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The transmission loss (TL) of the membrane-type acoustical metamaterials with coaxial ring masses are inves-
tigated using the finite element method. The results show that the TL peak and resonance frequencies of the
membrane-type acoustical metamaterials depends on mass, distribution of coaxial ring masses, and the contacting
area of coaxial ring masses with the membrane. It is also shown that the coaxial ring masses only affect the TL at
low frequencies, while the membrane is effective at all frequencies. Additionally, the double-leaf membrane-type
acoustical metamaterials structure has been constructed. The roles of the membrane and ring masses of double-leaf
membrane-type acoustical metamaterials structure on TL are investigated. The influence of the depth of air-cavity
on the TL is then discussed.

1. INTRODUCTION

Low frequency noise has long been regarded as a pernicious
form of environmental pollution because it involves blocking
large-wavelength waves, which requires thick or heavy mate-
rials.1, 2 In general, it should be a low transmission loss at a
low frequency with both thin and lightweight structures.3 To
overcome this difficulty, composite materials with locally res-
onant acoustical metamaterials were developed recently.1, 4–9

Hirsekorn proposed a heuristic model of locally resonant sonic
crystals, which allowed one to predict the resonance frequen-
cies in good agreement with the numerical simulations.5 Li
and Chan showed the existence of acoustical metamaterials,
where the effective density and bulk modulus are both simul-
taneously negative in the true and strict sense of an effec-
tive medium.6 A class of sonic shield materials based on the
principle of locally resonant microstructures are demonstrated
by Ho et al.8 One of the main advantages of locally reso-
nant acoustical metamaterials is the ability to prevent sound
propagation at low frequencies without the addition of signif-
icant mass or modulus bulk.10 Large-scale weighted mem-
branes, which are traditionally used in building acoustics, have
shown attenuation achieved at varying frequencies.11, 12 In
addition, small-scale membrane-type acoustical metamateri-
als have been shown to improve sound insulation at low fre-
quencies, surpassing the acoustic mass law by several orders
of magnitude over a narrow frequency band.1, 13 Mei et al. pre-
sented a thin-film acoustical metamaterial that comprised of an
elastic membrane decorated with asymmetrical rigid platelets
that almost reached unity absorption at frequencies where the
relevant sound wavelength in the air was three orders of mag-
nitude larger than the membrane thickness.14 Using the finite
element analysis and experimental techniques, Christina et al.
analyzed the transmission loss of membrane-type locally res-
onant acoustical metamaterials with the added ring masses.10

The results showed that the addition of a ring mass to the struc-
ture either increased the bandwidth of the transmission loss
peak or introduced multiple peaks. This depended on the num-
ber of rings, the distribution of mass between the center and
ring masses, and the radii of the ring.10 Meanwhile, Christina
et al. fabricated the arrays of membrane-type acoustical meta-
materials and found that the sound transmission at multiple fre-
quencies could be decreased by employing nonuniform mass
distribution over the cells in the array.15 Ding et al. designed
an acoustical metamaterial with multi-band of negative modu-
lus composed of different sized split hollow spheres.16 The re-
sults indicated that this medium could achieve a negative mod-
ulus at a frequency range from 900 to 1500 Hz.16 Although
a lot of research has been done on locally resonant acousti-
cal metamaterials, it appears that no relevant reports have been
given for acoustical metamaterial of coaxial ring masses with
different cross section shapes and double-leaf membrane-type
acoustical metamaterials. This paper focuses on the acoustical
performance studies of membrane-type acoustical metamateri-
als of coaxial ring masses with different cross section shapes
and double-leaf membrane-type acoustical metamaterials.

In Section 2, sample constructions will be introduced. In
Section 3, the transmission loss for membrane-type acoustical
metamaterials of coaxial ring masses with four kinds of differ-
ent cross section shape will be studied. In Section 4, the effect
of coaxial ring’s mass on transmission loss of membrane-type
acoustical metamaterials will be investigated. In Section 5,
the effect of coaxial ring distribution on transmission loss of
membrane-type acoustical metamaterials will be studied. In
Section 6, the main roles of the membrane and coaxial ring s
will be discussed. In Section 7, the acoustical performance of
the double-leaf membrane-type acoustical metamaterials will
be studied. Finally, the conclusions will be given in Section 8.

362 https://doi.org/10.20855/ijav.2016.21.4431 (pp. 362–370) International Journal of Acoustics and Vibration, Vol. 21, No. 4, 2016



X.-L. Gai, et al.: THE EFFECT OF COAXIAL RING MASSES WITH DIFFERENT CONTACT AREAS, MASS, AND DISTRIBUTION. . .

Figure 1. Schematic of membrane-type acoustical metamaterials.

Figure 2. Schematic of four kinds of coaxial ring masses with different cross
section shape.

2. SAMPLE CONSTRUCTION

Membrane-type acoustical metamaterials of coaxial ring
masses with different cross section shape were constructed
by using a thin, circular membrane and a two-ring located
mass. The membrane that was used was a polyetherimide
film, 0.076 mm thick, and 24 mm in diameter. The mod-
ulus, density, and Poisson’s ratio for the membrane material
were 6.9 × 109 Pa, 1200 kg/m3, and 0.36, respectively. The
edge of the membrane was bonded to a rigid support structure.
The masses were added to the membranes by attaching two
small copper rings. The modulus, density, and Poisson’s ratio
for the copper material were 110 × 109 Pa, 7800 kg/m3, and
0.35, respectively. The total mass of the different shape rings
were kept to be invariable. The center of the first ring was lo-
cated at r = 4.5 mm and for the second ring, was located at
r = 8.5 mm. Figure 1 shows a schematic for membrane-type
acoustical metamaterials of coaxial ring masses with different
cross section shape. Figure 2 shows four kinds of coaxial ring
masses with different cross section shape.

3. TRANSMISSION LOSS ANALYSIS

Finite element analysis was used to calculate the transmis-
sion loss of membrane-type acoustical metamaterials using

COMSOL software. The 2DS model was used for geometric
modeling. An axisymmetric model was used for the analy-
sis to facilitate calculation intensity. In the simulations, struc-
tural and acoustical modules were used to create a structural-
acoustic interaction program. The acoustical structure bound-
ary excluded the junction surface masses and the membrane
in the simulation to make both the masses and the membrane
into a whole with different material properties. The membrane
was bonded to the support structure, which was a rigid bound-
ary condition is imposed at the edge of the membrane. The
mass and membrane were linear elastic materials. The initial
pressure magnitude normal incident on the structure was set
at 1 Pa. The mass, membrane, and air cavities were modeled
with free-triangular mesh elements. The number of degrees of
freedom was 7732.

The nonlinear analysis was not used for the membrane. The
masses were added to the membranes by attaching two small
rings. Figure 3 shows the four kinds of schematic of the
axisymmetric finite element analysis models. Structural and
acoustical modules were used in the finite element analysis to
create a structural-acoustic interaction program. There were
two air cavities on both sides of the membrane-type acoustical
metamaterials, which were similar to the impedance tube struc-
ture. The membrane, mass ring, and air cavities were modeled
with free-triangular mesh elements.

The following equation defines the transmission loss of the
membrane-type acoustical metamaterials:

TL = 10 log
Wi

Wo
. (1)

Here, Wi and Wo denoted the incoming power at the inlet and
the outgoing power at the outlet, respectively. We calculated
each of these equations as an integral over the whole circular
disk:

Wi =

∫
p20
2 ρ c

dL ; (2)

Wo =

∫
|p2|
2 ρ c

dL . (3)

Figure 4 shows the transmission loss of membrane-type
acoustical metamaterials of coaxial ring masses with four
kinds of different cross section shapes. The transmission loss
peak corresponded to anti-resonance behavior, where minimal
sound was transmitted across the structure, while the trans-
mission loss minima corresponded to the resonance frequen-
cies, where 100% of the sound was transmitted. In com-
paring Figs. 4(a) to 4(d), we found that the different cross
section shape coaxial ring with the same mass affected the
transmission loss peak and resonance frequencies. Figure 4(a)
shows the transmission loss for the square cross section coax-
ial ring masses. The transmission loss profile for this config-
uration exhibited a low-frequency minimum (340 Hz), a high-
frequency minimum (4010 Hz), and a transmission loss peak
(2240 Hz and 78.4 dB). Figures 4(b) and 4(c) show the finite
element analysis results of transmission loss for two rectan-
gular cross section coaxial ring masses with side lengths of
0.5 mm × 2 mm and 2 mm × 0.5 mm. There were two reso-
nance peaks (280 Hz and 3550 Hz) and transmission loss peaks
(1830 Hz, 5515 Hz), when the cross section of the ring was
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Figure 3. Four kinds of schematic of the axisymmetric finite element analysis models.
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Figure 4. Transmission losses of membrane-type acoustical metamaterials using coaxial ring masses with four kinds of different cross section shape.

Figure 5. Effect of ring’s mass on transmission loss of membrane-type acoustical metamaterials.
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Figure 6. Effect of coaxial ring distribution on transmission loss of membrane-type acoustical metamaterials.
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0.5 mm × 2 mm, while the two resonance peaks occurred at
480 Hz, 5230 Hz and a single transmission loss peak 89.8 dB
at 3400 Hz when the cross section of ring is 2 mm × 0.5 mm.
Figure 4(d) shows that the transmission loss profile of the tri-
angle cross section ring. The resonance and transmission loss
peaks of Fig. 4(d) occur at same frequency with Fig. 4(c) (ex-
cept the transmission loss peak of Fig. 4(d) higher 9.6 dB than
Fig. 4(c)). This was because the contact stiffness of the triangle
and rectangular coaxial ring masses with membrane was close.

4. THE EFFECT OF THE COAXIAL RING’S
MASS ON TRANSMISSION LOSS OF
MEMBRANE-TYPE ACOUSTICAL
METAMATERIALS

Through Figs. 4(c) and 4(d), we found that the resonance
and transmission loss peaks occurred at same frequency when
the coaxial ring’s mass, position, and contacting area with the
membrane were same. In this section, the transmission loss
of membrane-type acoustical metamaterials that have the same
contacting area with the membrane will be analyzed, however,
it should be noted that the coaxial ring’s mass is different. In
order to study the influence of coaxial ring’s mass on the trans-
mission loss of membrane-type acoustical metamaterials, the
transmission loss of membrane-type acoustical metamaterials
with different mass coaxial ring were analyzed. We used the
example of rectangular cross-section. Figure 5 show that the
height of mass block change from 0.2 mm to 1.0 mm, while
the width of mass block is 2 mm invariable (i.e., the mass of
coaxial ring are changed). Through Fig. 5, we found the low-
frequency resonance frequency increased with the decreasing
mass, while the high-frequency resonance frequency did not
change significantly. Meanwhile, the transmission loss peak
frequency moved to a lower frequency with the decreasing
mass. When the height of rectangular is t = 1.0 mm, the trans-
mission loss reached a maximum value of 99.7 dB at 263 0Hz.

5. THE EFFECT OF COAXIAL RING
DISTRIBUTION ON THE TRANSMISSION
LOSS OF MEMBRANE-TYPE
ACOUSTICAL METAMATERIALS

In this section, we studied the effect of coaxial ring distribu-
tion on transmission loss. We first fixed ring 1 in r = 0 mm
and only let ring 2 change along the radial direction. Fig-
ure 6(a) shows that the transmission loss peak frequency of the
membrane-type acoustical metamaterials moveed to a higher
frequency when the distance of the two rings changed from
d = 2 mm to d = 6 mm. The transmission loss peak mag-
nitude was 117 dB at 760 Hz when d = 4 mm. There were
two transmission loss peaks at the range from 0 to 6000 Hz
when the distances of the two rings increased to d = 8 mm or
d = 10 mm. Figure 6(a) also shows the transmission loss of
the distance for the two rings d = 2, 4, 10 mm, which exhib-
ited two resonance peaks while there was one resonance peak
when d = 6 mm and three resonance peaks when d = 8 mm at
a range from 0 to 6000 Hz. The transmission loss over a sound
level of 20 dB covered a frequency range of roughly 6000 Hz
when ring was fixed in d = 6 mm. When ring 1 was fixed in

r = 2 mm, the distance of two rings change from 2 mm to
8 mm, the transmission loss profile is shown in Fig. 6(b). We
found that the transmission loss over a sound level of 25 dB
was more than a frequency range of 6000 Hz when the dis-
tance of the two rings was d = 6 mm. When ring 1 was fixed
r = 4, 6, 8 mm, the transmission loss profile of ring 2 changed
along the radial direction, as shown in Figs. 6(c), 6(d) and 6(e)
successively. Figures 6(c) and 6(d) show that the resonance
which occurs at the low-frequency and the transmission loss
peak frequency when the distance of the two rings increased.
Figure 6(e) shows the two rings next to each other at the edge
of membrane. The reason that the transmission loss difference
caused by coaxial ring distribution may be because that the dif-
ference coaxial ring distribution change the stiffness of mem-
brane.

6. THE ROLES OF MEMBRANE AND RING
MASSES ON THE TRANSMISSION LOSS
OF MEMBRANE-TYPE ACOUSTICAL
METAMATERIALS

The main roles of membrane and ring masses on the trans-
mission loss of membrane-type acoustical metamaterials are
studied in this section. Without the loss of generality, we used
the example of rectangular cross section of the ring as 2 mm×
0.5 mm as example. Figure 4(c) shows that there are two reso-
nance peaks at 480 Hz, 5230 Hz and a single transmission loss
peak 89.8 dB at 3400 Hz when the cross section of the ring was
2 mm × 0.5 mm. The total displacements of the membrane
and ring masses at the resonance peaks and transmission loss
peak are shown in Fig. 7. Through Fig. 7(a), we found that
the membrane and ring masses all left their balance place at
the low-frequency resonance frequency 480 Hz. Furthermore,
ring 1 and ring 2 vibrated in phase. Figure 7(b) shows that only
the center part of the membrane vibrated nearby in a balanced
position, the two rings were kept immobile in balanced po-
sition at the high-frequency resonance frequency 5230 Hz. At
3400 Hz, the total displacements of membrane and ring masses
are shown in Fig. 7(c). Figure 7(d) shows that ring 1 and ring 2
vibrated out of phase at 1200 Hz. This implied that only the
membrane played a role at the high frequency, whereas the ring
masses affected the low-frequency resonance frequency.

7. DOUBLE-LEAF MEMBRANE-TYPE
ACOUSTICAL METAMATERIALS

The effects of double-leaf membrane-type acoustical meta-
materials are studied in this section. Figure 8 shows the ar-
rangement of membrane-type acoustical metamaterials 1 and
2, which are parallel to an air-cavity with a depth D between
them. When D = 30 mm, the transmission loss of double-leaf
membrane-type acoustical metamaterials is shown in Fig. 9.
By comparing Fig. 9 and Fig. 4(c), we can find that there are
two low-frequency resonance peaks, transmission loss peaks,
and high-frequency resonance peaks overlapping each other in
the double-leaf membrane-type acoustical metamaterials struc-
ture. We can also see that its damping is better than one-leaf
membrane-type acoustical metamaterials structure in all fre-
quency region.
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Figure 7. Effects of membrane and ring masses on transmission loss.

To better understand the behavior of the double-leaf struc-
tures under excitation, the finite element method was used to
predict the resonant mode shapes at discrete frequencies, as
seen in Fig. 10. The total displacements of the membrane and
ring masses at the resonance peaks and transmission loss peak
are shown in Fig. 10. Through Fig. 10(a), we found that the
membrane and ring masses of double-leaf structures all left
their balance place at the low-frequency resonance frequency
500 Hz. Ring 1 and ring 2 of the double-leaf structures vibrated
in phase. Figure 10(a) also shows that the first lay membrane-
type acoustical metamaterials play a major role at 500 Hz. Fig-
ure 10(b) shows that the second lay membrane-type acoustical
metamaterials play a major role at 1200 Hz. And ring 1 and
ring 2 of the second lay membrane-type acoustical metamate-
rials vibrated out of phase. Figure 10(c) shows that the center
part of the double-leaf membranes vibrated nearby in a bal-
anced position, the four rings masses were kept immobile in
a balanced position at 3450 Hz. Figure 10(c) shows that only
the center part of the first-leaf membrane vibrated nearby in a
balanced position at 5230 Hz.

Furthermore, the effect of the depthD of air-cavity is shown
in Fig. 11. According to Fig. 11, the low-frequency resonance
frequencies, the transmission loss peaks frequencies, and the
high-frequency resonance frequencies varied slightly when the
depth D of the air-cavity changed from 20 mm to 80 mm. But

the maximal transmission loss peaks depended on the depthD.
In addition, there were two resonance peaks between the low-
frequency resonance peaks and the high-frequency resonance
peaks when D = 60 mm and D = 80 mm. There was one
resonance peak at a range of 5500 Hz and 6000 Hz when D =
20 mm and D = 80 mm.

8. CONCLUSIONS

The present work has been focused on membrane-type
acoustical metamaterials of coaxial ring masses. By using the
finite element analysis, the transmission loss of membrane-
type acoustical metamaterials with coaxial ring masses for four
kinds of different cross section shape has been studied. The re-
sults show that the different contact areas of the coaxial ring
with the same mass have influence on the transmission loss
peak and the resonance frequencies of membrane-type acous-
tical metamaterials. Furthermore, the effect of the coaxial
ring’s mass on transmission loss of membrane-type acoustical
metamaterials has been analyzed. We found the low-frequency
resonance frequency increase with the mass decreasing while
the high-frequency resonance frequency did not change sig-
nificantly. Meanwhile, the transmission loss peak frequency
was moved to a lower frequency with the mass decreasing. In
addition, it is also showed that the coaxial ring masses only af-
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Figure 8. Double-leaf membrane-type acoustical metamaterials finite element
analysis models.

fect the TL at the lower frequencies while the membrane is af-
fected at all frequencies. Finally, the effects of the double-leaf
membrane-type acoustical metamaterials have been studied.
Two low-frequency resonance peaks, transmission loss peaks,
and high-frequency resonance peaks that overlap each other
have been found in the double-leaf membrane-type acoustical
metamaterials structure. And the maximal transmission loss
peaks depend on the depth D of air-cavity.
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