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Plate-type acoustic metamaterials (PAM) consist of a thin film with periodically added masses. These
metamaterials can be designed to be very lightweight and exhibit narrow bands at low frequencies with
high sound transmission loss values that can exceed the corresponding mass-law considerably. In this
paper, a new approach for improving the bandwidth of PAM by using Helmholtz resonators which rep-
resent the added masses is investigated. The key principle of this design is that the Helmholtz resonance
gives rise to an additional peak in the transmission loss spectrum which can be tuned to increase the
bandwidth of the PAM. Sound transmission loss measurements of a large-scale test sample with 270 res-
onators are used to demonstrate the performance of the proposed metamaterial under diffuse field exci-
tation. Then, numerical simulations based on the finite element method are used to further investigate
the physical mechanisms of the PAM with Helmholtz resonators. It is shown that when the baseplates
of the Helmholtz resonators are stiff enough, the Helmholtz resonance is decoupled from the vibro-
acoustics of the PAM. This can be exploited to effectively increase the bandwidth of PAMwithout any sig-
nificant reductions of the sound transmission loss due to coupling resonances.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Helmholtz resonators (HR) have been used in a broad range of
applications within noise control, for example as low frequency
sound absorbers in rooms [1] or to increase the sound transmission
loss of double wall partitions [2]. Recently, it has also been demon-
strated that acoustic metamaterials with Helmholtz resonators can
exhibit frequency bands with negative bulk modulus, which can be
exploited in noise control applications or the development of
acoustic cloaks [3,4]. The sound transmission loss of a metamate-
rial plate with integral Helmholtz resonators was investigated in
Ref. [5], where it could be shown that the sound transmission loss
(STL) of the plate can be significantly increased at the resonance
frequency of the Helmholtz resonators. Plate-type acoustic meta-
materials (PAM), on the other hand, are composed of a thin base-
plate with periodically attached masses. As first demonstrated by
[6], PAM can exhibit narrow frequency bands (so-called anti-
resonances) in the low frequency range with STL values signifi-
cantly surpassing the corresponding mass-law values. This makes
PAM a promising solution for noise control problems with strong
weight limitations on noise reduction materials. Since the investi-
gations by [6] and the advent of acoustic metamaterials in the
2000s, more thorough investigations of PAM have been published
[7,8]. For example, [9] used an analytical model to calculate the
sound transmission and bending wave energy propagation of
PAM with point-like masses. In Ref. [10], the effect of inaccuracies
in the parameters of the periodically added masses (e.g. random
mass positions) was investigated numerically. It could be shown
that such inaccuracies can lead to a damping-like smoothing of
the STL spectrum of PAM. [11] provide a parametric study using
a semi-analytical model to investigate the effect of different PAM
design parameters on the STL properties of PAM. Their model
was validated using sound intensity measurements under diffuse
sound field excitation.

The typically narrow bandwidth of the anti-resonances of PAM
somewhat limits their application to noise sources with fixed tonal
components. Therefore, some effort has been made recently to
increase the bandwidth of PAM and thus expand the range of
potential applications of PAM in noise control. [12] studied exper-
imentally the structure-borne sound transmission of a PAM with
resonant tungsten/silicone rubber stubs. They could show that
due to the resonances of the stubs a broad band-gap with signifi-
cantly reduced vibration amplitudes forms at frequencies below
3 kHz. The STL properties of a PAMwith multi-resonant stubs were
studied using simulations by [13]. They could show that multiple
anti-resonances could be introduced by this method, leading to
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an improved bandwidth. In Refs. [14,15] two layers of PAM were
coupled with a tonraum resonator in order to enhance the band-
width of the PAM. [16] demonstrated using a generalized analyti-
cal model that the bandwidth of PAM can be increased by using
multiple masses in one unit cell or by stacking multiple PAM lay-
ers. Using optimizations, it was also shown that, for a fixed overall
surface mass density of the PAM, there exists a certain maximum
bandwidth that cannot be exceeded, unless additional masses
and/or PAM layers are introduced.

This paper investigates a new approach to increasing the band-
width of PAM anti-resonances. The present approach distinguishes
itself from previous attempts by replacing the solid or composite
masses with Helmholtz resonators, which exhibit acoustic reso-
nances at their respective Helmholtz resonance frequencies f R.
Fig. 1(a) shows the basic setup of the PAM with Helmholtz res-
onator masses arranged in a square array with a unit cell size of
a. A cross-section of one unit cell with the geometrical parameters
of the Helmholtz resonators and the baseplate is shown in Fig. 1(b).
The key motivation for this new PAM design with Helmholtz res-
onator masses is that the anti-resonance of the PAM and the Helm-
holtz resonance can be combined to improve the bandwidth of
PAM.
2. Sound transmission loss measurement

2.1. Methodology

A 1 m � 1.2 m large test sample was built in order to perform
STL measurements of a PAM with Helmholtz resonator masses
under diffuse sound field excitation in a reverberation chamber/
hemi-anechoic chamber test setup, as illustrated in Fig. 2(a). The
sample was composed of a t ¼ 0:55 mm thick polycarbonate (PC)
plate with 15� 18 ¼ 270 Helmholtz resonator masses glued onto
it in a square array with a unit cell size of a ¼ 65 mm using a
Fig. 1. (a) Plate-type acoustic metamaterial (PAM) with Helmholtz resonator
masses arranged in a square periodic array (unit cell size: a); (b) Cross-section and
geometrical parameters of one unit cell.

Fig. 2. (a) Overview of the sound intensity measurement setup; (b) 1 m � 1.2 m
large experimental test sample of a plate-type acoustic metamaterial with 270
Helmholtz resonator masses (PAM + HR); (c) Test sample with the Helmholtz
resonator necks closed using tape (PAM); (d) Measured diffuse incidence sound
transmission loss of both configurations.

2

cyanoacrylate-based instant adhesive. Each Helmholtz resonator
was additively manufactured using polylactic acid (PLA) and
weighed 10 g. The outer diameter and height of each resonator
were given by DR ¼ 50 mm and HR ¼ 27 mm, respectively. The
diameter of the neck was Dn ¼ 8 mm and the neck extended inside
the cavity of each resonator by a length of ln ¼ 8:5 mm. The thick-
nesses of the resonator walls were tc ¼ 1 mm; tw ¼ 1:5 mm, and
tn ¼ 0:7 mm for the cover, sides, and neck extension, respectively.
Fig. 2(b) shows the test sample with open Helmholtz resonator
necks mounted inside the transmission test window. Note that
the different colours of the resonators were a result of differently
dyed PLA used in the manufacturing process. All resonators have
the same geometrical properties. In Fig. 2(c) it is shown how the
Helmholtz resonator necks were closed using small pieces of adhe-
sive tape in order to represent a conventional PAM with non-
resonant masses. The added mass of the adhesive tape was, on
average, 21mg per resonator, which corresponds to an increase
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of the resonator mass by only 0.2%. Therefore, it was assumed that
the impact of the mass of the adhesive tape on the performance of
the PAM is negligible.
Fig. 3. (a) Schematic illustration of the simulation model of the PAM with
Helmholtz resonator mass; (b) Detailed view of the baseplate and Helmholtz
resonator meshing; (c) Simulated normal incidence STL of the PAM with HR and
PAM with closed resonators configurations (the experimental results obtained
under diffuse incidence are included for qualitative comparison); (d) Simulated
displacement of the PAM with Helmholtz resonator mass at the characteristic
frequencies labelled in (c).
2.2. Results

The STL measurements were carried out using a sound intensity
probe in accordance with a modified measurement method based
on ISO 15186-2 [17]. For each sample, the measurement consisted
of two steps: First, with no test sample present in the test window,
the average incident sound intensity level LI;in was measured by
sweeping the intensity probe across the open window area. Then,
the sample was mounted inside the window and the average trans-
mitted sound intensity level LI;tr was measured. In all of these mea-
surements the white noise signal fed into the loudspeaker in the
reverberation chamber remained unchanged. The transmission
loss is then given by TL ¼ LI;in � LI;tr. This modified measurement
method has been chosen because it provides more accurate results,
especially at lower frequencies where the sound field in the rever-
beration chamber can be affected by room modes [17].

The measurement results are shown in Fig. 2(d) for the config-
urations with open Helmholtz resonators (PAM + HR) and closed
resonators (PAM). For the PAM with closed Helmholtz resonators,
the first anti-resonance can be clearly seen at 600 Hz with STL val-
ues of over 25 dB. When the Helmholtz resonators are open
(PAM + HR), this anti-resonance remains at roughly the same fre-
quency, but the peak STL value is reduced by approximately
5 dB. It will be shown later using the numerical simulations that
this reduction is a consequence of the flexibility of the Helmholtz
resonator baseplate and can be avoided by strengthening the base-
plate. Additionally, a second STL peak can be observed at approxi-
mately 320 Hz, which corresponds to the acoustic resonance of the
Helmholtz resonators. It should be noted that this frequency is
considerably smaller than what would be expected when using
well-known formulas for the resonance frequency of Helmholtz
resonators (here: f R � 460 Hz). The reason for the reduced Helm-
holtz resonance frequency is the elasticity of the thin baseplate,
which reduces the effective stiffness of the air volume inside the
resonators [18]. In any case, these experimental results demon-
strate that Helmholtz resonators can indeed be used as masses
for PAM to introduce new anti-resonances. The additional anti-
resonances result from making the PAM masses behave like a
Helmholtz resonator, which does not increase the overall mass of
the PAM or requires the use of mechanically resonating structures.
3. Numerical investigation

3.1. Methodology

While the experimental results in the previous section clearly
demonstrated that the introduction of the Helmholtz resonators
leads to an additional peak in the STL spectrum, a few questions
could not be answered using the experimental data—in particular,
why the new STL peak did not appear at the predicted resonance
frequency of the Helmholtz resonators. To further investigate the
physical mechanisms behind the STL of the PAM with Helmholtz
resonators, numerical simulations of a single unit cell have been
performed using the finite element method (FEM). Normally inci-
dent plane acoustic waves were considered in the simulations
and due to symmetry only one quarter of the unit cell was mod-
elled with symmetry boundary conditions specified at the lateral
surfaces (see Fig. 3(a)). Fluid domains were added to both sides
of the PAM. These domains were truncated after about one unit cell
length distance from the PAM using non-reflecting boundaries. Full
vibro-acoustic coupling between the PAM and the surrounding
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fluid was considered in the simulations. The visco-thermal losses
in the neck of the Helmholtz resonator were taken into account
by modelling the fluid inside the neck as an equivalent fluid [19].
The PAM with closed Helmholtz resonators was modelled by clos-
ing the neck using an interior sound-hard boundary. For the
numerical discretization, second order 3D elements were used
for both the fluid and the Helmholtz resonator, while second order
shell elements were used for the baseplate. Fig. 3(b) shows a
detailed view of the mesh for the structural part of the model. In
the meshing of the fluid domains it was ensured that the maxi-
mum element size is a=6 � 10:8 mm. The material properties used
in the FEM simulations are specified in Table 1. The acoustic exci-
tation was imposed using a plane acoustic wave travelling in the
orthogonal direction to the baseplate. The resulting STL was
obtained by integrating the transmitted intensity over a surface
on the transmission side of the PAM to obtain the transmitted
sound power W tr. The STL is then given by TL ¼ 10 logðW in=W trÞ,
where the incident sound power W in can be calculated from the
pressure amplitude of the incident sound wave.



Table 1
Material properties used in the FEM simulations.

PC PLA Air

Density 1210 1250 1.2 kg m�3

Young’s modulus 2200 3500 – MPa
Shear modulus 800 1300 – MPa

Loss factor 5 5 – %
Speed of sound – – 343 m s�1

Dynamic viscosity – – 18.1 lPa s
Ratio of specific heats – – 1.4 –

Prandtl number – – .71 –

Fig. 4. (a) Simulated normal incidence STL of the PAM with HR and PAM with
closed resonators configurations with rigid resonator bases; (b) Parametric study of
changing the Helmholtz resonance frequency by using different neck lengths ln
(rigid resonator bases).
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3.2. Results

The simulated normal incidence STL is shown in Fig. 3(c) for
both configurations of the PAM with open and closed Helmholtz
resonators. For a better qualitative comparison with the measure-
ment data shown in Fig. 2(d), the experimental data has been
included in Fig. 3(c) (light blue and light red curves). By comparing
the numerical results with the measurement data qualitatively it
can be seen that the simulation reproduces the main characteris-
tics of the experimental results quite well. Note that the STL ampli-
tudes in the simulations are generally higher than in the
experiment, because normal incidence is considered here, while
the experimental STL has been obtained under diffuse incidence.
The frequencies of the peaks and dips in the STL curves, however,
are very close to the values observed in the experiments. Minor
deviations can be attributed to inaccuracies in the specifications
of the material properties and manufacturing tolerances. The sim-
ulated displacement of the PAM is shown in Fig. 3(d) for the char-
acteristic points in the STL curved labelled in Fig. 3(c). At point A,
corresponding to the first anti-resonance, the resonator and most
parts of the baseplate are vibrating out of phase, so that the
surface-averaged displacement across the unit cell is near zero
and, consequently, almost no sound is transmitted. At point B,
however, the PAM exhibits a resonance with strong vibrations of
the bottom of the Helmholtz resonator, while the other parts of
the PAM are relatively at rest. Due to this resonance, the STL of
the PAM is clearly reduced at this frequency. Point C corresponds
to the second anti-resonance of the PAM with Helmholtz res-
onators, which is very close to the anti-resonance of the PAM with
closed resonators. At this frequency, the resonator is at rest, while
the resonator bottom and the baseplate material outside the res-
onator vibrate out of phase. Similar to point A, this results in a
surface-averaged displacement of nearly zero and highly reduced
sound transmission.

In all three cases it can be clearly seen that, owing to the small
thickness of the baseplate, the bottom of the Helmholtz resonator
exhibits strong vibrations. This leads to the reduced STL at point B,
which is not observed in case of the PAMwith closed resonators. To
confirm that this effect is not simply caused by the ring shaped
footprint of the Helmholtz resonator imposed onto the baseplate,
an additional simulation has been performed with the Helmholtz
resonator being replaced by a rigid ring with equal inner and outer
diameters and mass. The results are not shown in Fig. 3(c) to keep
the plots clear, but it can be summarized that the PAM with ring
mass—similar to the PAM with closed HR—exhibits only a single
anti-resonance (at a somewhat different anti-resonance fre-
quency), which does not explain the two peaks and the dip in
between, as observed in Fig. 3(c).

Since the resonance between the two anti-resonances at A and
C impairs the sound insulation performance of the PAM with HR
considerably, the effect of increasing the stiffness of the resonator
base is studied numerically. For this purpose, additional simula-
tions have been performed with the baseplate material inside the
4

Helmholtz resonator being replaced by a perfectly rigid material
with equal density. The results of this simulation are shown in
Fig. 4(a). Here, it can be clearly seen that the STL of the PAM is
not reduced by an additional resonance when the resonator base
is rigid. In fact, when the Helmholtz resonator is active, the STL
of the original PAM (with closed resonators) is almost unaltered,
except for a region of pure STL improvement around the resonance
frequency of the Helmholtz resonator f R � 460 Hz. This demon-
strates that when vibrations of the resonator base are prevented,
the PAM and the Helmholtz resonator are uncoupled and their
STL peaks are simply overlayed without any resonances appearing
in between, according to the completely independent physical
laws for the PAM and Helmholtz resonator mechanisms. This is a
significant difference to other attempts for improving the band-
width of PAM (e.g. by using multiple masses per unit cell or stack-
ing multiple PAM layers), where the introduction of additional
anti-resonances inevitably leads to resonances in between these
anti-resonances [16]. Furthermore, this uncoupled behaviour could
also be exploited to increase the STL of the PAM at its resonance
frequency by tuning the Helmholtz resonators to this frequency.

To demonstrate the potential of increasing the bandwidth of
PAM by using Helmholtz resonator masses, further simulations
have been performed with varying neck lengths ln ¼ 5:5 mm to
11.5 mm. Note that in these simulations the resonator bases were
kept rigid. The numerical results are shown in Fig. 4(b). Changing ln
mainly affects the Helmholtz resonance frequency—the anti-
resonance of the PAM remains at around 550 Hz, because the neck
extension of the Helmholtz resonator has a negligible influence on
the overall weight of the resonator. When the neck length is
increased, the Helmholtz resonance frequency is reduced and con-
sequently the first STL peak in Fig. 4(b) (which is attributed to the
Helmholtz resonance) moves to lower frequencies. If the Helm-
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holtz resonance frequency and the PAM anti-resonance frequency
are reasonably far apart, both STL peaks are clearly separated,
which can be useful for multi-tonal noise sources. On the other
hand, if the two frequencies are very close to each other (as in
the case for ln ¼ 5:5 mm), the two peaks essentially merge into a
single broader peak, effectively increasing the bandwidth of the
PAM.

4. Conclusions

In summary, the sound reduction of a plate-type acoustic meta-
material with Helmholtz resonator masses was studied in this
paper. Sound transmission loss measurements of a large-scale test
sample demonstrated the acoustic performance of the proposed
metamaterial under diffuse sound field excitation. It could be
observed that additional peaks can be introduced in the STL spec-
trum, which can be attributed to the Helmholtz resonance of the
masses. Numerical simulations have been used to demonstrate
that the Helmholtz resonance and the PAM anti-resonance can
be effectively decoupled when the baseplate of the Helmholtz res-
onators is sufficiently rigid. It is then possible to significantly
broaden the bandwidth of the PAM by tuning the Helmholtz reso-
nance frequency close to the PAM anti-resonance frequency. This
broadened bandwidth comes along without any additional mass
and significant reduction of the STL, as compared to a mass-
equivalent PAM without Helmholtz resonators.
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