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Acoustic metamaterials with combined
heterogeneous double-split hollow
sphere for noise reduction
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Abstract

We present the concept design of a new class of acoustic metamaterial structure based on a combined heterogeneous
double-split hollow sphere (CHDSHS). These structures are local resonators possessing subwavelength band gaps.
The present CHDSHS metamaterial structures are made of plastic sphere structures with two different holes. The
main novelty of a CHDSHS relies in the significant noise reduction obtained and the simplicity of manufacture. Their
characteristics in band gaps are influenced by the volume sizes of the plastic sphere and the areas of the two holes. The
CHDSHS metamaterials are combined to increase pressure attenuation over a wide frequency range. The frequency
shifts in the band gap due to the changes in size are formulated and discussed in detail. Furthermore, the band gaps of the

present CHDSHS metamaterials are numerically and experimentally demonstrated.
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I. Introduction

A new type of acoustic metamaterial structure with
various sized holes is developed for a wide stop band,
i.e., frequency zones with no free wave propagation
over a certain frequency range of interest; its perform-
ance is theoretically studied and experimentally tested
in this study. Of Bragg-scattering-based interference
and resonance-based-interference, the metamaterial
mechanism presented here is based on resonance-
based interference. As the sizes of the present metama-
terials are relatively small, the presented structure can
be installed in any place required. The acoustic wave
propagation can be easily prevented in some designed
frequency gaps in the presented acoustic metamaterial.

Metamaterials are artificial repeating composite
materials or structures with desired unusual properties
that are not found in nature (Kshetrimayum, 2004).
First of all, metamaterials have been extensively studied
in electromagnetics (Pendry, 2000; Smith et al., 2004;
Shalaev et al., 2005). Electromagnetic metamaterials
with a negative effective permittivity or a negative
effective permeability have achieved significant success
in theoretical studies and engineering research

(Smith et al., 2004; Liu et al., 2008; Zhu et al., 2008).
From a mathematical point of view, electromagnetic
waves and acoustic waves share similarities in their
governing equation, i.e., the Helmholtz equation.
Therefore, acoustic metamaterials have also received
great attention (Kushwaha et al., 1993; Liu et al.,
2000; Li and Chan, 2004; Fang et al., 2006; Cummer
and Schurig, 2007); some criticism also exists, as some
acoustic metamaterial structures are simply repeating
acoustic resonators. The band gaps of electromagnetic
or acoustic metamaterials can be explained by Bragg
scattering or local resonance (Liu et al., 2008;
Zhu et al., 2008). Bragg scattering of waves is observed
over the frequency range where the lattice constant of
the material is less than half the wavelength of the scat-
tered wave. Local resonances are observed in some
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frequency ranges when waves match the natural fre-
quency of an object attached to the main structure.
These resonances occur in acoustic metamaterials and
are employed to manipulate propagating waves with
wavelengths much larger than the resonant structures.
The presented acoustic metamaterials are based on
local resonances.

Many special acoustic structures or materials have
been proposed to achieve these interesting negative
material properties. For local-resonance acoustic meta-
materials, monopolar or dipolar resonances show a
negative bulk modulus or a negative mass density
(Ding et al., 2007; Cheng et al., 2008; Huang and
Sun, 2009; Huang et al., 2009; Lee et al., 2009).
Furthermore, owing to the easy installation and man-
ufacturing, local-resonance acoustic metamaterials
have been successfully exploited for noise vibration
control, lensing, and localization (Pennec et al., 2004;
Ambati et al., 2007; Torrent and Sanchez-Dehesa,
2008; Li et al., 2009; Zhang et al., 2009; Zhu et al.,
2010; Chiang et al., 2011; Lee et al., 2011; Popa et al.,
2011). Liu et al. (2000) proposed the use of sonic crys-
tals with tube-coated lead balls to produce negative
effective elastic constants. Guo and Sheng (2016) pro-
posed a periodic bi-layer beam structure with four com-
ponents. Reynolds and Daley (2017) introduced an
active metamaterial structure to control the bandgap.
By introducing repeated shunted Helmholtz resonators,
acoustic metamaterials with negative effective bulk
modulus near the local resonant frequency were
designed. To yield negative effective mass density, a
class of acoustic metamaterial with tensioned mem-
branes has been developed (Yang et al., 2008; Wang
et al., 2008; Li et al., 2013; Chen et al., 2014a, 2014b).

Most acoustic metamaterials based on local reson-
ance can be characterized by a passive response and
have a limitation, as they operate at fixed narrow fre-
quency ranges. To enhance the functionalities of acous-
tic metamaterials, several attempts have been made to
adjust the local resonant band gaps or the Bragg scat-
tering. Several authors (Cervera et al., 2002; Sheng
et al., 2003; Wang et al., 2004; Liu et al., 2005; Fokin
et al.,, 2007) have used instability-induced pattern
deformation in polymers to modify the stiffness of the
polymer structure and cause consequent changes in the
band gap. A number of authors (Zhang et al., 2007;
Airoldi and Ruzzene, 2011; Casadei et al., 2012; Chen
et al., 2014c¢) utilized shunted piezoelectric materials to
manipulate the characteristics of the stop band. In
some work (Mead, 1970; Hirsekorn, 2004; Yao et al.,
2008; Chen et al., 2011), the adaptive connectivity
mechanism is utilized. Ding et al. (2013) demonstrated
that by adjusting the relative positions of multiple holes
of a double-split hollow sphere (DSHS), as shown in
Figure 1(b), the local-resonance bandgap can be

(b)

Figure |. Acoustic metamaterial example: (a) acoustic duct and
periodic Helmholtz resonators; (b) acoustic duct and double-split
hollow sphere. (The foam is not used in this study and the
acoustic metamaterials are not fixed in the experiment.)

adjusted. Furthermore, unlike Helmholtz’s resonator,
the DSHS structures can be installed in a sealed plate;
with the help of the holes of the DSHS structure, move-
ment of fluid media through the plate is possible.

This study investigates the characteristics of the
DSHS acoustic metamaterial shown in Figure 1 and
proposes a method to make a wideband acoustic meta-
material by making a DSHS array termed a combined
heterogeneous double-split hollow sphere (CHDSHS)
structure. A key idea of the present CHDSHS structure
is that several heterogeneous double-split hollow sphere
(HDSHS) structure acoustic metamaterials with differ-
ent holes are used to make an array and the mutual
coupling between several HDSHS acoustic metamater-
ials enables the creation of a wide stop band and sig-
nificant noise reduction. The paper is organized as
follows: Section 2 presents a study of the DSHS acous-
tic metamaterial. To achieve a wide stop band, the
CHDSHS metamaterials are presented in Section 3.
Our conclusions and future topics are summarized in
Section 4.

2. Acoustic metamaterial with double-
split hollow sphere

Figure 2 shows an acoustic metamaterial based on a
DSHS. Ding et al. (2013) analyzed the characteristics
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Figure 2. DSHS modeling: (a) 3D sphere with two holes; (b)
equivalent spring—mass system.

of the DSHS structures from an electromagnetic point
of view, using an inductor—capacitor system. In this
study, the characteristics of the DSHS structures are
investigated from a mechanical engineering point of
view, using a mass—spring system. Through this analyt-
ical method, we can derive a new characteristic equa-
tion. Unlike the Helmholtz resonator, with one mass
and one spring, the DSHS structure has two masses
and one spring. The acoustic mass comes from the
effective acoustic masses at the small holes and the
effective acoustic spring is realized through the cavity
air. When the wavelength of the incident wave is much
larger than the cross-sectional area of the DSHS reson-
ator, the incident wave can be considered as a one-
dimensional plane wave. It is possible to derive the
transmission coefficient and the effective bulk modulus
of this structured acoustic metamaterial. Also note that,
owing to the two side holes, fluid can move back and
forth inside the DSHS acoustic metamaterial.

The actual DSHS system cannot be moved by the
vibrating acoustic forces. When the geometrical dimen-
sions of the DSHS are much smaller than the wave-
length, the DSHS resonator can be considered as an
acoustic system with effective acoustic mass mi and
effective acoustic spring constant ke, as (Kinsler
et al., 1999; Blackstock, 2000)

ketr = poc*S?/V,  Ler = Lo+ 1.4d/2
(1)

Mefr = PoS Lerr,

where py and ¢ are the density of the medium and the
speed of sound. The neck area, the effective height of

White noise
generator

DAQ module

Figure 3. Experimental setup to measure the transmission of
the double-split hollow sphere (DSHS) acoustic metamaterial.
DAQ: data acquisition.

the necks, the actual height of the necks, the diameter
of the necks, and the cavity volume are denoted S, L.,
L, d, and V, respectively. The governing equations of
the DSHS can be formulated as

Time domain : meX| = ker(x2 — Xx1), MerXh
= —kefr(x2 — x1)

Frequency domain : —wzmeff)ﬁ = kegr(x2 — x1),

— ey = —kegr(x2 — x1)
(2
Ketr — 2 K
det ( eff [ meff) el;f -0 (3)
—ketr (ketr — ?merr)
2ker
Wresonance —
Meff

4)

ES
N\ LV’
28

f _ ¢ zkeff _
resonance = 5 Mett “or LV

To verify the functions of DSHS experimentally, the
experimental setup in Figure 3 was prepared. The air
duct was made of a thick cylinder (diameter, 50 mm;
length, 600 mm) and the DSHS structures were placed
in the middle of the air duct. A white noise generator
and a microphone were installed at the two sides and
data acquisition equipment (NI-9234) was used for the
measurement.

Figure 4 shows transmission curves for different
hole sizes of the DSHS structures. It can be seen from
Figure 4 that the pressure transmission is decreased at
about 560 Hz, 720Hz, 850 Hz, and 990 Hz for each
DSHS structures and that these values are close to
the theoretical values of about 563 Hz, 722Hz,
855Hz, and 971 Hz, respectively. With this DSHS
structure, noise levels are reduced by about 120dB,
which is hard to achieve. Figure 5(b) shows the
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Figure 4. Experimental results for different hole sizes: (a) three double-split hollow sphere (DSHS) structures with 2 mm holes;
(b) three DSHS structures with 3 mm holes; (c) three DSHS with 4 mm holes; (d) three DSHS structures with 5 mm holes.

simulated results. It is demonstrated that the resonance
frequencies of all DSHS structures in simulation are
similar to the theoretical results. As Figure 4 and
Figure 5(b) show, the theoretical, simulated, and
experimental results are similar to each other.

3. Heterogeneous DSHS and combined
heterogeneous DSHS (CHDSHS)
structures

3.1. Heterogeneous DSHS structure

In the previous section, DSHS acoustic metamaterial
structures with identical side holes were presented
(Ding et al., 2013). However, in this study, we allow
different sized holes in the acoustic metamaterials, as
shown in Figure 6; this structure is termed a HDSHS
structure. For this HDSHS structure, the governing
equations should be modified as (Kinsler et al., 1999;

Blackstock, 2000)

. . . S1p0¢? .
Time domain : mepr ¥] = Lho 8V, MegraXh
S5 p0c?
- %5 v
2 5)
. 2 S1poc¢
Frequency domain : —@*ner x| = 8V,
Shp0C?
— W' Mggaxs = 20 sy

where 8V is the change in volume (= S;x; + S>x). The

parameters of this model and eigenvalue problem are
defined as

,006252

System 1 : k| = 1 , Mepr1 = poSi1Ly, Ly =1+ 1.45d,/2
2 Q2
S

System 2 : ky = Poc 23 , Meprp = poSalo, Ly =1+ 1.45d,/2

(6)
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Figure 5. Acoustic impedance finite-element experiment with acoustic duct and DSHS: (a) CAD model and finite-element pro-
cedure; (b) transmission curve with respect to various DSHS radii (radius of air duct, 20 mm; thickness of plastic balls, 0.5 mm); (c)
transmission curve for different values of R. (R. is the radius of the air duct with fiesonance =563 Hz at d =2 mm).
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where the subscript 1 or 2 denotes the quantity corres-
ponding to the structural system, i.e., the diameters of
the left and the right necks are set to d; and . Without
loss of generality, in this study, we consider the follow-
ing three HDSHS models, HDSHS 1, 2, and 3; their
analytical resonance frequencies are computed as
630 Hz, 780 Hz, and 901 Hz from equations (5) to (8).

Figure 6. Current HDSHS model and mass—spring model.

det( ):0

S
sk

(k2 — w?megr)

(k1 — @?megiy)

s
siko

(7

HDSHS 1 : 2 — 3mm holes, fiesonance = 630Hz  (9)
HDSHS 2 : 3 — 4mm holes, fiesonance = 780Hz  (10)
HDSHS 3 : 4 — Smm holes, fiesonance = 901Hz  (11)

The involved parameters in equations (5) to (8) can

be computed from the values in equations (9) to (11)
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when # = 0.5 mm, ¥ = 3.1059 x 10~ mm?. To test the
performance of the HDSHS model numerically, the
finite-element model for the acoustic impedance tests
was used and the experimental sound pressure levels
were measured for the three HDSHS models, as
shown in Figure 7. With some differences, their experi-
mental performances agree quite well with our predic-

tions in equations (5) to (8) and (9) to (11).

3.2. Effective properties of HDSHS structures

The resonance frequencies of the HDSHS structures in
Figure 7 are 639, 780, and 901 Hz, respectively. The
resonant wavelengths are 537, 440, and 381 mm,
respectively. It is found that the diameters of the
HDSHS structures (= 40 mm) are much smaller than
their resonant wavelengths. If the length of the unit cell
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Figure 7. Transmission curves computed by finite-element simulations for the three heterogenous double-split hollow sphere
(HDSHS) models and the experimental sound pressure level curves with and without the three HDSHS models. (a) HDSHS 1: 2-3 mm
holes, analytical fresonance = 639 Hz; (b) HDSHS 2: 3—4 mm holes, analytical fresonance = 780 Hz; (c) HDSHS 3: 4-5 mm holes, analytical
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is much smaller than the wavelength, the acoustic meta-
material can be regarded as a homogeneous material
and the method of retrieving effective parameters can
be applied. By considering the ratio of the densities
(m = pa/p1) and the ratio of the speeds of sound
(n = ¢1/cy) of the acoustic medium and the HDSHS,
the reflection (R) and transmission (7)) coefficients are
formulated as (Fokin et al., 2007; Ding et al., 2013)

. .. i/ 1 .
Reflection coefficient : R = ! <— — Zeff) sin(nkd)T
2\ Zegr
(12)
Transmission coefficient : T’
= | cos(nkd) L sin(nkd) o
= n 2\ Zur eff n
mic2  micl Cylmder mic3
HDSHS

Figure 8. Three-point method of acoustic impedance tube
(distance between micl and mic2, s; distance between micl and
center of heterogenous double-split hollow sphere (HDSHS)
structure, L; pressure ratio of micl and mic2: H;).

where the effective acoustic impedance, the wavenum-
ber, and the thickness of acoustic metamaterial medium
are Z.y, k, and d, respectively. The effective acoustic
impedance and refractive index based on the retrieving
effective parameters can be expressed as

2_
Zop = =+ lw’

1 L(1-R+T
n= EZ [2mn + cos <2T‘>i|

In equation (14), the reflection amplitude can be
obtained from the formulation |P./Piy|= A,/Ain.
where P, = A,e"% and Py, = A;,e. In our simulation,
the three-point method of the impedance tube is illu-
strated in Figure 8 (Doutres et al., 2010).

The three-point radius is given as

lks le
H12 _ e—lkS

—2ikL

(15)

R37poim =

The acoustic effective bulk modulus (ker) of the
HDSHS structure is computed as

A

(16)

Keff =

where ko is the impedance of air and py is the mass
density of air. With these formulations, the computed
effective bulk moduli of the HDSHS structures are as
shown in Figure 9 and the effective bulk moduli become
negative near the resonance frequencies. In previous

0.06 T e
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Figure 9. Effective bulk moduli of the present heterogenous double-split hollow sphere structures.
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research (Li and Chan, 2004), the effective moduli are
repeatedly changed near resonance frequencies. In
Figure 9, the effective bulk moduli are changed repeat-
edly near the resonance frequencies. In summary, the
present HDSHS structures show special material prop-
erties not found in nature and their dimensions are
small, compared with the wavelengths.

3.3. Combined heterogeneous DSHS structure

The present DSHS metamaterial and the present
HDSHS metamaterial show significant pressure

attenuations at the target frequencies, i.e., approxi-
mately 6dB, compared with the pressure attenuation
obtained using a Helmholtz’s resonator. However,
like other acoustic metamaterials, their stop bands are
observed for narrow frequency domains. Some research
has been conducted to widen these stop bands by chan-
ging the geometrical parameters (Popa and Cummer,
2009; Ding and Zhao, 2011). This study proposes the
use of multiple acoustic metamaterials. The combin-
ations of different acoustic metamaterials with different
stop bands will increase pressure attenuations over wide
frequency ranges. To verify this idea, we consider three

1" HDSHS

I HDSHS
/\/\/ d,

1" HDSHS

EsYs

2" HDSHS

2" HDSHS

2" HDSHS

/Cylinder

3 HDSHS

/Cylinder

3" HDSHS

/Cylinder

3" HDSHS

Figure 10. Combined heterogeneous double-split hollow sphere (HDSHS) structures: (a) combined heterogenous double-split
hollow sphere (CHDSHS) class | model: three separate different double-split hollow sphere (DSHS) structures; (b) CHDSHS class 2
model: three different separate HDSHS structures; (c¢) CHDSHS class 3 model: combined united HDSHS structure.
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type combinations, i.e., CHDSHS class 1, CHDSHS
class 2, and CHDSHS class 3, as shown in Figure 10.
The CHDSHS class 1 model simply combines several
different DSHS structures depending on the target stop
band ranges. As shown in Figure 10(a), three DSHS
structures with 3 mm, 4 mm, and 5mm holes are located
close to each other inside the air duct. The CHDSHS
class 2 model combines several HDSHS structures. As
shown in Figure 10(b), the model has an arrangement
of three HDSHS structures with 2-3 mm, 3-4 mm, and
4-5mm holes. In the model shown in Figure 10(c), the
three HDSHS structures of Figure 10(b) are joined with
glue. Note that the HDSHS structures are physically
joined for the CHDSHS class 3 model; this can be inter-
preted as a single structure with multiple resonators.
Compared with the CHDSHS class 1 and class 2
models, the performance is inferior because the sum
of the areas interacting with the fluid is smaller.

The sound pressure attenuations of the three
CHDSHS models were measured experimentally; the
results are shown in Figure 11. Comparing with the
sound pressure attenuations, the CHDSHS class 1
model, in which the three DSHS structures are arranged
separately, significantly reduces the sound pressure from
600 Hz to 1200 Hz. The difference in the acoustic meta-
material shown in Figure 10(c) is that the three metama-
terials are joined together. Thus, unlike the separated
metamaterials shown in Figure 10(a) and (b), the
acoustic energy delivered to the metamaterial shown in
Figure 10(c) is relatively uniform. Inside the connected
metamaterials, acoustic resonances occur to absorb the
acoustic energy inside the metamaterial. Thus, uniform
acoustic absorption can be observed in Figure 10(c).

4. Conclusion

To achieve acoustic pressure attenuation over a wide
frequency range, this paper presents a new acoustic
metamaterial using CHDSHS. For imaging subwave-
length features of an object, a metamaterial provides
an interesting engineering solution to overcome the dif-
fraction limit in nature by transforming the responsible
evanescent waves into propagating waves. Therefore,
many numerical and experimental applications can be
found. However, the metamaterial also has a limitation
because of its narrow operating frequency range.
To overcome this limitation and extend the operating
frequency range, we propose a combination of several
metamaterials. To show this possibility, DSHS
structures are considered and the holes of the DSHS
structures are varied. The working stop bands of the
CHDSHS structures depend on the geometric param-
eters of the structures. The presented CHDSHS struc-
tures show stop bands greater than 600Hz in
experiments. From an engineering point of view, the

presented metamaterials can be easily manufactured
and installed and the performances of the metamaterials
can be accurately theoretically predicted. In our opinion,
these characteristics are as important as other acoustic
metamaterials, as observed by Ding et al. (2013). It is
expected that the presented CHDSHS structures can be
applied for the reduction of noise and vibration for vari-
ous engineering applications.
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