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Abstract

Low-frequency sound insulation remains challenging
due to the long sound wavelengths, making
conventional acoustic materials largely ineffective at
low frequencies. This study proposes a novel single-
path, space-coiled metamaterial designed for efficient
low-frequency sound attenuation. The metamaterial is
a 28 mm thick cylinder with a 100 mm diameter,
comprising a top cover with an input vent, a bottom
cover with an output vent, and a central labyrinthine
space-coiled region inspired by the Labyrinth Type
Gossembrot. Acoustic waves propagate along a
continuous, 1.26 m long path spiraling around an
22 mm diameter central core, with channel widths of
3-3.5mm, significantly extending the effective
acoustic path. Sound attenuation in the proposed
structure is governed by Fabry—Pérot resonances along
the single continuous path. Sound transmission loss
(STL) was computed in COMSOL Multiphysics
considering the impedance tube setup according to
ASTM E2611-17, including thermoviscous effects. The
metamaterial was fabricated using 3D printing,
showing excellent agreement between numerical and
experimental results. The first resonance occurs at
132 Hz, demonstrating a substantial shift of the
resonance behavior toward the low-frequency range.
The proposed metamaterial enables integration into
building wall panels to reduce transmitted noise.

Keywords: Acoustic metamaterials, Sound transmission
loss (STL), Low-frequency sound attenuation, Fabry—Pérot
resonances, Labyrinth Type Gossembrot-inspired design

1.Introduction

Acoustic metamaterials are typically thin and
lightweight, and can provide effective sound insulation.
They can perform better than conventional materials,
particular when the size is smaller than the wavelength

Corresponding author:_rok.prislan@innorenew.eu.
Copyright: ©2026 Erfan Asgari et al. This is an open-access
article distributed under the terms of the Creative Commons
Attribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the
original author and source are credited.

[1]. Various types of acoustic metamaterials have been
proposed, such as membrane-based designs [2], [3],
plate-based structures [4], and acoustic black holes
(ABHs) [5]. A more recent class, called labyrinthine
metamaterials, controls sound by guiding airflow
through spiral paths or by combining these paths with
different cavities to produce several types of resonances,
including Helmholtz [6], multipolar [7], Fano [8], and
Fabry—Pérot  [9] resonances. By adjusting these
resonances, different sound transmission behaviors can
be “obtained. Previous studies have also presented
various base geometries for labyrinthine metamaterials,
such as spider web-inspired designs [10], space-coiling
structures [11], and combinations of these approaches
[12]. These designs are typically produced using
advanced manufacturing methods, such as additive
manufacturing, which allow the creation of complex
structures.

Various acoustic metamaterial concepts have been
investigated to improve low-frequency sound insulation
performance. In one approach, sector-shaped
labyrinthine resonators were introduced and arranged
around a circular configuration, and their performance
was governed by Fano resonances. In the lowest-
frequency scenario, an STL bandwidth was observed in
the range of 276 Hz to 380 Hz [13]. In another study,
an acoustic insulation ventilated channel (AIVC),
consisting of open sections and narrow channels with
different lengths, was examined. A sound insulation
level exceeding 20 dB was achieved in the frequency
range of 500-1200 Hz [14]. An ultra-open acoustic
metamaterial (UOM) unit was also investigated. An
STL of 14 dB was reported at 460 Hz; however, the
bandwidth was limited to less than 40 Hz, indicating a
narrowband performance [15]. Three-dimensional
Hilbert fractal acoustic metamaterials (HFAMSs) were
also proposed. A total thickness of 70 mm and an
effective path length of 4480 mm were considered, and
the first Fabry—Pérot resonance was observed at
46.3 Hz. A very strong performance in the ultra-low-
frequency range was achieved in this design [16]. In
another configuration, a coiled-up metamaterial with
impedance matching layers was studied. The total
thickness was 151 mm, and the first Fabry-Pérot
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resonance was reported at 2643 Hz [17]. A different
design based on a Hilbert space-filling curve pattern
was also introduced. The metamaterial consisted of a
cubic solid with a side length of 50.8 mm, containing a
continuous channel. An effective path length of
8128 mm and a total thickness of 50.8 mm were
reported, and the first Fabry—Pérot resonance occurred
at 328 Hz [18]. Furthermore, a third-order ring-curve
fractal-maze metamaterial was examined. A total
thickness of 280 mm and an effective path length of
1759 mm were reported, and the STL curve showed a
peak around 500 Hz [19]. In addition, a cascaded
anisotropic spiral structure was studied. The total
thickness was 78 mm, and the effective path length
reached 229.26 mm. The first Fabry—Pérot resonance
was observed at approximately 2400 Hz, and the target
frequency range was between 2000 Hz and 2800 Hz
[20].

Overall, most of these studies exhibit weak sound
insulation performance at low frequencies below 140 Hz
or require relatively large structural thicknesses.
Moreover, many acoustic insulation solutions are not
designed to simultaneously maintain an open airflow
pathway, which limits their applicability in ventilation-
related systems. Therefore, developing compact
labyrinthine metamaterials capable of providing low-
frequency sound insulation while preserving airflow
remains an important research challenge.

In this study, a novel labyrinthine metamaterial
inspired by the Labyrinth Type Gossembrot [21] was
designed for low-frequency sound control. The
metamaterial —operates based on Fabry-Pérot
resonances, where acoustic waves reflect back and forth
along a single, long, continuous path, producing well-
defined resonance behavior in the STL spectrum. The
first Fabry—Pérot resonance occurs at 132 Hz. STL was
computed using COMSOL Multiphysics =~ with
thermoviscous acoustic physics and the impedance tube
method following ASTM E2611-17. < Experimental
impedance tube measurement was also performed to
validate the simulation, demonstrating excellent
agreement between numerical predictions and
laboratory results.

2. Materials and methods

2.1 Design

Figure 1la illustrates the cross-section of the
labyrinthine structure inspired by the Labyrinth Type
Gossembrot. The design parameters defining the
geometry of the metamaterial are defined in Figure 1
and their value provided in Table 1. The design
concept is based on drawing seven pairs of concentric
circles—{C,, C3), (C4, Cs), ..., (C14, C15)}—centered on the
central circle C;. Each pair of circles (Cy;, Cyi41), where
i €{1,2,..,6}, is separated by a distance t; = 2 mm,
while the last pair (Cy4,Cy5) has a spacing of 4 mm.
The entire geometry is then divided into five equal
sectors by five hypothetical radial lines, d,, d,, ds, dg,
and ds, all passing through the origin and separated by
72° angles. Around each radial line d;, wherej =
{1, ..., 5}, four parallel auxiliary lines are drawn.
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Figure 1. Geometric design and assembly of the
Labyrinth Type Gossembrot-inspired metamaterial. (a)
Cross-sectional view of the central labyrinthine space-
coiled structure. Gray area indicates the air inside the
metamaterial. Input and output vents on the top and
bottom covers are highlighted in yellow and green,
respectively. (b) Top cover with integrated input vent
(top) and bottom cover with output vent (bottom). (c)
Side view of the fully assembled metamaterial, comprising
the top cover, labyrinthine structure, and bottom cover,
with total thickness 28 mm (labyrinthine structure 20 mm;
each cover 4 mm).
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For instance, in the upper-right section of Figure 1la,
line d; is accompanied by four parallel lines Iy, I,, I3,
and l,. The same procedure is applied to d,, ds, d,,
and dg; however, to avoid visual clutter, only the
auxiliary lines surrounding d; are depicted in the figure.
After drawing all auxiliary lines, trimming is performed
to remove the overlapping regions between the initial
circles and the auxiliary lines, yielding the final
Labyrinth Type Gossembrot geometry.

The composition of the designed metamaterial is
graphically represented in Figure 1b and Figure 1c. The
final metamaterial is assembled by stacking three
components: the top cover with an input vent, the
labyrinthine structure, and the bottom cover with an
output vent. Upon entering the input vent, sound
waves propagate through the labyrinthine channels and
exit via the output vent, following a single, long,
continuous, and unique path. The labyrinthine
channels form a complex, space-coiled geometry that
considerably extends the effective acoustic path, with
an effective path length of 1.26 m and an overall
metamaterial thickness of 28 mm (ratio = 45). This
extended path significantly enhances low-frequency
attenuation. Here, the effective path length is defined
as the total distance traveled by acoustic waves along
the spiraling channel from the input vent to the output
vent.

Table 1. Geometric parameters of the metamaterial
structure. All parameters are expressed in mm except the
angle 6, which is given in degrees.

rn =11 r, =15 3 =20 1, =25 15 = 30
T6=35 T7:40.5 T3=46 T9=50 t=4

2.2 Manufacturing, simulation, and test

The STL of the metamaterial was evaluated both
experimentally and numerically using the impedance
tube method in accordance with ASTM E2611-17. For
experimental measurements, the STL was determined
in the acoustic laboratory at InnoRenew CoE using the
B&K Type 4206 Transmission Loss Tube (Figure 2a).
The metamaterial sample was manufactured from
Polylactic Acid (PLA) using the fused filament
fabrication (FFF) additive manufacturing technique.
Figure 2b shows the final fabricated sample.

For numerical simulations in COMSOL Multiphysics,
the impedance tube was modeled using the acoustic
pressure physics module, with the narrow labyrinthine
regions inside the metamaterial modeled using
thermoviscous acoustics. Given that the acoustic
impedance of PLA was significantly higher than that of
air, the metamaterial walls were modeled using the
Hard Wall boundary condition. A plane wave with an
incident pressure amplitude of 1 Pa was applied at the
tube inlet, and a perfectly matched layer (PML) was
used at the outlet to mimic an anechoic termination.
Physics-controlled mesh was applied for both physics,

with the mesh set to "Extremely Fine' and coupled
across the two interfaces. The mesh was frequency-
dependent, with a maximum frequency of 750 Hz
considered to ensure accuracy across the target range
(100 — 750 Hz).

(b)

Figure 2. Experimental setup and fabricated sample of
the proposed metamaterial. (a) Impedance tube
measurement setup. (b) Fabricated metamaterial sample
produced using Polylactic Acid (PLA) via fused filament
fabrication (FFF): (left) view from the input vent side and
(right) view from the output vent side.

The STL of both the fabricated and simulated sample
was calculated based on the transfer matrix approach,
which relates the sound pressures p and normal particle
velocities u at the inlet (x = 0) and outlet (x = L) of a
unit layer. The transfer matrix is expressed as [22]:

T. T.
T = [ 11 12]
Ty Ty ) )
pLuL + Polg Po —PL )
_ |PolsL +PLUy PolUr + PLlUg (1)

uf — uf pPLUL + Polg
PoUr + PLUy  PolUr + PrlUp

where Ty 1, T12, Taq, Top are the transfer matrix elements
for the layer. Based on this, the transmission coefficient
(7) and the STL were obtained using:

ZeikL
T =
T1y + Tiz/poco + PoCoT121 + T (2)
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where k = 2nf/c, is the wave number, f is the
frequency, po = 1.29 kg/m” is the air density, and ¢, =
340 m/s is the speed of sound in air.

3. Results and Discussion

The acoustic performance of the proposed metamaterial
was evaluated in terms of the STL obtained from
numerical simulations and experimental measurements
(Figure 3). A very high level of agreement is observed
between the numerical and experimental results,
confirming the accuracy of the simulation approach and
the reliability of the fabrication process. The general
magnitude of the STL values is well matched in both
cases, and the sequence of dips and peaks is preserved,
confirming that the periodic resonance behavior of the
metamaterial is accurately captured by the numerical
model. A detailed comparison indicates that the
deviations remain small at low and medium
frequencies, while the largest difference, reaching about
4 to 5 dB, appears above 600 Hz. In addition, a slight
shift in the resonance positions becomes more
noticeable at higher frequencies, where the
experimental dips and peaks are observed at slightly
different frequencies than those predicted numerically.
This behavior is likely related to the higher sensitivity
of the higher-order resonances to small fabrication
tolerances, surface roughness, and minor uncertainties
in the material and boundary conditions.
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Figure 3. STL as a function of frequency for the proposed
acoustic metamaterial, comparing thermoviscous
simulation results with experimental measurements.

The STL response exhibits a series of well-defined
resonance features associated with Fabry-Pérot
resonances along the single, continuous labyrinthine
path. This behavior arises from the unique geometric
characteristic of the metamaterial, where acoustic
waves are constrained to propagate through a single,
extended, and continuous channel without any
alternative or interfering paths. As a result, the system
can be effectively approximated as a one-dimensional
acoustic waveguide.

From a physical perspective, the structure behaves as
an open—open resonant system, since both the input
and output vents are connected to the surrounding
medium. In such systems, the resonance frequencies are

inversely related to the effective acoustic path length
[23]. Therefore, the significantly extended path length
in the proposed design leads to a pronounced shift of
the resonance frequencies toward the low-frequency
range. This effect enables the first resonance to occur
at 132 Hz, followed by higher-order resonances at
approximately 263 Hz, 398 Hz, 523 Hz, and 667 Hz.
At the resonance frequencies, the STL reaches local
minima. This behavior can be explained by the
formation of standing wave patterns inside the
labyrinthine channel, where pressure transmission
through the structure is enhanced due to constructive
coupling between the incident and transmitted waves.
As a result, acoustic energy is more efficiently
transmitted across the metamaterial at resonance,
leading to reduced transmission loss. = Between
successive resonances, the STL increases and reaches
local maxima, corresponding to anti-resonance
conditions where wave transmission is suppressed.
Therefore, Fabry-Pérot resonances are shifted toward
lower frequencies, which consequently brings the
corresponding anti-resonance peaks to lower frequency
ranges as well. This shift enables the metamaterial to
exhibit effective sound insulation in the low-frequency
region.

As discussed  previously, the proposed labyrinthine
metamaterial can be considered as an open—open
acoustic waveguide, where the resonance frequencies
are determined by the standing-wave modes established
along the extended acoustic pathway. Therefore, the
Fabry—Pérot resonance frequencies can be estimated
using the following analytical relation [23]:

fo= nCO/ZLeff (3)

where f, represents the frequency of the n-th order
Fabry—Pérot resonance. This equation provides a
simple estimation of the resonance positions associated
with the standing-wave modes inside the coiled
pathway and demonstrates the fundamental role of the
extended acoustic length in controlling the low-
frequency response of the metamaterial.

The Fabry—Pérot resonance frequencies obtained from
FEM simulation, experimental measurements, and the
analytical prediction using Equation (3) are compared
in Table 2. The relative errors between these
approaches are also included to quantify their
agreement. The close correspondence between the three
datasets confirms that the dominant mechanism
governing the resonance locations is accurately
captured by the effective path length model.

Table 2. Comparison of Fabry-Pérot resonance
frequencies obtained from FEM simulation, experimental
measurements, and analytical prediction.

Mode FEM Exp Analytical FEM Exp FEM
(Hz) (Hz) (Hz) Analytical Analytical Exp
(%) (%) (%)
1st 132 132 134.8 2.1 2.1 0.0
2nd 263 264 269.6 2.5 2.1 0.4
3rd 398 406 404.4 1.6 0.4 2.0
4th 523 526 539.3 3.1 2.5 0.6
5th 667 682 674.1 1.1 1.2 2.3

12 Convention of the European Acoustics Association
Graz, Austria « 8™ — 12' September 2026

AUSTRIAN ACOUSTICS ASSOCIATION



The excellent agreement among the analytical
prediction, FEM simulation, and experimental
measurements confirms that the effective acoustic path
length plays the primary role in determining the
Fabry—Pérot resonance positions. However, the other
geometrical parameters mainly influence the strength
and spectral characteristics of the attenuation response.
In particular, the inlet and outlet vent dimensions affect
the acoustic impedance and the coupling between the
external acoustic field and the internal labyrinthine
pathway. Reducing the vent cross-sectional area
increases the impedance mismatch, which can modify
the transmission amplitude, resonance sharpness, and
bandwidth of the STL response. Similarly, the cross-
sectional dimensions of the labyrinthine channels
influence viscous and thermal losses, acoustic damping,
and the quality factor of the resonant modes.

The main objective of this design is therefore not the
resonance itself, but the relocation of high-STL regions
to lower frequencies within a compact structure.
Compared to the studies discussed in the Introduction,
where effective sound insulation is often achieved at
higher frequencies or requires relatively large structural
thicknesses, the proposed design achieves comparable
low-frequency performance while maintaining a
compact geometry and a significantly extended
effective path length.

4. Conclusion

A compact acoustic metamaterial based on a single-
path, space-coiled labyrinthine design inspired by the
Labyrinth Type Gossembrot was presented for low-
frequency sound insulation. The structure comprises
three main components: a top cover with an input vent,
a central labyrinthine region, and a bottom cover with
an output vent. Acoustic waves enter through the input
vent on the top cover, propagate along the single,
continuous, and extended labyrinthine path, and exit
through the output vent on the bottom cover. This
open—open  configuration  enables  Fabry-Pérot
resonances to dominate the acoustic response along the
single path. By constraining sound waves to propagate
along a long continuous path within a limited thickness,
the effective acoustic length is significantly increased,
shifting the entire resonance pattern toward lower
frequencies. As a result, not only the Fabry-Pérot
resonances but also the corresponding anti-resonance
peaks are moved to lower frequencies, enabling effective
sound insulation in the low-frequency range within a
compact structure. The acoustic performance was
evaluated by calculating the STL using both
thermoviscous simulations in COMSOL Multiphysics
and impedance tube measurements according to ASTM
E2611-17. Excellent agreement was observed between
simulation and experimental STL results. Overall, the
proposed metamaterial demonstrates that efficient low-
frequency sound insulation can be achieved using a
compact, single-path labyrinthine structure. The
combination of a long effective acoustic path, simple
geometry, and reproducible STL  performance
highlights its potential for practical applications in

noise control, particularly in HVAC
automotive silencers, and building acoustics.
In future work, the proposed unit cell can be arranged
into a two-dimensional periodic array on supporting
structures, forming modular panels suitable for
integration as building walls or window inserts. By
opening the central cavity, controlled interactions
between different acoustic paths can be introduced,
leading to the emergence of additional resonances,
including Fano-type resonances, and thus producing
richer and more versatile STL spectra. Furthermore,
the proposed metamaterial model can be coupled with
surrogate modeling and optimization techniques to
efficiently enhance STL performance across targeted
frequency ranges.

systems,
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