the increase of Dy and D, and the
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Figure 25: Honeycomb structure with three embedded membrane
layers: (a) geometry (c) mesh.
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Figure 26: Effect of the cell size on the transmission loss of honey-
comb cell with three embedded membrane layers.
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Figure 27: Effect of the air gap thickness on the transmission loss
of honeycomb cell with three embedded membrane layers.
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TL frequency drop band decreases.

Figure 28 illustrates the impact of the number of mem-
brane layers within the honeycomb structure where the cell
size is set to 5 mm. Membrane 2 of Table 1 with fixed bound-
ary conditions is used with a thickness of 1 mm. For the two-
membrane layer case, the thickness of the air gap D is set to
10 mm and for the three-membrane layer case; the thickness
of each air gap D, and D, is setto 5 mm.
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Figure 28: Effect of the number of membrane layers on the trans-
mission loss.

The TL of the honeycomb structure alone without membrane
in Fig. 28 is zero over the entire frequency range. When the
number of membrane layers within the honeycomb structure
increases, the TL increases for frequencies lower than
2000 Hz.

The honeycomb membrane-type acoustic metamaterial
that is studied in this paper can provide engineering solutions
in applications where the reduction of low frequency noise
with a minimum added weight while offering structural stiff-
ness is required. This type of metamaterial can be useful in
many noise control engineering applications such as aero-
space, manufacturing and process industries, and land trans-
portations.

5 Conclusion

A honeycomb membrane-type acoustic metamaterial made of
a honeycomb structure with embedded membrane layers was
studied using the finite element method. The transmission
loss of the metamaterial showed significant improvement es-
pecially at low frequency while the TL of the honeycomb
core alone is zero over the entire frequency range. It is ob-
served that the TL increases over a large frequency band as
the honeycomb cell size is reduced and the displacement
magnitude of the membrane decreases. The impact of the
membrane thickness on the TL and displacement magnitude
and mode shape at different frequencies were demonstrated.
The TL and displacement magnitude show multiple resonant
peaks as the thickness of the membrane decreases. The influ-
ence of the membrane damping loss factor was investigated.
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Honeycomb structures with two and three embedded mem-
brane layers were studied numerically and the effects of the
number of membrane layers and of the thickness of the air
gap between membranes on the TL were presented. The TL
increases over a large frequency band when the number of
membrane layers within the honeycomb structure increases.
The investigated metamaterial can help in low frequency
noise attenuation in many engineering applications including
aerospace, land transportation, and various industries.
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