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ABSTRACT
One of the most promising features of membrane-type acoustic metamaterials (MAM) is their anti-
resonance at low frequencies, which typically exhibits sound transmission loss values that can signif-
icantly exceed the corresponding mass-law values. The bandwidth of this anti-resonance, however,
is usually very small, which limits the applicability of MAM in practical noise control problems. In
previous research it has been shown that different types of actuators (e.g. magnets, electrodes, or
pressurized air) can be used to adjust the anti-resonance frequency of MAM, for example to adapt
to changing tonal frequencies. However, these actuation principles require additional components to
be added to the otherwise lightweight MAM. To overcome these limitations, this paper will present
preliminary results from an experimental study of a smart MAM which has the sensors and actuators
compactly embedded within the added mass located at the center of the membrane of the unit cell. A
small accelerometer is used to measure the vibration of the added mass and this signal is fed back to a
controller, which is used to actuate the MAM using a small electrodynamic exciter. An impedance tube
is used to measure the sound transmission through the smart MAM and different control algorithms
are compared.

1. INTRODUCTION

Membrane-type acoustic metamaterials (MAM) are composed of a planar periodic array of sub-
wavelength sized unit cells, where each unit cell consists of a thin flexible membrane with at least
one added mass attached to the membrane. Essentially, this arrangement forms a resonant spring-
mass system that, when tuned properly, can exhibit so-called anti-resonances at low frequencies with
sound transmission loss values much higher than expected from the mass-law [1, 2]. Due to their
compact design, MAM can be designed to be very lightweight and therefore are a very attractive po-
tential solution for low-frequency tonal noise control, especially when weight and volume of acoustic
treatments are highly constrained (such as in aircraft, vehicles, or mobile sound barriers). While these
properties of MAM are encouraging, the low bandwidth of the anti-resonance frequencies limits their
applications to noise sources with very narrowband noise or stationary tones. Certain approaches for
improving the bandwidth of MAM have been suggested in previous research, for example by stacking
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multiple layers of MAM or coupling unit cells with different anti-resonance frequencies in parallel
[3, 4]. These approaches, however, ultimately lead to more complex, heavier, and bulkier structures.
Also, the peak noise reduction performance will be reduced when increasing the bandwidth using
passive means, which reduces the advantage of MAM over conventional partitions governed by the
mass-law.

On the other hand, an active actuation of the MAM could be employed to adjust the anti-resonances
according to the incident noise spectrum. For example, Xiao et al. [5] investigated changing the
anti-resonance frequency of a MAM unit cell by applying an electric field, essentially changing the
stiffness of the resonant spring-mass system using voltages of up to 1 kV. In Ref. [6], a non-electrical
approach for achieving similar anti-resonance frequency shifts by employing a static pressurization
of the MAM has been demonstrated. These actuation principles clearly can be employed to ac-
tively adjust the acoustical properties of MAM, but they require additional structures (e.g. electrodes,
as in Ref. [5], or pressure tubes, as in Ref. [6]) which add to the weight and complexity of these
MAM. Furthermore, feedback control algorithms and many adaptive filtering methods, such as the
well-known filtered-reference least mean squares algorithm (FxLMS), require error sensors (typically
microphones) to be positioned as close to the receiver as possible [7].

A more integral approach that could help minimizing the weight and complexity of active MAM
would be to embed both actuators and sensors within the added mass which is required anyway for
the desired functionality of MAM. Instead of using microphones, which—depending on the environ-
mental conditions—could deteriorate after some time, accelerometers on the surface of the MAM
could be used as a more robust alternative to estimate the error signals at the receiver location using
the remote sensing technique [8].

In this contribution, the results of a preliminary investigation of an active MAM with a compact
sensor-actuator added mass will be presented. The basic components of one unit cell of the active
MAM and the active control algorithms will be discussed in Section 2. In Section 3, simulations will
be performed to estimate the performance of the active MAM using different control strategies. Based
on these results, an experimental test sample has been built and measured inside an impedance tube.
The experimental results are presented in Section 4. Finally, Section 5 concludes the paper with a
brief summary of the results.

2. SET-UP OF THE ACTIVE MAM

2.1. Membrane-type acoustic metamaterial
Since the measurements were to be conducted inside a circular impedance tube, the shape of the unit
cell of the MAM considered here is circular. It should be noted that rectangular MAM unit cells
are more suitable for covering large surfaces with multiple unit cells, but there are no fundamental
differences between the vibro-acoustic behaviour of circular and rectangular MAM [9]. The results
presented herein can therefore be readily transferred to MAM with rectangular unit cells.

The diameter of the MAM unit cell is D = 84mm. The membrane is a 55 µm thick PET film
with a pretension1 of 220 N m−1. The shape of the added mass is cylindrical, with a diameter of
DM = 60mm and a thickness of hM = 2mm. The material of the added mass is acrylic glass. All
material parameters, as used in the simulation model, are provided in Table 1. The resulting surface

1The pretension of the membrane has been determined indirectly by measuring the fundamental frequency of the
unloaded membrane (i.e. without added mass, actuator, and sensor) and adjusting the pretension in a simulation model of
the membrane to match the measured fundamental frequency.



Table 1: Material parameters of the MAM components.

Membrane Mass

Material PET Acrylic glass
Density 1310 1190 kg m−3

Young’s modulus 2.3 3.2 GPa
Poisson’s ratio 0.4 0.35 —
Loss factor 10 0 %

mass density of the baseline MAM (without sensor and actuator) is 1.3 kg m−2.

2.2. Actuator and sensor
For the preliminary study in this contribution, the actuation of the MAM is performed using a minia-
ture electrodynamic exciter attached to the top surface of the added mass. An electrical input signal
can be used to drive a moving mass Mms with a voice coil inside the exciter and thus impose a dynamic
force on the MAM. In this work, a type TEAX09C005-8 exciter from Tectonic Audio Labs was used,
which is very compact (26 mm×13 mm×6.5 mm) and lightweight (Mexc = 3.2g) and therefore well
suited for the purposes of this investigation. The relevant Thiele/Small parameters of the exciter have
been determined systematically in previous work [10] and the values provided in Table 2 will be used
for modelling the electrodynamic behaviour of the exciter.

The acceleration of the MAM unit cell center is measured using a PCB Piezotronics type 352A24
miniature accelerometer. The sensor is attached to the MAM on the underside of the membrane and is
very small in size (10 mm×7 mm×5 mm), with a weight of only Macc = 0.8g. Taking into account
the additional mass introduced by the exciter and the accelerometer, the surface mass density of the
active MAM is approximately 2 kg m−2.

2.3. Active control algorithms
In this work, two active control algorithms for increasing the sound reduction of the active MAM will
be investigated. The first algorithm is a feedback loop, where the error signal is passed through a
controller C, which generates a voltage signal U that is provided to the exciter. In typical active noise
control applications, the error signal is provided by a microphone measuring the transmitted sound
pressure pt. A schematic representation of this setup is shown on the left side of Fig. 1. The second
algorithm investigated here is an adaptive feedforward filter based on the FxLMS method [7]. A
schematic setup of this active noise control method using the measured pressure as the error signal is
shown in Fig. 2 (left side). The LMS block represents the algorithm for updating the filter coefficients
w of the adaptive filter F based on the error signal e = pt and the reference signal r filtered by a model

Table 2: Mechanical and electrical parameters for the type TEAX09C005-8 exciter.

Mexc Mms Dms Cms Le Re B`

3.2 g 3.07 g 830 kg s−1 0.23 mm N−1 0.17 mH 8.8 Ω 1.6 T m
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Figure 1: Schematic representation of the transmitted pressure feedback control algorithm. Left:
Direct measurement of pt using a microphone; Right: Remote sensing technique based on the mass
acceleration aM.
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Figure 2: Schematic representation of the FxLMS adaptive feedforward control algorithm. Left:
Direct measurement of pt using a microphone; Right: Remote sensing technique based on the mass
acceleration aM.

of the plant response G̃a. The equation used in updating the filter coefficients is

wn = wn−1 +µen
r̃n

‖r̃n‖2 , (1)

where µ is a convergence parameter and r̃ is the filtered reference signal.

2.4. Remote sensing technique
In this investigation, the error microphone that measures pt is replaced by an accelerometer mounted
on the surface of the MAM measuring the acceleration of the added mass aM. Therefore, in order to
control the transmitted sound pressure using the algorithms presented in the previous sub-section, pt
needs to be extrapolated based on the measured acceleration. The remote sensing technique [8] will
be used for this purpose. The physical background of this method is briefly outlined below.

The transmitted pressure pt is given by the superposition of the disturbance da from the acoustic
path through the MAM and the sound radiated by the MAM vibration induced by the exciter (acous-
tical plant response Ga):

pt = da +GaU . (2)



In the same way, the acceleration of the mass aM depends on the structural disturbance ds and the
structural plant response Gs:

aM = ds +GsU . (3)

Since aM is measured, the structural disturbance can be estimated using a plant model G̃s:

ds ≈ d̃s = aM− G̃sU . (4)

In order to be able to estimate the transmitted pressure pt, it follows from Eq. (2) that the acoustical
disturbance da must be known. Using a so-called observation filter O, the acoustical disturbance can
be estimated from the structural disturbance as follows:

d̃a = Od̃s. (5)

Thus, combining Eqs. (2), (4), and (5) yields the following equation for estimating the transmitted
sound pressure based on the measured acceleration and the plant response:

p̃t = d̃a + G̃aU = OaM +
(
G̃a−OG̃s

)
U . (6)

The right sides in Figs. 1 and 2 illustrate how the remote sensing technique has been implemented in
case of the feedback control and the FxLMS adaptive feedforward control, respectively.

3. NUMERICAL INVESTIGATION

3.1. Numerical setup
All simulations have been performed in the frequency domain for the frequency range f = 50Hz−
−1600Hz. The mesh and boundary conditions used for the finite element method (FEM) simulations
of the active MAM are shown in Fig. 3. Since both the exciter as well as the accelerometer are small
compared to the acoustic wavelengths within the frequency range of interest, it can be assumed that
their interaction with the acoustic field is negligible. Therefore, these components have been coupled
with the MAM using points so that the whole MAM unit cell and surrounding fluid domains can be
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Figure 3: Left: Mesh and boundary conditions in the axisymmetric FEM simulation model of the
active MAM; Right: Lumped electro-mechanical model of the exciter.



modelled using a two-dimensional axisymmetric model. The fluid and the mass have been discretized
using quadratic triangular elements. The membrane is modelled using quadratic one-dimensional
shell elements, including the uniform in-plane membrane pretension.

The exciter was modeled using a lumped representation of the electrical and mechanical parts (as
shown in Fig. 3), with the lumped element parameters given in Table 2. This model was coupled to the
FEM model of the MAM at the exciter coupling point in the centre of the added mass by enforcing
the continuity of force Fexc and displacement wexc of the exciter base and the added mass at this
point. In order to include the additional mass of the accelerometer in the model, the accelerometer is
represented by a point mass Macc.

3.2. Simulation results
First, simulation results for the feedback control setup will be presented. Fig. 4(a) shows the simulated
transmission loss TL of the active MAM using the transmitted pressure pt as the error signal and a
positive gain K as the controller C. To make sure that the feedback loop is stable, the magnitude of
the gain K has been increased in small increments until either the gain margin or the phase margin of
the open loop response become almost zero. Thus, the simulation results represent the upper limit on
what can be achieved within the stability limits of the active MAM.

In case of no control (K = 0), the TL spectrum of the MAM exhibits two peaks: The first peak
at approximately 185 Hz corresponds to the mechanical resonance frequency of the exciter [10]. The
second peak at 700 Hz with much higher TL values is the anti-resonance of the MAM. By increasing
the value of the gain K, the TL between the two peaks can be increased, leading to a broad plateau-
like curve that enhances the bandwidth of the MAM. It should be noted that for K ≥ 20mVPa−1 the
TL of the MAM becomes negative around the first resonance frequency at 100 Hz, because the sound
radiated by the excitation using the exciter superimposes constructively with the transmitted sound.
One way to avoid this is to use a suitable filter that reduces the output signal of the controller in this
frequency range.

The simulation results for the active MAM with the acceleration of the mass aM being used as
the error signal are shown in Fig. 4(b). Since for sound radiation problems acoustic pressure and
structural velocity are directly linked, the feedback controller was simulated as an integrator with
C = K/s (where s = i2π f is the Laplace variable), in order to estimate the mass velocity vM from the
measured acceleration signal. The results in Fig. 4(b) indicate that the mass velocity feedback leads
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Figure 4: Simulation results for the active MAM with different feedback control methods. (a) Trans-
mitted pressure pt feedback; (b) Added mass velocity vM feedback.



to an increase in the maximum TL at the exciter resonance as the magnitude of the negative feedback
gain K is increased. However, the second peak is reduced at the same time, leading to a reduced noise
insulation performance at the MAM anti-resonance. This is contrary to what has been observed in the
case of the pressure feedback.

Next, it will be investigated how the FxLMS adaptive control algorithm will affect the transmission
loss of the active MAM when aM is used as the error signal, instead of pt.2 To get an estimate of the
(theoretically possible) best-case performance, the filter F is assumed to correspond to the ideal filter
F = −Hs/Gs (with Hs being the structural response of the MAM due to acoustic excitation), such
that aM = 0. The simulation results for this case are shown in Fig. 5. It can be seen that if FxLMS
is used to eliminate the acceleration of the mass, the sound transmission loss of the MAM changes
fundamentally. The first resonance frequency is increased from 100 Hz to almost 700 Hz, leading to
a significantly reduced sound transmission loss within the frequency range where the anti-resonance
frequency of the passive MAM is. At lower frequencies, the TL of the active MAM becomes stiffness-
controlled, which could be regarded as an improvement over the passive MAM performance at very
low frequencies. However, this stiffness-controlled TL behaviour cannot be achieved in practice,
because the ideally fixed boundary conditions assumed in the simulations will not be representative for
large-scale MAM panels containing multiple unit cells [11]. The displacement shapes of the simulated
active MAM shown in Fig. 5 for two characteristic frequencies (660 Hz: first resonance frequency;
975 Hz: first anti-resonance frequency) show how the mass is essentially clamped at the accelerometer
attachment point in the center of the mass and the membrane and mass are bending around this
point. This explains why the active MAM becomes much stiffer when the mass acceleration at the
accelerometer attachment point is controlled.

In summary, the simulation results for the accelerometer-based FxLMS configuration show that—
even when an ideal filter can be identified using FxLMS—using the mass acceleration as the error
signal will not provide an improvement of the sound insulation bandwidth of the MAM. Therefore, it
can be expected that by using the remote sensing technique the sound transmission loss of the active
MAM can be clearly improved.

2Simulations of the FxLMS configuration with a pressure-based error signal have not been performed, because in that
case an ideal filter F would lead to pt = 0 for all frequencies and, consequently, TL→ ∞.
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4. IMPEDANCE TUBE MEASUREMENTS

4.1. Measurement setup
The MAM unit cell was manufactured by clamping a PET film in a circular sample holder and pre-
tensioning the film using a heat gun. The added mass disc, exciter, and accelerometer were fixed in
position using adhesives, ensuring good mechanical coupling between all components. Fig. 6 shows
photographs of the experimental test sample.

The MAM sample was placed inside a 100 mm diameter impedance tube, as illustrated in Fig. 7.
The ends of the tube were terminated using sound absorbing materials to minimize reflections. On
each side of the MAM, two microphones were used to estimate the amplitudes of the waves propa-
gating in both directions in front of the MAM (A and B) and behind the MAM (C and D) [12]. These
wave amplitudes have been used in the post-processing of the measurements to estimate the TL of the
MAM according to

TL≈−20lg
∣∣∣∣CA

∣∣∣∣. (7)

All microphone signals and the accelerometer signal were connected to a dSPACE DS-1103 data
acquisition system. The DS-1103 also provided the electrical signals for the loudspeaker and the
exciter attached to the MAM. These output signals have been low-pass filtered and amplified before
being fed into the loudspeaker or exciter. The source signal to the loudspeaker was band-limited white
noise throughout the experiment.

The active control algorithms have been implemented using a real-time interface with SIMULINK.
The sampling rate was 4000 Hz, so that the frequency range of interest (50 Hz–1600 Hz) could be
captured accurately. To measure the transmitted pressure pt, the signal of microphone #3 was used
which was located at a distance of dmic = 200mm away from the MAM. The plant models G̃a and
G̃s as well as the observation filter O have been implemented as finite impulse response (FIR) filters
with 200 coefficients. These coefficients have been estimated using the LMS method before the actual
measurements of the closed loop responses had been conducted.

Figure 6: Experimental test sample of the active MAM. Left: Top side with added mass and exciter;
Right: Bottom side with accelerometer.
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Figure 7: Illustration of the impedance tube measurement set-up.

4.2. Measurement results
In order to verify the overall accuracy of the numerical model, the measured and simulated transmis-
sion loss of the passive MAM are compared in Fig. 8. In general, the agreement between simulation
and experiment is reasonably good, in particular the characteristic shape of the TL spectrum with the
two peaks is clearly visible in both cases. It should be highlighted that the measured anti-resonance
frequency is slightly lower than in the simulations. It is possible that by pressing the sample holder
inside the impedance tube the membrane pretension was reduced slightly, leading to the lower anti-
resonance frequency. Furthermore, additional peaks can be seen in the experimental results (for
example between 300 Hz and 400 Hz) which may be the result of slight asymmetries present in the
experimental test sample that the axisymmetric numerical model cannot take into account.

The measurement results for the feedback control loops are shown in Fig. 9. During the measure-
ments, the magnitude of the feedback gain has been gradually increased in each configuration until
the feedback loop became unstable. The actual measurement data was then acquired for a slightly
lower feedback gain magnitude to demonstrate what is possible using these active control concepts
without further stabilization measures. Fig. 9(a) shows a comparison of the MAM sound transmission
loss with feedback of the transmitted pressure pt. The solid blue line represents results obtained with
a direct measurement of pt using a microphone and the dotted line corresponds to the remote sensing
technique. A comparison with the simulated prediction of the feedback configuration in Fig. 4(a)
shows that the overall gain in low-frequency transmission loss (up to about 6 dB) is similar to the
simulations. Also, the MAM anti-resonance at approximately 700 Hz is mostly unaffected by the
feedback (as in the simulations). However, some qualitative differences can be seen: The measure-
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Figure 9: Measurement results for the active MAM with different feedback control methods. (a)
Transmitted pressure pt feedback (direct measurement and remote sensing technique); (b) Added
mass velocity vM feedback.

ments indicate a reduced TL at around 300 Hz, which was not predicted by the simulations. Further
investigations are required to determine the explanation for this difference. When comparing the ex-
perimental results for the direct measurement of pt and the remote sensing technique it can be seen
that the remote sensing method is capable of replicating qualitatively the TL curve obtained for the
microphone signal feedback. The TL improvement is not as high as in the direct measurement case,
because the maximum feedback gain (before instability of the feedback loop) was 25 % lower in the
remote sensing approach, hence the reduced performance. The lower stability margin requires fur-
ther investigation, although it may be related to the controller relying on the signal estimated via the
observation filter.

The experimental results for the mass velocity feedback are provided in Fig. 9(b). In this case, the
measured data agrees well with the simulation results in Fig. 4(b): The TL is enhanced by up to 5 dB
at the mechanical resonance frequency of the exciter, while a reduction of the peak TL at the MAM
anti-resonance can be observed.

The measurements of the FxLMS-based active control configurations were performed with an
adaptive filter F with 100 filter coefficients and the LMS convergence parameter set to µ = 0.1. In
Fig. 10(a), the experimental results for using the transmitted pressure as the error signal (either by
using a microphone or the remote sensing technique) are shown. In general, the adaptive filter leads
to a very broad frequency range with the transmission loss of the MAM exceeding 30 dB between
100 Hz and 1 kHz, substantially improving the bandwidth of the MAM. Imperfections in the noise
cancelling performance can be attributed to the finite filter length and inaccuracies in the plant model.
The remote sensing technique also leads to a very broad noise insulation band, however, with lower
TL values compared to using the microphone-based error signals. Compared to the TL of the passive
MAM, particularly at low frequencies, this still is a substantial improvement and demonstrates that
the remote sensing technique can provide a reasonable replacement of an error microphone for active
MAM.

Finally, the measurement results for the FxLMS algorithm using the mass acceleration as the error
signal are shown in Fig. 10(b). As expected from the simulations, this does not lead to a broad
improvement of the MAM transmission loss. Instead, the anti-resonance frequency is shifted due to
the constrained motion of the added mass. It is noteworthy, though, that in the measurements shown
here, the MAM anti-resonance frequency is reduced substantially (to 140 Hz), while the simulations
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Figure 10: Measurement results for the active MAM with FxLMS adaptive feedforward control using
different error signals. (a) Transmitted pressure pt (direct measurement and remote sensing tech-
nique); (b) Added mass acceleration aM.

predicted an increase of the anti-resonance frequency (see Fig. 5). The reason for this difference is
still an open question. A reasonable assumption is that this could be related to the boundary conditions
of the impedance tube test sample which will not be as perfectly fixed as assumed in the numerical
model.

5. CONCLUSIONS

In this contribution a preliminary investigation of an active MAM based on numerical simulations
and impedance tube measurements has been presented. The key innovation of the active MAM pre-
sented here was to use an accelerometer mounted directly on the surface of the MAM to estimate
the transmitted sound pressure (using the remote sensing technique), which can be used as an error
signal in active noise control algorithms. The actuation of the MAM was achieved using a small
electrodynamic exciter attached to the added mass of the MAM.

Two active control strategies have been studied numerically and experimentally: A feedback loop
using the transmitted pressure or the mass velocity could be demonstrated to improve the transmission
loss of the MAM, especially at lower frequencies. Due to stability constraints of the feedback loops,
this improvement was limited to around 5 dB–6 dB. More significant and much broader improvements
could be achieved using the FxLMS adaptive feedforward control method, in particular when the
transmitted pressure is used as the error signal. The remote sensing technique exhibited a promising
performance in replicating the results from using a real error microphone.
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