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Abstract—There is proposed a tunable acoustic metamaterials cell composed of a micro-electromagnetic coil
as the mass element and a magnetorheological elastomer (MRE) as cladding layer. The cell resonance fre-
quency is changed by changing the magnetic field generated by the micro-electromagnetic coil to control the
shear modulus of the MRE cladding layer. The tunable bandgaps, transmission loss, and waveguides of the
tunable acoustic metamaterials are investigated using the finite element method. The results show that the
bandgap frequency and width, the maximum attenuation frequency and transmission loss increase with the
increasing of applied magnetic field strength. Meanwhile, without changing the structure of the acoustic
metamaterials, the localization, guidance, demultiplex and multiplex of elastic waves can be realized by
changing the cell resonance frequency. These results will greatly contribute to the application of tunable
acoustic metamaterials in vibration control, new waveguides, and filter components.
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1. INTRODUCTION

Phononic crystals (PCs) and acoustic metamateri-
als can form elastic bandgaps, which do not allow elas-
tic wave propagation in the bandgap frequency [1].
Acoustic metamaterials can form elastic wave low fre-
quency bandgaps in subwavelength scales because of
the local resonance [2]. As research in this field pro-
gresses, acoustic metamaterials have been found to
have unusual physical properties, such as negative
effective mass density [3–5], negative effective modu-
lus [6, 7], and negative Poisson’s ratio [8]. These fea-
tures make acoustic metamaterials usable in many
potential applications, such as usage in absorber [9],
waveguides [10, 11], elastic wave focusing [12–14],
and acoustic cloaking [15–17], among others. How-
ever, two most notable features of acoustic metamate-
rials are low frequency bandgaps and waveguides.

Traditional acoustic metamaterials only operate at
a fixed frequency with a single function because of the
fixed parameter of the materials, and do not change in
response to shifting environmental or application
requirements [18, 19]. In other words, the application
of acoustic metamaterials in different environments is
limited. The bandgaps and waveguides of acoustic
metamaterials must be tunable to satisfy different

applications. Chen et al. [20, 21] developed periodic
arrays of resonant shunted piezoelectric patches to
control the wave propagation in acoustic metamateri-
als. Xiao et al. [22] employed a metal-coated central
platelet and a rigid mesh electrode developed by using
membrane acoustic metamaterials. The results
showed that it could be easily tuned by applying an
external voltage. Meanwhile, Majid Kheybari et al.
[23] developed locally resonant acoustic metamaterial
baffles. The results indicated that acoustic metamate-
rial baffles clearly enhanced the muffler transmission
loss and tuned for frequencies of interest. Zhou et al.
[24] acquired adjustable bandgaps of locally resonant
PCs by applying an electric field to the electrorheolog-
ical elastomer. Xu et al. [1, 25] investigated a magneto-
rheological elastomer (MRE) used as a cladding layer
in two-dimensional PCs and three-dimensional
locally resonant acoustic metamaterials. The results
showed that the position and width of the bandgaps
can be controlled by the application of an external
contactless magnetic field.

The defect states can be used to achieve the appli-
cation of elastic wave microcavity resonance, wave-
guides, and filtering. The PCs are based on Bragg
interferences, hence, their defect structure generally
has a larger size. The small-sized defect structure at a
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long wavelength is enabled by the subwavelength prop-
erties of acoustic metamaterials. A natural idea is to
create defect states in acoustic metamaterials [26].
While periodicity is not necessary for an acoustic
metamaterial, its presence enables an intrinsic, unit
cell based, description of dynamical properties and
wave propagation characteristics as well as order in the
introduction of the local resonant element [27].
Therefore, the creation of a defect state in acoustic
metamaterials cannot be achieved simply by removing
one or a row of inclusions like PCs, but should be
achieved by changing the resonance frequency of
inclusions. Lemoult et al. [28] found that acoustic
waves can be guided, bent, and split in metamaterials
with subwavelength dimensions. Wu et al. [10]
designed a waveguide by acoustic transformation in
the acoustic metamaterials, but the waveguide is only
a 90° bend.

An MRE is a kind of intelligent material. As a class
of intelligent material, its mechanical and rheological
properties can be continuously, rapidly, and reversibly
controlled by the application of an external magnetic
field [29, 30].

This study proposes a tunable acoustic metamate-
rials cell composed of a micro-electromagnetic coil as
the mass element, and an MRE as the cladding layer.
The magnetic field generated by the micro-electro-
magnetic coil is applied on the MRE. The shear mod-
ulus of the MRE is changed, and the cell resonance
frequency is tuned to realize the tunable bandgaps and
create various defect states without changing the
structure of the tunable acoustic metamaterial.

The remaining sections of this paper are organized
as follows: Section 2 presents the model and method
of the bandgaps and waveguides of tunable acoustic
metamaterials, Section 3 explains the results and pro-
vides the discussion, and finally, Section 4 concludes
the paper.

2. MODEL AND METHOD
2.1. Tunable Acoustic Metamaterials Structure

Figure 1a shows the cell of the designed tunable
acoustic metamaterials. The MRE was coated with a
micro-electromagnetic coil, and a layer of magnetic
conducting ring was coated on the MRE to form a
local resonant element. The local resonant element
was placed in the matrix to form a cell. The cell matrix
was epoxy resin. The function of the magnetic con-
ducting ring was to form a closed magnetic circuit with
the micro-electromagnetic coil to increase the mag-
netic field strength applied on the MRE. The red dot-
ted line in Fig. 1a denotes the magnetic induction line
of the magnetic field. The cells were arranged in a
square lattice structure. Figure 1b shows the first irre-
ducible Brillouin zone. Figure 1c depicts an  tun-
able acoustic metamaterial slab. The cladding layer
(MRE) shear modulus of each cell can be individually
adjusted by the magnetic field generated by the micro-
electromagnetic coil, hence, the tunable acoustic
metamaterials with tunable bandgaps and various
defects can be created.

The micro-electromagnetic coil diameter of the
tunable acoustic metamaterials was . The
thickness of the MRE cladding layer was 2 mm, while
that of the magnetic conducting ring was 1 mm. The
lattice constant was 50 mm. The lattice vector in the

 plane is presented as follows:

(1)

where  and  are integers, and  and  are the lat-
tice vectors of the cell. The Bloch wave vector is pre-
sented as:

(2)

2.2. Simulation Method
For the acoustic metamaterial model, the propaga-

tion equation of the elastic waves in the  plane is
written as:

(3)

where  and  are the components of the displace-
ment in the  and  directions;  is the density; and 
and  are the Lame constants.

The acoustic metamaterials have a periodic struc-
ture; hence, Bloch’s theorem must be satisfied,
yielding:

(4)

where  is the wave vector;  is the angular frequency;
 is time;  is a periodic function of ; and  can be

written as:

(5)
In the calculation, the density of the iron core in the

micro-electromagnetic coil was ρiron = 7900 kg/m3, the
Lame’s constants  and  are 115.38 and 76.92 GPa,
respectively; the density of the enameled wire in the
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Fig. 1. (a) Tunable acoustic metamaterial cell structure, (b) the first irreducible Brillouin zone, (c) 8 × 8 tunable acoustic meta-
material slab.
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micro-electromagnetic coil was ;
and the Lame’s constants are  =  and  =

. The material of the magnetic conduction
ring was the same as that of the iron core. The epoxy

resin density was , and the Lame’s
constants  and .

A magnetic dipole model is applied for the MRE
[31]. The density of the Fe particles was

, while that of the rubber was

. The tensile and shear properties
of the MRE were similar, with a Poisson ratio of 0.47.
The magnetic field contribution to the shear modulus
is presented as [1, 32]:

3
wireρ  = 8900 kg m

λ 51.92 GPa μ
34.62 GPa

3
epoxyρ 1200 kg m=

λ = 4.52 GPa μ 1.59 GPa=

33
Feρ 7.89 10 kg m= ×

33
rρ 1.2 10 kg m= ×
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(6)

where  is the volume fraction of the Fe particles in
the rubber matrix;  is the particle radius;  denotes
the distance between two particles in a chain;

 is the vacuum permeability;  is
the applied magnetic field strength; ; ;
and  is the relative permeability. It is supposed
herein that  and , and used the type
elastic parameter . According to the
properties of the MRE, when the magnetic field
strength reaches 10 kOe, the MRE reaches magnetic
saturation, and the shear modulus no longer changes
with an increase in the magnetic field strength. There-
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Fig. 2. The bandgaps of tunable acoustic metamaterials for (a) a magnetic field strength of H = 0 and (b) a magnetic field strength
of H = 6kOe.
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fore, interval of magnetic field strengths is from 0 to
10 kOe.

The finite element software COMSOL Multiphys-

ics 5.4 was employed to investigate the tunable band-

gaps, transmission loss, and waveguides of the acous-

tic metamaterials.

3. RESULTS AND DISCUSSION

3.1. Tunable Bandgaps

Figure 2 shows the bandgaps of the tunable acous-

tic metamaterials. Floquet periodic boundary condi-

tions were applied to the  and  directions of the tun-

able acoustic metamaterial cell. The meshes were

divided into free triangular meshes, and the mesh size

was fine. The wave vector k was parametrically

scanned along the boundary of the first irreducible

Brillouin zone  to obtain the bandgaps. Figure

2 shows two order bandgaps, and we consider the first

bandgap because it usually has a low frequency and

enough width. The first bandgap frequency ranged

from 488 to 1114 Hz (Fig. 2a). The bandgap ranged

from 607 to 1386 Hz when the applied magnetic field

strength was  (Fig. 2b). The lower and

upper boundaries of the bandgap shifted with the

increasing applied magnetic field strength.

Figure 2 depicts that the bandgaps of the acoustic

metamaterials were exhibited as many horizontal

lines, which were locally resonant acoustic metamate-

rials. We investigated the displacement fields of the

first bandgap boundaries. Figure 3a shows that the

x y

Γ− −X M

6 kOeH =
core moved as a whole, while the matrix almost

remained stationary at the lower boundary of the first

bandgap. At the upper boundary of the first bandgap,

the core and the matrix moved in opposite directions

in Fig. 3b. The MRE cladding layer acted as a soft

spring, while the core and the matrix acted as a

lumped mass. The arrows in Fig. 3 represent the rela-

tive motion direction of the core and the matrix.

Continuous change in the magnetic field affects

the parameters of the bandgap. As shown in Fig. 4, the

bandgap frequency shifted up when the magnetic field

was increased from 0 to 10 kOe. Its width increased

with the increasing applied magnetic field strength,

and its boundaries changed from 488–754 to 1114–

1723 Hz. Therefore, the bandgaps of the tunable

acoustic metamaterials can be controlled by applying

a magnetic field.

3.2. Transmission Loss

Transmission loss of the tunable acoustic metama-

terial slab with different magnetic field strengths was

calculated through the frequency response analysis to

study the attenuation effects of the tunable acoustic

metamaterials. A prescribed displacement amplitude

was applied to the boundary (input port) of the tunable

acoustic metamaterial slab with an average value of .

The integral of the displacement amplitude on the

other boundary (output port) was obtained. The aver-

age value  was calculated. Therefore, the transmis-

sion loss can be obtained as:

ip

op
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Fig. 3. Displacement fields of the bandgaps boundaries of the tunable acoustic metamaterial cell. (a) The lower boundary of the
bandgaps, (b) the upper boundary of the bandgaps.
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The magnetic field strengths of all the cells in the

tunable acoustic metamaterial slab were 0, 4, 6, and 8,

respectively. Figure 5 shows the transmission loss of

the tunable acoustic metamaterial slab with different

magnetic field strengths. The elastic wave in the band-

gap frequency had a large attenuation. At the same

time, the maximum attenuation frequency of the

transmission loss shifted to the high frequency with

increasing magnetic field strength, which was consis-

tent with the increase of the bandgap frequency of the

magnetic field strength. Figure 5 also shows that the
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Fig. 4. Dependence of the bandgaps on the applied mag-
netic field strength.
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transmission loss increased with the increase of the

magnetic field strength because the magnetic field

strength increased, and the shear modulus of the MRE

increased, thereby increasing its impedance effect on

the elastic wave. Therefore, the increase of the mag-

netic field strength not only broadened the bandgaps

of the acoustic metamaterials, but also enhanced the

attenuation effect on the elastic wave, such that the use of

the MRE as the cladding layer enabled the acoustic

metamaterials to have better transmission characteristics.

3.3. Tunable Waveguide Paths

The waveguide frequency depended on the band-

gaps. The elastic wave with 660 Hz frequency was

taken as the research object according to bandgap fre-
Fig. 5. Curve of the transmission spectra.
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Fig. 6. (a) Perfect tunable acoustic metamaterial slab; (b) displacement field of elastic wave propagating in a perfect tunable
acoustic metamaterial slab; (c) point defect of tunable acoustic metamaterial slab; and (d) displacement field of elastic wave prop-
agating in a point defect.
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quency of the tunable acoustic metamaterials. Its

propagation in the tunable acoustic metamaterial slab

with defect states was also investigated.

The slab is called a perfect structure when the tun-

able acoustic metamaterial slab has no defects, that is,

the parameters of all the cells in the slab were the

same. Figure 6a depicts that the magnetic field of all

cells was off. Figure 6b shows the displacement field of

the elastic wave propagating in a perfect tunable

acoustic metamaterials slab. The elastic wave cannot

propagate because of the bandgap.

The two point defects were created by changing the

MRE cladding layer parameter of the two cells by also

changing the applied magnetic field. Figure 6c shows

that the magnetic field applied to the two cells was on,

and applied to the other cells was off. The displace-
ment field of the two point defects in Fig. 6d exhibits

that the elastic wave was localized.

Figure 7a exhibits a straight line-shaped defect that

resulted from the magnetic field applied to a row of

cells being on and applied to other cells being off. Fig-

ure 7b illustrates the displacement field of the elastic

wave propagation. The elastic wave propagated along

the straight line-shaped defect to form a straight line-

shaped waveguide.

The magnetic field was applied to a succession of

cladding layers of cells forming a complex path. We

then designed a bent waveguide. Figure 7c shows a

right-angle defect path. Figure 7d presents the dis-

placement field of the incident elastic wave propagat-

ing in the slab. The elastic wave followed the guide

even in the sharp corner.
ACOUSTICAL PHYSICS  Vol. 66  No. 2  2020
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Fig. 7. (a) Straight line-shaped defects of tunable acoustic metamaterial slab; (b) displacement field of elastic wave propagating
in the straight line-shaped defects; (c) sharp corner defects of tunable acoustic metamaterial slab; and (d) displacement field of
elastic wave propagating in sharp corner defects.
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We can design a Y-shaped waveguide with the same

method. Figure 8a shows a Y-shaped defect path

designed by the magnetic field on-and-off. Figure 8b

depicts the displacement field of the incident elastic

wave propagating in the tunable acoustic metamaterial

slab containing the Y-shaped defect. The displace-

ment field showed that the elastic wave was separated

and directed toward the two branches of the Y junc-

tion. Figure 8c illustrates the bypass defect path. Fig-

ure 8d displays the displacement field for the bypass

path waveguide. The tunable acoustic metamaterial

slab can be used as a demultiplexer or a multiplexer.
ACOUSTICAL PHYSICS  Vol. 66  No. 2  2020
The abovementioned analysis indicated that the

tunable acoustic metamaterial slab can realize various

waveguide paths by changing the magnetic field

applied on the MRE by the micro-electromagnetic

coil. The tunable acoustic metamaterial slab can real-

ize localized, guided, demultiplexed, and multiplexed

elastic waves.

4. CONCLUSIONS

The tunability of the elastic wave bandgaps and

waveguides of acoustic metamaterials with a tunable

cell resonance frequency was investigated herein using
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Fig. 8. (a) Y-shaped defect of tunable acoustic metamaterial slab; (b) displacement field of elastic wave propagating in the
Y-shaped defect; (c) bypass defect path of tunable acoustic metamaterial slab; and (d) displacement field of elastic wave propa-
gating in the bypass defect.
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finite element method. The bandgaps of tunable

acoustic metamaterials can be controlled by changing

the magnetic field strength applied on the MRE. The

relationship between the bandgaps of the tunable

acoustic metamaterials and the magnetic field was

obtained. The transmission spectra in the bandgaps

were calculated. The attenuation frequency and the

transmission loss can be increased with the increasing

magnetic field strength. Point and line defects can be

created by changing the cell resonance frequency.

Moreover, desirable waveguides can be created by

designing the defect states without changing the struc-

ture of the tunable acoustic metamaterial. The tunable

acoustic metamaterial slab can be used as a reconfigu-
rable device for guiding, multiplexing, or demultiplex-

ing an elastic wave.
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