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To realize a structure which can be conveniently tuned to multiple and wideband frequency ranges,
a geometrical-stiffening membrane acoustic metamaterial (MAM) with individually tunable multiple fre-
quencies is presented. The MAM is realized by a stacked arrangement of two membrane-magnet elements,
each of which has a membrane with a small piece of steel attached in the centre. It can be tuned indi-
vidually by adjusting the position of its compact magnet. The normal incidence sound transmission loss
of the MAM is investigated in detail by measurements in an impedance tube. The test sample results
demonstrate that this structure can easily achieve a transmission loss with two peaks which can be shifted
individually in a wide low-frequency range. A theoretical consideration is analysed, the analysis shows
that the magnetic effect related to this distance leads to a nonlinear attractive force and, consequently,
nonlinear geometrical stiffening in each membrane-magnet element, which allows the peaks to be shifted.
A reasonable design can make the structure have a good application prospect for low-frequency noise insu-
lation where there is a need to adjust the transmission loss according to the spectrum of the noise source.
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1. Introduction

During the last two decades, many researchers in
physics and acoustical engineering have focused on
acoustic metamaterials (FANG et al., 2006; LEE et al.,
2009; LIANG et al., 2009; ZHANG et al., 2011; MEI
et al., 2012). Most membrane-type acoustic metama-
terials (MAMS) once fabricated cannot adapt to real-
life scenarios; they are passive and hardly adjustable,
and their application is impractical in environments
(DING et al., 2010; FEY et al., 2011; L1 et al., 2004;
GUENNEAU et al., 2007; LEE et al., 2010; YANG et al.,
2013). Then a substantially dynamic approach to miti-
gate these problems is an urgent matter to control low
frequency noise. CHEN et al. (2014a) applied a gra-
dient magnetic field to actively tune the MAMs. This

enables the shifting of the membrane eigenfrequen-
cies during operation by selecting appropriate external
magnetic field gradients. However, in the experiments,
a large permanent magnet was used to generate the re-
quired magnetic field, which greatly increases the over-
all mass and size of this active MAM. A different re-
alization of an active MAM was recently proposed by
X1A0 et al. (2015), who showed that the MAMs can
be easily tuned by applying an external voltage, and
used a setup similar to that of a condenser microphone
with an acoustically transparent fishnet electrode and
the added mass on the MAM acting as the counter
electrode. By applying an external DC voltage, the
eigen frequency of the MAM could be decreased due to
the additional attractive force between the electrodes.
This design requires the supply of a constant voltage
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in every unit cell of the active MAM. For many poten-
tial fields of application, where a large surface needs
to be covered with such active MAMs, considerable
amounts of wiring are required to provide each unit
cell with the suitable voltage, thus increasing the mass
and installation effort of the active MAM structures.
Furthermore, in some cases it might be infeasible to
use electrical wirings inside noise protection devices
due to safety regulations. LANGFELDT et al. (2016) de-
signed a new realization of an active MAM that em-
ploys a centralized actuation principle for adjusting the
dynamic MAM properties without requiring individual
electrical circuits in each MAM unit cell. This design
requires that the materials of the membrane and the
frame must be airtight so that the air volume between
the MAMs and the frame can be pressurized using
an external source of pressurized air connected to the
MAMs via tubing or channels inside the frame. How-
ever, the fully sealed design lacks feasibility under some
complex environments, and the slightest rupture of the
membrane can cause the structure to lose its original
purpose. MA et al. (2018) achieved an actively recon-
figurable acoustic metasurface that can play the crucial
role of a deep-subwavelength, phase-modulating binary
spatial sound modulator (SSM). This work mainly fo-
cused on the SSM’s switchable property between two
states through an electromagnet and did not pay much
attention to the continuously tunable characteristics
and frequency tuning range of the structure.

Efficient theoretical models to estimate the trans-
mission loss of MAMs are demanded on account of
the high potential of MAMs in low frequency sound
insulation. For membranes loaded with a rigid mass,
some of the first theoretical studies were carried out
(KORNHAUSER et al., 1953; COHEN et al., 1957), in
which the influence of a concentric circular mass on the
natural frequencies of a circular membrane has been in-
vestigated. Further theoretically analyses for this case
was done, the natural frequencies and mode shapes
are given for the concentrically loaded circular mem-
brane (WANG, 2003). ZHANG et al. (2012) proposed an
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analytical model of a rectangular mass loaded a rect-
angular membrane specifically tailored for the applica-
tion to MAMSs, the forced vibration behaviour of mem-
brane loaded with a mass was obtained by employing
Galerkin method. Later, an analytical model for a cir-
cular membrane with a concentric ring mass was de-
rived using the analogous approach (TIAN et al., 2013).
However, the two models do not give reasons for the
rigidity and rotary inertia of the masses. Therefore,
CHEN et al. (2014b) proposed a most comprehensive
analytical model of MAMs recently. These theoreti-
cal methods are also suitable for tunable structures.
An analytical model for the transmission loss calcula-
tion of thin rectangular and circular membranes loaded
with adjustable acoustic properties has been presented
by (LANGFELDT et al., 2016). These theoretical studies
are of great help to our theoretical analysis.

Our preliminary work (ZHAO et al., 2019) presented
a new approach can be tuned conveniently by ad-
justing its position using a screw. It is a single layer
structure for limited low frequency sound isolation and
can achieve only a single low-frequency transmission
peak in a given state. To realize a structure which can
be conveniently tuned to multiple and wideband fre-
quency ranges, a new design of geometrical-stiffening
membrane acoustic metamaterial is presented with in-
dividually tunable multiple frequencies. Theory, simu-
lation and experiment methods are employed to study
the normal incidence sound transmission loss of the
MAM. The magnetic effect related to a nonlinear at-
tractive force and, consequently, nonlinear geometric
stiffening in each membrane-magnet element, which al-
lows the peaks to be shifted, is analysed in this paper.

2. Structure

The basic structure of the geometrical-stiffening
membrane acoustic metamaterial is shown in Fig. 1.
The MAM is realized by a stacked arrangement of two
membrane-magnet elements separated by an air gap
and suspended from a support frame. Each element

Fig. 1. Schematic of the geometrical-stiffening MAM.



J. Zhao et al.

— Analysis of a Geometrical-Stiffening Membrane Acoustic Metamaterial. . . 89

has a membrane with a small iron platelet attached in
the centre, a compact magnet and a solid ring support
frame. The membrane has a radius R = 50 mm, thick-
ness d = 0.14 mm and density p = 1.329 - 1073 g/mm3
and is fixed on a solid ring support frame. The iron
platelet has radius r = 5 mm and mass mg = 300 mg.
The solid ring support frame is a circular aluminium
ring with an outer diameter of 100 mm, a thickness
of 2.5 mm, a height of do = 15 mm, designed to hold
the membrane and fix the tuned central magnet at
a certain distance from the platelet by a triangular
structure. The magnet has radius 4 mm, top magnetic
induction intensity 4830 Gs and its top height i can be
tuned easily in a range 5 mm to 15 mm, so the distance
to the platelet is between 10 mm and close to 0 mm, de-
pending on the deformation of the membrane. The two
elements of the unit cell are set symmetrically, com-
bined with each other by the interval support frame
which is also a circular aluminium ring with an outer
diameter of 100 mm, a thickness of 2.5 mm, a height of
di = 10 mm. This is the maximum distance, verified by
experiment (ZHAO et al., 2019), over which the magnet
exerts a force on the iron platelet. This ensures that
each magnet only has an effect on its own element. The
heights of the two magnets, h and h; can be adjusted
independently.

3. Theory analysis

The MAM is realized by a stacked arrangement of
two membrane-magnet elements separated by an air
gap and suspended from a support frame. Each mag-
net only has an effect on its own element. The first
anti-resonance frequency prediction model for a sin-
gle layer structure (one element) has been presented
in preliminary work (ZHAO et al., 2019). This is also
suitable for the geometrical-stiffening MAM to predict
its isolation peaks in each element.

When an incident harmonic acoustic wave excited
on the structure, the magnetic force exerted on the
rigid iron platelet is (ZHAO et al., 2019):

F'=F +kyAx, (1)

where F' is the magnetic force which the magnet acted
on the rigid iron platelet, Az is the harmonic variation
of the membrane, which is a small value introduced
by F. There are two parts in Eq. (1): the constant
force value F', and a force which dependent on k,, that
relates to Ax. The freedom position of the iron mass
is shifted by the first part F slightly, whereas an extra
dynamic force on the platelet is the second term. The
stiffness k,, can be calculated as:

dF 2 2F
kn =70 = ¢ =0 (2)
dz (do-h-2)* 1
where z is the iron platelet displacement from its free-
dom position due to the magnetic affect, the constant

¢ depends on the magnetic field, and [ = dy — h — x is
the distance between the iron mass and the magnet
top.

The first anti-resonance frequency of the one ele-
ment could be described by,

f ,U,Ql ,LL21 1 2 136 ko—ﬁ-k
o fr H1 27TV V

where f, is the first resonance mode can be expressed
by a simple spring-mass model (MORSE et al., 1986),
k is the total stiffness, comprised of ky which is deter-
mined by the membrane’s pre-stress and k,, due to the
magnet. The first anti-resonance mode without mag-
net, fo,, can be derived from experimental observa-
tions shown below in Fig. 5 as f,o = 148 Hz from which
ko can be estimated as kg ~ m (2'21%&0)2 ~ 315.8 N/m
according to a simple spring mass model and m is
the combined mass of the membrane and iron platelet
(1.669 g). w1 is the first root of the zero order Bessel
function, w9 is the first root of the second order
Bessel function.

The static magnetic force F' exerted on the rigid
iron platelet was measured using a dynamometer as
the distance [ between the magnet top and the central-
ized rigid iron platelet (test point) varied, the magnetic
force from test results and the stiffness obtained using
Eq. (2) can be plotted, thus, the first anti-resonance
frequencies of the element could also be calculated and
predicted from Eq. (3), the results are as shown in
Fig. 2. This simple theoretical analysis can quickly and
accurately help us predict the peak frequency of trans-
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Fig. 2. a) Measured static magnetic force F' exerted on
the rigid iron platelet, and k, obtained according to F’;
b) predicted first anti-resonance frequencies plotted against
relative distance (.
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mitting loss for the application structure design. The
more complicated model to describe the membrane be-
havior (such as whole transmitting loss, phase informa-
tion, etc.) will be developed in the following work.

4. Experiments and analysis

The normal incidence sound transmission loss of
the MAM is investigated in detail by measurements
in an impedance tube. The sound transmission loss is
defined as: TL(w) = 101g(W;/W,), where W; and W;
are the airborne sound power incident on the sample
and the sound power transmitted by the sample. It
was measured under normal incidence using a Bruel &
Kjaer Type 4206 large sample tube. The mathematical
formulation is based on the transfer matrix represen-
tation, which has been widely used in the past both
to analyze and to measure the acoustical properties
of flow system elements, the theoretical base for this
method of measurements has been better explained in
the instruction manual of Bruel & Kjaer Type 4206.
At one end, the tube features a loudspeaker providing
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broadband, stationary random excitation to the sys-
tem. At the other end, the tube can be fitted with ter-
mination conditions. The internal volume of the tube
is divided into two sections by a test sample under in-
vestigation, extending across the tube cross-section, as
shown in Fig. 3. This type of sample tube shown in
Fig. 4 has an inner diameter of 100 mm and is rated
for a frequency range of 50-1600 Hz.

The transmission losses of the MAM in different
conditions were tested. First, the transmission loss of
the geometrical-stiffening MAM without magnets was
tested, shown in Fig. 5, the value of f,o is identified
as 148 Hz. This is a key parameter to estimate the
initial stiffness of the membrane with iron platelet of
the geometrical-stiffening MAM.

Then, introducing the magnets, measured results
are depicted in Fig. 6 in which the magnet top height
h = 5 mm is kept constant in the first element, while
the other magnet top heighth; in the second element
is varied from 5 mm to 10.7 mm. The transmission loss
peaks belonging to the first element with A = 5 mm
are almost unchanged at the same frequency of about
150 Hz. This is the same frequency as found without
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Fig. 3. Transmission Loss experimental setup.
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Fig. 5. Transmission loss of the geometrical-stiffening MAM without magnet.
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Fig. 6. Measured transmission losses of the MAM at different tuned conditions with h =5 mm.

the magnet in Fig. 5 because the magnet is about
10 mm away from the platelet which is the distance
where it has minimal effect. The transmission loss
peaks in the curves due to the second element are
seen to shift in a range about from 150 to 400 Hz as
the magnet top height h; is increased from 5 mm to
10.7 mm while the distance {; decreased from 10 mm
to 2.63 mm due to the nonlinear geometric stiffening
in the element introduced by the magnetic force, in
other words, the frequency increases when the magnet
gets closer to the membrane because of the increased
tension in the membrane.

After that, the magnet top height hy = 10.7 mm is
kept constant in the second element, while the other
magnet top height A in the first element is varied from
5 mm to 13.9 mm, and the distance [ decreased from
10 mm to 1 mm, at which point it almost comes into
contact with the iron platelet. These results are de-
picted in Fig. 7. The transmission loss peaks belonging
to the second element with h = 10.7 mm are almost un-
changed at the same frequency of about 360 Hz. The
transmission loss peaks in the curves due to the first
element are seen to shift in a wide range from about
150 to 800 Hz as the magnet top height h is increased

from 5 mm to 13.9 mm. The two elements can also be
tuned at the same time to suit any frequency required
for noise control.

The experiment and theory predicted results of
the transmission loss peaks for the two elements of the
MAM can be plotted in Fig. 8, which indicates that
the experimental transmission loss peaks for each ele-
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Fig. 8. The relationship between the transmission loss peak
and distance [ in element.
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Fig. 7. Measured transmission losses of the MAM at different tuned conditions with h; = 10.7 mm.
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ments of the MAM derived from the impedance tube
measurements are in good agreement with those pre-
dicted theoretically. The relationships between the
transmission loss peaks and the distances in the ele-
ments tell us more explicitly how the tuned magnet
top height as well as the distance | change the peaks.
It is more helpful to judge the transmission loss peak
frequency through the determination of the magnet po-
sition, it is very useful for our active control structure
design in the future.

This design can thus easily and feasibly achieve two
transmission loss peaks that are individually and flex-
ibly tuneable over a very wide low-frequency range.
From the analysis, it is shown that the position of the
transmission loss peaks can be determined by adjust-
ing the magnet top heights hor the distance [. The
magnetic effect related to this distance leads to a non-
linear attractive force and, consequently, nonlinear ge-
ometric stiffening in each membrane-magnet element,
which allows the peaks to be shifted. A reasonable de-
sign of membrane-magnet distance in each element can
easily be used to realize individually-tuned multiple
transmission loss peaks which make the structure have
a good application prospect for low-frequency noise in-
sulation where there is a need to adjust the transmis-
sion loss according to the spectrum of the noise source.

However, from the view of practical application, the
applied conditions for this MAM need to be consid-
ered, especially for the magnet in the structure. The
magnet used here is NdFeB magnet, it has an axial
magnetic field, and its magnetic induction intensity on
the top or bottom surface is 4830 Gauss. The magnet
is permanent theoretically, if the environment where
it is used meets some requirements, such as, the am-
bient temperature does not exceed 80°, and there are
not any other high magnetic fields. Therefore, com-
pared with other tunable structures (XI1A0 et al., 2015;
LANGFELDT et al., 2016; MA et al., 2018), the design
cannot be applied in the environment that has high
temperature and magnet field. In fact, for practical ap-
plications, this magnet can work for at least six years
without weaken in environments that meet the require-
ments for permanent magnets, according to the tested
results of magnets purchased six years ago in the lab.
It may last longer, this will take time to verify, we will
continue to pay attention to this issue in the future.

5. Conclusions

This paper demonstrates that a geometrical-
stiffening membrane acoustic metamaterial can be re-
alized to achieve high transmission loss at multiple
low frequencies which are adjustable in a large fre-
quency range; the peaks can be easily tuned individu-
ally by applying small magnets, the top height of which
can be tuned conveniently. The acoustical properties
of the design are investigated through theory analysis

and experiments. These showed that the geometrical-
stiffening MAM with two elements can be tuned easily
and feasibly at the same time to suit any frequency at
which control is required in a wide range from about
100 to 800 Hz. The tuning is achieved due to the regime
of the nonlinear geometric stiffening introduced by the
adjustable magnet top height in the design. The results
demonstrate that a reasonable design of membrane-
magnet distance in each element can easily be used
to realize individually-tuned multiple transmission loss
peaks which make the structure have a good applica-
tion prospect for low-frequency noise insulation where
there is a need to adjust the transmission loss accord-
ing to the spectrum of the noise source.
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