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An approach is presented to form and broaden the low-frequency band gap of the double panel structure
(DPS) by using a locally resonant sonic crystal (LRSC) in this work. The LRSC is made of cylindrical
Helmholtz resonators arranged on square lattice. Their designs are similar to a slot-type resonator, but
have different depths of slot. Elongating the slit neck inward and distributing the depths of slots produce
a broad local resonant band gap at low frequencies: an average insertion loss (IL) of 10.9 dB covering
520 Hz to 1160 Hz with a LRSC of 12 cm width. Next, the effect of porous material filled into the
resonators on the local resonant band gap is evaluated. It is shown that filling of porous material into
the resonators decreases the height and width of the local resonant band gap. Finally, the transmission
losses (TLs) through the DPS with LRSC are calculated as a function of the incident angle of the sound
wave for LRSC embedded in porous material and not. The results show that the porous material can be
significantly reduce the incident angle dependency of TL through the DPS with LRSC.

Keywords: sound transmission loss; locally resonant sonic crystal; double-panel structure; sound insu-
lation.

1. Introduction

According to the mass law, heavy and thick ma-
terials must be used to achieve a high sound insula-
tion. However, this is limited due to the demand of
lightweight design. One way to overcome this short-
coming is to employ the multilayer panel structure.
The double-panel structures (DPSs) are usually used
in buildings and vehicles and they provide good sound
insulation in a wide frequency band. Xin et al. (2008)
studied the vibro-acoustic performance of double-panel
partition with enclosure air cavity analytically and
experimentally. The double-panel with multilayer ab-
sorbent blankets was studied analytically (Doutres,
Atalla, 2010) and the effect of vertical metal studs
placed between two panels on sound transmission loss
(STL) was modelled theoretically (Wang et al., 2005).
Arjunan et al. (2014) evaluated the sound attenua-
tion of a stud-based double-panel by 3D vibro-acoustic
FE modeling. Kang and Bolton (1996) conducted

a theoretical study of a double panel lined with foams.
Bolton et al. (1996) performed a theoretical mod-
eling of sound transmission through the infinite DPS
with porous material in the diffuse sound field. Pan-
neton and Atalla (1996) and Sgard et al. (2000)
calculated STLs through a finite double panel lined
with porous materials for the arbitrary incidence us-
ing FE (Finite Element) method and BE (Boundary
Element) method. Tanneau et al. (2006) used genetic
algorithms to optimize multilayered panel structures
consisting of solid, fluid and porous materials.

Sonic crystal (SC) is made of periodically arranged
solid scatterers placed in fluid including water and air.
Sound wave with a wavelength equal to half the lat-
tice constant cannot propagate through SC due to the
destructive interference. Martínez-Sala et al. (1995)
performed the first experimental work on the sound
attenuation by periodic structure. Later on, Sanchez-
Perez et al. (2002) showed that periodical scatter ar-
rays provide noticeable sound attenuations. Morandi
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et al. (2016) performed a free-field measurement over
the sound insulation and reflection of SC noise barri-
ers according to the European standards EN 1793-2,
EN 1793-5 and EN 1793-6.Garcia-Raffi et al. (2018)
showed a significant noise attenuation using a SC com-
prised of solid scatterers in water. Guild et al. (2018)
fabricated a sound absorber constructed of a woven
arrangement of SCs and showed the presence of zero
transmittance over a given frequency range.

Many researches have been done to broaden the
band gap by using LRSC. Sanchez-Dehesa et al.
(2011) proposed a noise barrier consisted of three rows
of perforated metal shells filled with rubber crumb.
Chalmers et al. (2009) showed the potential for sound
shielding in the audible frequency range using a sim-
ply mixed array and a concentric array of scatterers.
Cavalieri et al. (2019) have numerically and experi-
mentally investigated the broadband attenuation per-
formance of a 3D LRSC due to the couple of multiple
resonances and the Bragg band gap.

Recently, researches has been conducted to enhance
the sound insulation performance of multilayer struc-
ture by applying the sonic crystal. In a DPS, SCs pro-
duce a wide Bragg-type band gap due to the it pe-
riodicity as in free field and inhibit the generation of
“standing-wave” resonances in regions of two panels,
resulting in the improvement of overall sound insula-
tion compared to the counterparts with the same to-
tal size. Gulia and Gupta (2018) studied the com-
bined effect of SC and glass wool inserted between
two panels and showed that DSP with SC embed-
ded in glass wool gives the best sound insulation. Kim
(2019a) extended the previous work (Gulia, Gupta,
2018) to address the problem of a triple-panel struc-
ture and showed that the triple-panel structure has
a potential to provide better soundproofing properties
than DPS counterpart, reducing the overall weight.
Qian (2018) proposed the locally resonant phononic
crystal (LRPC) composite DPS with periodically at-
tached pillars and etched holes and investigated the
band gap properties of the structure by using FEM.
Kim (2019b) proposed a LRSC consisted of “C”-shaped
Helmholtz resonator columns with different resonant
frequencies to enhance the sound insulation of DPS
in the low frequency range. Gulia and Gupta (2019)
reported that combining the properties of LRSC and
porous material produce better low-frequency sound
insulation of the triple panel as well as in high fre-
quency range.

The low-frequency noise is widely existed in hu-
man living environment, but somewhat difficult to con-
trol by using traditional methods because of the long
wavelength and strong penetrability of low-frequency
waves. In this work, one type of LRSC is presented to
form and broaden a low-frequency band gap of a DPS.
The LRSC consists of three columns of Helmholtz
resonators, each of which has a different resonant fre-

quency corresponding the slot depth. Calculations are
conducted in the FE software ANSYS Multiphysics
(v18.0) acoustic package. Three local resonance band
gaps are overlapped in the low frequencies, resulting
in formation of a broadband of sound insulation. In
addition, porous material are filled between two pan-
els and inside of the resonators to study the effect of
the porous materials on the low-frequency band gap
and the dependence of DPS sound insulation on the
incident angle.

2. FE modeling

A numerical model of DPS with a periodic array
of slot-type Helmholtz resonator (SHR) was developed
as follows. Three SHRs in the z-direction were consi-
dered, as shown in Fig. 1, where d1, d2, d3 are the slot
depths of each rows. A periodic boundary condition
was applied in the x-direction of the domain to reduce
the computational cost required to solve the FE model,
thus extending the length of the structure to infinity
in the positive and negative x-directions.

Fig. 1. FE model of DPS with 3 rows of SHR.

Aluminum sheets were used for two parallel pa-
nels. Material properties of aluminum are density of
2700 kg/m3, Young’s modulus of 70 GPa and Poison’s
ratio of 0.33. The distance between two panels is 12 cm
and their thicknesses are 1 mm and 2 mm, respec-
tively. The density and the sound speed of air are
ρ0 = 1.25 kg/m3 and c0 = 343 m/s, respectively.

SHR were assumed to be made of aluminum with
thickness of 0.2 mm. Outer radius of resonator is
17.5 mm and lattice constant (distance between cen-
ters of neighbor scatterers) is 40 mm. The surfaces of
scatterers were considered to be free to take account
of the vibration of very thin shell.

Porous materials provide high sound absorp-
tion, especially at high frequencies. The acoustic
performance of porous materials were modelled in
various ways including empirical, analytical, semi-
phenomenological, etc. models. Glass wool was taken
as a porous material and the Delany-Bazley model
(Delany, Bazley, 1970) was employed to model the
glass wool. According to the Delany-Bazley model,
wave number kg and characteristic impedance zg of
the glass wool are described, respectively, as follows:

kg = ω

c0
[1 + 0.0978χ−0.7 − j0.189χ−0.595], (1)

zg = ρ0c0 [1 + 0.0571χ−0.754 − j0.087χ−0.732], (2)
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where χ = ρ0f
Rg

, ρ0 and c0 are the density and sound
speed of fluid in the absence of the porous material,
f is the frequency, ω is the angular frequency, and Rg
is the flow resistivity of glass wool. Mean fiber diameter
dg and density ρg of glass wool are 10 µm and 12 kg/m3

respectively. Flow resistivity can then be calculated as
(Bies, Hansen, 1980)

Rg =
3.18 ⋅ 10−9ρ1.53g

d2g
. (3)

The plane wave incidence condition was applied to
left boundary. Left and right sides of DPS were as-
sumed to be infinite radiation boundaries. There is no
backward reflection at those two boundaries and then
following boundary conditions are satisfied (Gulia,
Gupta, 2018).

(−∇p
ρ

) ⋅ n = iω

ρcc
p − iω

ρcc
p0, (4)

(−∇p
ρ

) ⋅ n = iω

ρcc
p, (5)

where p is the sound pressure, p = p0eikr, k is the wave
vector, r is the direction vector, ρ is the density, n is
the normal vector, and cc is the sound speed.

Harmonic analysis was performed in the range of
20–6000 Hz with the frequency interval of 20 Hz. The
model was meshed with an element size (about 5 mm)
of one-tenth of the minimum wavelength. STL is con-
sidered to be average sound power difference on the
left side and the right side of the DPS.

3. Results and discussion

The resonant frequency of a split ring resonator
(SRR) is given by Chalmers et al. (2009):

f = c

2π

√
σ

S (L + 1
2

√
πσ)

, (6)

where L is the neck length , σ is the slot width, and S
is the inner cross-sectional area.

Change the volume of the air cavity or width of
the slot, and the resonance frequency changes. Fi-
gure 2a shows the Helmholtz resonance frequency of
the SRR with outer diameter of 35 mm and thickness
of 0.2 mm with varying the slot width in the range of
0.4–14 mm. And Fig. 2b shows the sound transmission
loss through the DPS for slot width of 0.4 mm. It can
be observed in Fig. 2 that all the resonance frequen-
cies are higher than 1000 Hz. TL shows a broad band
gap around the Bragg frequency, due to the periodi-
city of the resonators, and a relatively sharp band gap
around the local resonant frequency.

From Eq. (6), it is necessary to increase the neck
length to reduce the resonance frequency. However, slot

a)

b)

Fig. 2. Helmholtz resonance frequency as a function of slot
width of SRR (a) and TL curve for slot width of 0.4 mm

(b).

can’t be elongated outward of the resonator because of
the demand of filling fraction of SC. This limitation can
be overcome by elongating the slot inward as shown in
Fig. 1.

For the slot width of 0.4 mm, the resonance fre-
quencies with varying the slot depth from 1 mm to
6 mm are as in Fig. 3. It is possible to decrease the
resonance frequency to about 500 Hz by setting the slot
depth to be 6 mm.

Fig. 3. Helmholtz resonance frequency as a function
of slot depth of SHR.

Figure 4 shows STL through the DPS with the
LRSC, where all the slot depths are 6 mm, versus that
through the DPS with air cavity between the two pan-
els. Two types of band gaps, i.e., Bragg-type band gap
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Fig. 4. TL through DPS with LRSC and that
with air cavity.

and the resonant band gap can be obviously seen from
the figure.

To explorer the coupled effect of LRSC and porous
material on the low-frequency sound insulation, glass
wool was inserted into the air domain between two
panels. Figure 5 shows TLs of DPSs inserted with glass
wool between two panels. Solid line represents the TL
for DPS without LRSC, dash dotted line for one with
glass wool inserted into all the air domain (LRSC-2)
and dashed line for one with glass wool inserted be-
tween the panels and scatterers (LRSC-1). For all the
cases, the slot depth is 6 mm.

Fig. 5. TLs through DPSs with glass wool filling
between two panels.

DPS with LRSC provides superior sound insulation
around Bragg frequency (2500–6000 Hz in this work).
However, if the glass wool is inserted into the inside
of resonators, the resonant band gap reduce notice-
ably (dash dotted line), so that local resonance have
little effect on the sound insulation and TL around
the Helmholtz resonance frequency compares with that
without LRSC.

Decreasing the number of resonator rows to 2 and
increasing the lattice constant by 1.5 times, Bragg-type
band gap moves downward, which might results in the
enhancement of the sound insulation in the range be-
tween the resonant band gap and Bragg-type band gap.
Figure 6 shows TL curve of DPS with two rows of

Fig. 6. TL through DPS with 2 rows of resonators.

resonators, where outer radius is 52.5 mm, thickness
0.25 mm, slot depth 6 mm, slot width 0.4 mm and lat-
tice constant 60 mm.

However, it results in lowering the peak of the
Bragg-type band gap (by about 20 dB in Figs 4 and 6).
Then, considering the fact that the width of reso-
nant band gap is narrow, decreasing the number of
resonator rows gives small possibility to broaden the
low-frequency band gap. Thus, the most way is to
distribute rationally the resonance frequencies of each
3 rows so as to overlap with each other.

Figure 7 shows the TLs of three configurations,
i.e., DPS with air cavity (dash dotted line), DPS with
LRSC (solid line) and DPS with LRSC embedded in

a)

b)

Fig. 7. TLs of three configurations of DPS in the range
of 20–6000 Hz (a) and around the local resonant frequen-

cies (b).
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glass wool (dashed line). The slot depths of three rows
are 6 mm, 3 mm, and 0.2 mm (thickness of shells), re-
spectively. Figure 7b represents TL curves around the
local resonance frequencies.

It can be seen that DPS with LRSC provides sound
insulation, on average, 10.9 dB higher than that with
glass wool filling in the range of 520–1160 Hz. However,
the soundproofing performance of the DPS with LRSC
decreases by 8 dB in the range of 1160–2260 Hz.

Sound wave does not always enter the structure not
only in a specified direction such as normal direction,
but also diffusely. Thus, it is important to eliminating
the dependence of sound insulation on the incidence
angle of sound wave.

Figure 8 shows TLs through DPS with LRSC-
glass wool assembly and with LRSC at frequencies of
1000 Hz (Fig. 8a) and 1440 Hz (Fig. 8b), which are
corresponding to the lowest peak and dip (the first
“standing-wave” resonance) in the solid line of Fig. 4.

a)

b)

Fig. 8. Incidence angle dependency of sound insulation
at frequencies of 1000 Hz (a) and 1440 Hz (b).

Figure 8a shows that glass wool gives little effect
on the incidence angle dependency of sound insulation
of DPS with LRSC at frequency corresponding to the
peak of TL curve. However, it influences significantly
the dependence of sound insulation on the incidence
angle at frequencies corresponding to the dips of TL
curve as in Fig. 8b. For DPS with LRSC embedded in
glass wool, the deviation of TL is less than 10 dB in
the entire range of incidence angle, but it is several

tens dB for DPS without glass wool. This is also true
for DPS without SC.

4. Conclusions

A LRSC based on the slot-type resonators has been
proposed to enhance the low-frequency sound insula-
tion of DPS, where slots are elongated into the cylin-
drical shell and have different slot depths for each rows.
Through FE simulations on the several configurations,
it is verified that it is possible to form a broad reso-
nant band gap in a low frequency range by regulat-
ing and distributing the slot depths of LRSC inserted
into the DPS. In addition, the simulation results show
that glass wool should not be filled into the Helmholtz
resonators, but only between the panels and scatter-
ers. Glass wool filling into the resonators decreases
markedly the height of the resonant band gap. Finally,
it is found that LRSC in DPS should be embedded in
porous material to reduce the dependence of the sound
transmission on the incidence angle of sound wave. Fill-
ing the glass wool gives the deviation of TL less than
10 dB with varying the incidence angle from 0 to 90 de-
grees. The width of the local resonant band depends
on the friction of the system. Larger frictions gives the
wider band gap. Thus, the resonant band gap will be
broadened further by increasing the roughness of slot
surface in applications.
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