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This research introduces an acoustic switch based on a Sonic Crystal (SC) containing multiresonant scatterers.
The SC operates in a square 2D lattice configuration with scatterers containing Helmholtz resonators (HRs) tuned
to different frequencies. By rotating all scatterers by 90°, the interaction between the Bragg bandgaps (Bragg
BGs) and the HRs’ BGs can be modified, allowing selective frequency filtering and control of wave propagation.

Although SCs operating at low frequencies have been widely investigated, the implementation of reconfigurable
acoustic switches in the low-to-mid frequency range (500-2500 Hz) remains scarce. This is one of the novelties
highlighted in the present study. The simplicity and cost-effectiveness of the 3D-printed structure, coupled with
its hollow design that minimizes absorption, enhances its practicality. Experimental validation conducted in an
anechoic chamber shows a significant change in acoustic insulation performance, with a maximum contrast ratio
of 20 dB. This design opens up new possibilities for noise reduction in urban and industrial environments, adaptive
acoustic environments, acoustic sensors, and even acoustic energy harvesting.

1. Introduction

Sonic crystals (SC) are periodic structures formed by rigid scatterers
immersed in air [1]. Their main characteristic is that they allow the pas-
sage of fluids and light, but prevent the propagation of acoustic waves
within certain frequency ranges. These ranges, in which acoustic waves
do not propagate, are due to destructive interference generated by mul-
tiple scattering and vary according to the periodicity of the material, i.e.
the distance between the scatterers in the lattice [2]. These forbidden
frequency bands are known as Bragg Bandgaps (Bragg BGs) [3-5]. The
central frequency of the first Bragg BG for a square lattice and under
normal wave incidence is fpy,q, = ¢/2a, where c is the speed of sound
[m/s] in the fluid (air) and a is the lattice parameter indicating the dis-
tance between the scatterers, which defines the unit cell of the crystal
[6].

The refractive properties of SCs, first explored by Kock and Harvey in
their groundbreaking 1949 study [1], have subsequently been revisited
and further developed by the research community in a wide scope of
applications. Bragg-BGs have improved the ability to control the prop-
agation of waves in a wide range of applications, such as waveguides
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[71, diffusers [8], noise barriers [9,10], or switches [11], among many
others.

In addition to Bragg scattering, forbidden frequency bands are also
created by local resonances [12]. In acoustics, these resonances are usu-
ally generated by Helmholtz resonators (HRs) [13]. BGs based on the
local resonances of HRs (HRs-BGs) depend on the internal cavity of the
HR and the orientation of the resonator mouth relative to the incident
wave and have a limited frequency range. Therefore, there are examples
in the literature of multiresonant scatterers for wave control with dif-
ferent HRs [14,15]. The interaction between both bandgaps, Bragg-BGs
and HRs-BGs, can lead to an increase in acoustic insulation produced by
SC-based structures [16].

Most phononic and acoustic metamaterial designs so far exhibit a
passive response and function within fixed frequency ranges, limiting
their adaptability and scope of application [17].

Asymmetric scatterers in phononic crystals (with water as host
medium) explored different angles independently for each scatterer in
the periodic structure and can yield multiple applications with a single
device, one of them resulting into a switch in the high frequency regime,
around 300 kHz [18].
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This work proposes an acoustic switch based on a multiresonant SC.
Each scatterer consists of two Helmholtz resonators of different sizes
whose mouths are aligned perpendicular to each other. The configu-
rations 0° and 90° refer to the orientation of these mouths relative
to the incoming wave. The device operates in two different configu-
rations determined by the orientation of the scatterers: one at 0° and
the other at 90°. In each configuration, the device selectively filters cer-
tain frequency ranges while allowing others to pass. This functionality
is achieved by tuning the BGs to correspond to the two perpendicular
orientations of the SC. This switchable device requires routine mechan-
ical modification of all scatterers, as has been used in recent work to
obtain insulation chambers and transmission control with HRs at higher
frequencies, at 2 kHz [19] and 4.4 kHz [20].

Recently, topological metamaterials have been used to develop a
phononic switch that can transition between a topological waveguide
and a trivial insulator by mechanical compression [21,22]. Both works
achieve about 20 dB in the desired high frequency range (lower fre-
quency being 10 kHz and 14 kHz respectively). While many of these
designs are effective, they require complex structures or precise control
of external conditions, which can limit their practicality. This empha-
sizes the need for a simpler and more efficient approach to acoustic
switch design.

Another interesting work found in the literature did achieve BGs
with the lowest frequency located approximately at 500 Hz. However,
using reconfigurable scatterers through machine learning, it features a
complex design for multiresonant scatterers [23]. An important achieve-
ment of this study is the simplicity of the design of the scatterer. Un-
like other approaches that rely on complex shapes to obtain broader
Bragg bandgaps [24,25], this work demonstrates effectiveness through
a simple structural approach. By analyzing the interaction phenomena
between HR-BGs and Bragg-BGs, including their frequency ranges and
the orientation of the mouth relative to the incident wave, a simple
design was developed. Using two different HRs with the same mouth
width and correspondingly subdivided internal volume, the multireso-
nant scatterer is a cylinder with an angled internal partition.

The paper is structured as follows: Section 2 delves into the method-
ology. In subsection 2.1, the numerical models and dispersion analysis
of the periodic SC are detailed. Subsection 2.2 outlines the 3D printing
prototyping process along with printing details, while subsection 2.3
provides the specifics of the experimental validation setup. Section 3
compares the numerical and experimental results of the finite-size pro-
totype and evaluates its performance as an acoustic switch. Finally,
Section 4 highlights major insights and explores practical implemen-
tations.

2. Materials and methods

We consider a 2D SC, consisting of a set of scatterers with HRs, ar-
ranged in an infinite periodic square lattice. To analyze this structure,
we study the unit cell, as shown in Fig. 1a, which is defined by a scatterer
with an outer radius R and two apertures forming HRs with different res-
onant frequencies. Periodic boundary conditions are established along
the X and Y boundaries so that the infinitely extended SC is defined by a
periodic structure with a constant square lattice parameter (a) and the
unit cell of the irreducible Brillouin zone in reciprocal space [26]. The
resonators within each scatterer are characterized by the neck length
(L), which corresponds to the thickness and the difference between the
outer and inner radius, the mouth width (w), the inner surface area (.5).
The first resonant frequency of the HRs oriented to 0° and 90° is [27,13]:

0°/90° _ ¢ w
e [ w )
Tur 22\ (L +65)S0e jop0

where 6 is the correction factor for the effective neck length, adjusting
the effects of the neck-cavity junction caused by a sudden change in
circular cross-sections (usually between 1.6 and 1.8).
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Fig. 1. (a) Illustration of the unit cell with the scatterer consisting of two
Helmbholtz resonators; the inset shows the paths in the irreducible Brillouin zone.
(b) and (c) Transmission models with the resonator in 0° and 90° orientation, re-
spectively. (d) Full Numerical model corresponding to the experimental setup.

The first resonances of the Helmholtz resonators ( fg; and fl?l(}):) rela-
tive to the central frequency of the Bragg bandgap (fp.,,¢) play a crucial
role in determining their interaction with the periodic structure. In par-
ticular, the inclusion of HRs in a sonic crystal (SC) does not per se lead
to a reduction in transmission through the structure [16]. Therefore,
special attention must be paid to the alignment of the mouths and the
fundamental frequencies of the HRs incorporated into the scatterers.
Fig. 1a shows a scatterer consisting of two HRs aligned at 0° and 90°,
with coupled surfaces. The angle between the two separation walls is
110°. The central frequency of the Bragg-BG is fpage = 1400 Hz, and
the fundamental frequencies of the HRs lie at the maximum and mini-
mum limits of the first Bragg-BG. The larger cavity (90°) has fﬁ%o =760
Hz < fpragg, and the smaller cavity (0°) has fl‘{); = 1800 Hz > fpragg-
Both HRs have identical mouths with a size of w = 0.025m and length
L =0.006m.

In this work, the effect of thermoviscous losses in the medium can
be neglected, as the dimensions of the multiresonant scatterers for all
simulations allows for it and the low frequency range where they are
studied (see Appendix A in ref [16]). Also, we do not anticipate any
attenuation due to viscous or thermal losses. At our measurement tem-
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perature of 293 K and the lowest operational frequency of 500 Hz, the
viscous and thermal boundary layers in air are calculated to be 116 pm
and 97.8 pm, respectively. Considering the smallest part of the SC where
viscothermal losses could affect, it is the neck’s length of both resonant
cavities of the multiresonant scatterer, being L = 0.006 m. These vis-
cous and thermal boundary layers are 1.56% and 1.85% of the length of
the neck respectively, which is significantly lower than the 5% threshold
recently shown to affect acoustic performance in small cavities [28].

Due to the asymmetric design of the multiresonant scatterer, the
band structure is calculated for different propagation directions (I'X,
XM, MX’, X’T"). These directions are shown in the inset of Fig. 1a and cor-
respond to the unit cell that forms the periodic structure of the SC. This
unit cell defines both the sonic crystal (SC) and the irreducible Brillouin
zone of the square lattice, based on the Bloch-Floquet theory [26]. Nu-
merical simulations are carried out to evaluate the transmission in two
configurations based on the unit cell. The I'X alignment represents the
0° orientation, while X'T" corresponds to the configuration with scat-
terers rotated by 90°. Periodic boundary conditions (PBC) are applied
along the Y -direction to emulate an infinite SC. In the X-direction, the
structure is limited to three rows of scatterers for practical modeling
(see Fig. 1b and Fig. 1c).

In both transmission models, the distance between the scatterers and
the transverse dimension of the models are set to ¢ = 0.12 m. Con-
sequently, the geometric model of the SC and the unit cell represent
the same periodic structure, namely a 2D periodic square lattice. How-
ever, while the unit cell represents an infinitely extended system, the
transmission models consist of three-layer systems with infinite lateral
extension. A harmonic plane wave with frequency f and acoustic pres-
sure P, propagates along the X-axis from left to right aligned with the
mouth of the higher-frequency HR in Fig. 1b and with the mouth of
the lower-frequency HR in Fig. 1c (hereafter, 0° and 90° alignments).
Thus, the propagation direction I'X in Fig. 1a corresponds to Fig. 1b with
the scatterers oriented at 0°, while the propagation direction X'I" corre-
sponds to Fig. 1c with all scatterers rotated by 90°. Perfectly matched
layers (PML) are placed at the ends of the X-axis in the models to absorb
waves propagating out of the domain.

The transmission of the system is determined with the help of pres-
sure fields (P,), which are evaluated at certain “evaluation points”
(shown in Fig. 1b and Fig. 1c). These points are positioned along a grid
that is 1 m away from the SC. Fig. 1d shows a numerical model that
simulates the experimental setup described in section 2.3. This 2D sim-
ulation reproduces the expected experimental conditions, providing a
direct comparison between numerical predictions and experimental re-
sults. In this model, the evaluation region is defined by a grid of points
evenly spaced at intervals of a/4 = 0.03 m, allowing the transmitted
pressure field to be accurately analysed in the frequency range of inter-
est.

In Fig. 1d the source is represented by a vertical line emitting an
acoustic pressure of 1 Pa. This source is located in the center of the
sonic crystal (SC), at a distance of 0.5 m from the nearest scatterers, and
has a width of 0.3 m. The evaluation region, in which the transmission
values are taken, has dimensions of 0.5 m along the x-axis and 1.1 m
along the y-axis. The evaluation grid is positioned so that the closest
measurement points are 0.05 m from the edge of the last scatterer row
along the x-axis, while the furthest points are up to 0.55 m away. Along
the y-axis, the 1.1 m evaluation region is centered relative to the SC
array (3 columns by 6 rows), leaving a distance of 0.09 m between the
evaluation region and the top and bottom edges of the SC structure.

In order to evaluate the transmission of the SC the Transmittance (T)
is defined by:

2
T= <Pr,with> (2)
(P ithout
t,without
where () is the average over all evaluation points, P, ., iS the acous-

tic pressure squared without the SC and P, ,,, is the transmitted acous-
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tic pressure squared at the evaluation points with the placed SC. The
equation for the insertion loss (IL) in decibels can be derived from Eq. (2)
as follows:

IL=—10 * log,(T), [dB] @)

This equation reflects the variation in sound pressure level (SPL) at
the evaluation points when the SC is placed in the path of the incident
acoustic wave.

To evaluate the behavior of the acoustic switch across different fre-
quency ranges, the transmission coefficient T is used to compare the
performance of the mentioned SC configurations.

Asymmetric transmission refers to the phenomenon that the amount
of transmitted energy depends on the direction of the incident wave.
This is often quantified using the Contrast Ratio (CR) [11,29-32] or
non-reciprocity [33], which measures the difference in transmission for
waves incident from opposite directions. For a structure aligned along
the y-axis, “left” and “right” correspond to waves propagating along
the x-axis and incident from the negative and positive x- directions, re-
spectively. This directional dependence underlines the non-reciprocal
behavior of the system.n our work, we have opted for the latter term,
although our approach presents some important differences worth not-
ing.

In our study, the CR is evaluated based on the comparison of two ori-
entations of the scatterers, thus, the wave incidence is the same in both
configurations, left to right along the x-axis. The orientation 0° corre-
sponds to propagation along the I'X direction in reciprocal space, while
the orientation 90° is associated with the X' direction. It is important
to contextualize this relationship because the description of recipro-
cal space assumes an infinite sonic crystal corresponding to a periodic
structure in real space. In practical applications, this infinite crystal is
approximated by a finite structure, and the connection between the real
and reciprocal space provides insight into the behavior of the system
under different configurations. This normalized function is given by the
following equation:

| Tge = Togge|

[Too + Toge |’
where T and Tg(. represent the transmission coefficients in the I'X and
X'T" directions, respectively. The parameter CR evaluates the relative
difference in transmission between the two perpendicular orientations
of the multiresonant scatterers in the SC. It quantifies the contrast in
wave propagation for the orientation 0°, which corresponds to the I'X
direction in reciprocal space, and the orientation 90°, which is associ-
ated with the X'T direction. This parameter highlights the effectiveness
of the switching behavior in the SC. The maximum value of CR is 1,
which means that the transmission is completely suppressed in one ori-
entation. Conversely, the minimum value is 0, which indicates identical
transmission in both orientations.

The subsequent sections delve into a detailed analysis of the simu-
lation results, exploring the nuanced interactions and providing a com-
prehensive understanding of the mechanisms governing the interaction
between Bragg scattering and HRs in SC.

CR @

2.1. Numerical analysis

Based on the geometry of the crystal presented in the Section 2, this
study explores the results of simulations, focusing on the calculation of
the band structure and the transmission of an incident plane wave. The
aim is to analyze the BG structure in different directions (orientations)
and explore how their transmission properties complement each other
across frequencies in the investigated cases. The central frequencies of
the first HRs-BGs play a crucial role in determining the width and trans-
mission characteristics of the Bragg-BG. The interaction between the
Bragg-BG and HRs-BGs yields noteworthy results, particularly in terms
of increased transmission. This augmentation is intricately tied to the
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Fig. 2. Band structure diagram and perpendicular transmission spectra.

alignment of the resonators’ mouths, given that the lattice parameter re-
mains constant in both cases. Examining the interaction between these
distinct BGs offers valuable insights into the intricate dynamics govern-
ing the sound transmission properties of the multiresonant SC.

Fig. 2 shows the band structure obtained by finite element analysis,
which is based on the unit cell of the SC with Floquet periodicity condi-
tions. In the band structure, the complete Bragg-BGs for all propagation
directions (I'X, XM, M X', X'T) are shown in gray. Partial BGs that
correspond to the orientation 0° (I'X) are shown in blue, while those
for the orientation 90° (X’'I") are shown in red.

The transmission (T) is shown in the graphs adjacent to the band
structure. It can be observed that transmission values close to zero occur
at the frequencies corresponding to the partial BGs for each orientation.
This behavior highlights the acoustic switching function of the struc-
ture, which divides the transmission into two distinct bands that are
seamlessly connected: a Low Frequency Pass Band (LFPB) in the range
830-1500 Hz at orientation of 0° (I'X) and a High Frequency Pass Band
(HFPB) in the range 1500-2250 Hz orientation of 90° (X’ I'). The nu-
merical simulations are performed using the transmission models with
finite structures as presented in Fig. 1b and Fig. lc.

The first resonant frequencies of the Helmholtz resonators (HRs)
and the central Bragg bandgap frequency (fpag,) follow the order

fg‘]): < fBragg < fgoR. This arrangement results from the geometry and
orientation of the HRs, which influence their resonance behavior, and
the periodicity of the structure, which determines fp,,,. These different
frequencies enable interactions that support the acoustic switch func-
tion. For an orientation 0° (I'X) T = 0 shows no propagation within the
partial BG frequency range in the LFPB. In this range, the 0° BG (blue)
corresponds to blocked transmission, while its complementary coun-
terpart at 90° (red) shows T > 0.5, indicating significant transmission.
Similarly, the 90° partial BG (X'T, red) spans the HFPB, with values of
T > 0.5 (blue) indicating effective transmission of the acoustic field in
this frequency range.

Finally, it should be noted that the complete BGs, shown in gray,
correspond to the frequency ranges where the transmission is reduced
regardless of the orientation of the scatterer. These BGs occur in the
following frequency intervals: 685-781 Hz, 1151-1174 Hz, 1655-1824
Hz and 2282-2304 Hz. Despite their presence, which cannot be elimi-
nated, the transmission behavior of the SC remains effective in both the
LFPB and the HFPB. The complete BGs are associated with frequencies
close to the first resonant frequencies of the HRs ( f;’]?: = 760Hz and

g; = 1800Hz and the Bragg frequency (/fp,ge = 1400Hz).

The directional dependence of the BG formation shown in Fig. 2
highlights the anisotropic behavior of the proposed SC. This anisotropy
arises from the asymmetrical design of the multiresonant scatterers and
is evidenced by the distinct directional BGs along the I'X and X'T"
directions. While the lattice parameter remains constant in both con-
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figurations, the interaction between the incident wave and the HR ori-
entations causes different BGs depending on the propagation path. Such
anisotropy is key to enabling the switching function of the SC, as it leads
to complementary transmission characteristics in orthogonal directions.

2.2. 3D printed prototype

To assess the behavior of the multiresonant SC device, a 3D-printed
prototype was created to evaluate its transmission and switchable per-
formance. Specifically, a 3D printer from the Fused Deposition Mod-
elling (FDM) category, the WASP 3MT HDP (Wasp, Massa Lombarda,
Italy), was employed due to its large printing area (1000 mm in diameter
by 1000 mm in height) and printing quality. Ingeo™ Biopolymer 2003D
PLA pellets were used as the printing material, processed at 220 °C with
a 3 mm-diameter nozzle and a heated bed at 60 °C. The layer height, in-
dicative of printing resolution, was set at approximately 1 mm resulting
in printing times of around 8 hours.

For “Ingeo™ Biopolymer 2003D” Polylactic Acid (PLA), accord-
ing to the provided technical sheet, the density pp;, is approximately
1240kg /m?3. The speed of sound in PLA, cp 4 = 2200 m/s. Thus: Zp; 5 &
1240,kg/m3 X 2200, m/s ~ 2,728,000, Pa-s/m

The acoustic impedance of PLA is significantly higher than that of air:
% ~ % ~ 6495. This means that PLA has an acoustic impedance
apa[l)rroximately 6495 times greater than that of air, indicating that it will
reflect the sound waves. Therefore, the multiresonant scatterers can be
considered acoustically rigid.

Unlike other studies that utilize 3D printing for acoustic metamateri-
als [34,35], the scatterers do not have infill; thus, they are more robust
and less sensitive to humidity that typically affect the performance of
complex shapes with HRs.

The 3D model was created using computer-aided design (CAD) soft-
ware, specifically Rhinoceros 3D (v.7.19.22165.13002). The slicing and
toolpath instructions for the WASP 3MT HDP were generated using Sim-
plify3D (version 5.2.1), a slicing software selected for its compatibility
with the 3D printer.

To 3D print prototypes with effective rigidity and printing quality,
the internal thickness of the multiresonant SC device was set at 6 mm
(twice the nozzle diameter). This allows for continuous printing in the
slicer software (without interruptions between layers) and achieves a 6
cm thickness with two adjacent passes of the 3 mm extruder. To achieve
this, specific printing settings for the extruder’s toolpath were imple-
mented to prevent imperfections such as bubbles or gaps. Fig. 3 on the
left shows the extruder’s path as configured in the slicer software. In the
center, Fig. 3 displays a digital image of multiple overlapping layers. On
the right, there is a zoomed-in view of the toolpath during the transition
from one layer to another, highlighting the continuity of the extrusion.

Additionally, given the slenderness of the printed device, a ‘brim’ was
applied to increase adhesion to the print bed. In this case, the brim acts
as the first layer, forming a base that anchors the cylindrical scatterer,
helping to maintain stability as the 3D printing process builds up the
final height, layer by layer. This base results in a circular surface with a
diameter (2R)of 12 cm.

Fig. 4 shows the brim on the left, which supports and adheres the
prototype to the print bed during the initial layers. On the right, the
nearly completed prototype is displayed, with only a few layers remain-
ing.

Once completed, the toolpath data were transferred in G-code for-
mat to the 3D printer, which then received all the necessary control
information to produce the prototype in three dimensions.

2.3. Experimental assessment

In order to experimentally validate the switchable performance of
the SC device, a prototype was manufactured using 3D printing and
acoustic tests were carried out in the anechoic chamber of the Higher
Polytechnic School of Gandia (Valencia, Spain).
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Fig. 3. Continuous extruder path (left); Digital image of multiple overlapping layers (center); Zoom on the toolpath during the transition, with continuous flow, from

one layer to another (right).

b X

Fig. 4. Brim that provides support and adhesion for the prototype on the print bed and initial layers (left). Almost completed prototype, with only a few layers

remaining (right).

An experimental setup was designed to characterize the transmission
properties of the multiresonant SC device in an anechoic chamber and
to quantitatively evaluate the performance of the acoustic switch based
on the acoustic field behind it. The dimensions of the anechoic chamber
are 8 X 6 x 3m°>. The automatized acquisition system consists of a 3D
Robotized Acoustic Measurement System, which was used to scan the
acoustic field distribution. Both the source and the SC were placed and
accurately oriented as in the numerical models presented in Section 2.

Fig. 5 shows the side view of the experimental set-up, and Fig. 1d
shows the scheme from the top view.

A Genelec 8030A active loudspeaker serves as the sound source,
placed 0.5 m from the center of the barrier, matching the distance used
in the 2D numerical model. The loudspeaker emits white noise for one
second and the microphone records an average of three measurements
at each measurement position. This frequency range covers the oper-
ating range in which the device functions as an acoustic switch. The
frequency range of interest is from 500 to 2500 Hz. The source is lo-
cated in front of the SC at a distance of 0.5 m and at a height of 0.4 m. It
is placed at the midpoint of the 0.8 m height of the scatterers. To main-
tain the correct distance between the 3D-printed cylindrical scatterers,
they are placed on a rigid wooden base with pre-drilled holes. The mea-
surement area is a rectangle with dimensions of 1.1 X 0.5 m, leaving
0.09 m on each side of the barrier (y-axis) and starting 0.05 m from the
edge of the last row of scatterers. Measurements are taken using a rect-
angular grid with a spacing of a/4, i.e., 0.003 m, allowing a frequency
resolution of 5 points per wavelength above 2000 Hz. The 36x16 rect-
angular evaluation region results in a 576-point acoustic pressure maps
with a total measurement time of approximately 4 hours.

Fig. 5. Side view of the experimental set-up.

A prepolarized free-field 1/2 microphone Type 4189 B&K has been
used throughout the experiments. Before using it, it has been calibrated
with a B&K Sound calibrator type 4231. In order to obtain precise sound
pressure maps, the 3D Robotized Acoustic Measurement System is capa-
ble of sweeping the microphone through a 3D grid of measuring points
located at any trajectory inside the anechoic chamber. Motion of the
robot is controlled by a computer outside the chamber.
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3. Results

This section analyzes the results obtained experimentally and com-
pare them with the numerical simulations. Fig. 6 presents two plots
illustrating the frequency spectrum of the multiresonant SC aimed at
achieving an acoustic switching behavior. The top plot shows the Trans-
mittance (T) as a function of frequency f(Hz) for two orientations (0°
and 90°) of the SC, with both numerical and experimental data. Notably,
(T) remains high within specific frequency ranges, corresponding to the
LFPB (in blue) and the HFPB (from 1500 to 2250 Hz, highlighted (in
red). These contiguous frequency ranges with opposite transmission val-
ues illustrate its switch performance. These contiguous frequency ranges
demonstrate the switching performance of the device, as the transmis-
sion is maximized in one orientation while minimized in the other, and
vice versa. Experimental data for both 0° and 90° orientations (symbol
markers) generally follow the numerical trends, with minor deviations.

The bottom plot depicts the Contrast Ratio C R, a metric likely show-
ing the difference in transmittance between the two orientations. In the
frequency range of 830-1500 Hz (blue region), the C R approaches high
values (between 0.6 and 1), indicating a significant difference between
orientations within this band. In the 1500-2250 Hz range (red region),
CR also reaches elevated values, again highlighting a clear distinction
between the two orientations. The experimental data (diamond mark-
ers) closely follow the numerical results, exhibiting similar peaks and
fluctuations, further reinforcing the robustness of the design in achiev-
ing this metric.

The design effectively functions as an effective acoustic filter due to
its ability to produce a clear contrast in transmittance between 0° and
90°, demonstrating that this SC can control the transmission of acoustic
wave propagation and act as an orientation-dependent acoustic switch.
The strong agreement between numerical and experimental results in
both plots demonstrates the accuracy of the model in simulating the
real behavior of the system. This alignment underscores the robustness
of both the design and the experimental methodology.

The high CR values in the blue and red regions indicate excel-
lent control over transmittance within these frequency bands, which is
particularly advantageous if the goal is to enable or block sound trans-
mission based on the crystal orientation. Overall, these results reflect a
well-optimized design with reproducible laboratory behavior, promis-
ing for applications in acoustic control, passive filtering technologies,
and reconfigurable acoustic switches.
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Fig. 6 shows that T values exceeding unity are observed at certain
frequencies. Although these values are considered unphysical, arising
from the calculations of T, which were based on the assumption of a
plane wavefront propagating perpendicularly to the sample surface. This
methodology represents an approximation to the complete 2D problem,
presuming that the incident, reflected, and transmitted waves all exhibit
plane wavefronts traveling in the direction normal to the surfaces of the
sample.

This assumption is deemed valid in our setup, as the loudspeaker
is positioned sufficiently far from the sample. It has also been widely
employed in prior studies [36,37], where a strong correlation between
experimental data and simulations based on this approach has been con-
sistently observed.

Since SCs with Helmholtz resonators (HRs) are often evaluated as
acoustic screens in the characterization of noise barriers, it is important
to adopt the parameters commonly used in this context. In addition to T,
we have chosen to represent the insertion loss IL (in dB) to quantify the
variation in pressure levels during transmission. This metric is particu-
larly well suited for evaluating the switching performance of the device
as it effectively captures the change in transmitted sound pressure as the
scatterers are reoriented to achieve the two different bands: LFPB and
HFPB. Normally, the IL is defined as the difference in sound pressure lev-
els with and without the device being evaluated. In this study, however,
we focus on the comparison of the IL between the two orientations of
the scatterers. In particular, we calculate the difference IL(0°) — IL(90°),
which quantifies the variation in transmission levels between the config-
urations 0° and 90°. As shown in Fig. 7, the comparison of the insertion
loss (IL), similar to the transmission coefficient (T) and the contrast ra-
tio (CR), clearly shows the switching behavior of the structure in both
passbands. In addition, some differences can be observed, which are
mainly due to the unequal diffraction effects between the 2D numerical
simulations and the 3D experimental measurements.

Having compared the numerical and experimental results and iden-
tified their similarities and differences, we now turn to the experimental
measurements to analyze them in more detail. In particular, we examine
the spatial distribution of the transmission for the two configurations
at 0° and 90°. Fig. 8 displays three SPL maps representing Insertion
Loss (IL) in decibels (dB) and the Contrast Ratio (CR) at two different
frequencies representative of the two ranges of 0° and 90° where the
transmission is complementary.

Fig. 8 shows four SPL maps representing the insertion loss (IL) in
decibels (dB) for the experimental measurements of the SC at 0° and
90° at two different frequencies corresponding to the LFPB (1172 Hz)
and the HFPB (2168 Hz) as an example. The x-axis ranges from 0 to 0.55
m and the y-axis from -0.55 m to 0.55 m, and they have a common color
scale from 0 to 20 dB, where blue stands for maximum IL (up to 20 dB)
and red for minimum IL (close to 0 dB). In the top left subplot (LFPB 0°),
the map highlights regions of significant attenuation, with maximum IL
values in blue surrounding a central area where IL drops to around 8 dB.
Conversely, the lower left subplot (LFPB 90°) shows three distinct areas
of minimal IL (0 dB, red) in the lower half, with a fairly uniform red-
dish background at 5 dB and three small blue regions indicating notable
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Fig. 8. Experimental Insertion Loss Maps with C R maps for two representative frequencies at 0° and 90°.

attenuation. The upper right subplot (HFPB 0°) shows a more uniform
IL distribution, with the minimum values (red) concentrated in the left
half, indicating that there is no attenuation near the SC, while the rest
has different IL values. Finally, the lower right subplot (HFPB 90°) has
maximum IL values (blue) near the SC and follows a similar directivity
pattern as the HFPB at 0°, but with a 20 dB difference in transmission
levels. In addition, isolated points, as in the case of the LFPB 90°, attenu-
ate the transmission by up to 7 dB, although the IL distribution remains
uniform overall.

The grayscale subplots on the right illustrate the CR with a color
scale from O to 1. These maps illustrate the difference in transmission
between the two configurations (0° and 90°). The regions with maxi-
mum C R, where the transmission differences are most pronounced, are
marked in white, especially near the SC. Minimum CR values, which
indicate smaller deviations, are shown in darker shades. At the LFPB,
the CR is more pronounced than at the HFPB, as predicted by the lower
part of Fig. 6. These visualizations are important to understand how the
orientation of the scatterers affects the acoustic properties of the pe-
riodic system, in particular the IL and the differences in transmission
between the two configurations. The tunability of the acoustic behavior
of the SC by rotating all the scatterers to 90° highlights its potential as
an effective acoustic switch.

4. Conclusion

In conclusion, this paper presents an innovative approach for
multiresonant SC devices focusing on the interaction between Bragg
bandgaps (Bragg-BGs) and Helmholtz resonator-based bandgaps (HRs-
BGs) in a simple and low-cost 3D-printed structure. The study shows
that by varying the orientation of the scatterers, significant changes in
acoustic insulation performance can be achieved, providing an effec-
tive switching mechanism between two distinct frequency passbands:
830-1500 Hz and 1500-2250 Hz. Each of these bands corresponds to
one of the two orientations of the resonator mouths. This design over-
comes the limitations of existing acoustic switches, which are often
based on complex geometries or only work in higher frequency ranges.
The simplicity of the structure combined with the absence of infill in
the 3D-printed cylindrical scatterers, enhances both the practicality and
the innovative character of the system.

The switching performance of the SC device was validated by a com-
bined numerical and experimental study, which showed good agreement
between the two approaches. The transmission characteristics, contrast
ratio (CR) and insertion loss (IL) were analyzed and confirmed the
ability of the device to split the acoustic response into two different

passbands, depending on the orientation of the scatterer. Significant dif-
ferences in transmission values and high contrast values were observed
between the two configurations. The IL highlights the acoustic atten-
uation achieved and confirms the effectiveness of the SC design as a
tunable and efficient acoustic switch.

The potential practical applications for this technology are numer-
ous. These include noise reduction in urban landscapes and industrial
settings, as well as the creation of adaptive acoustic environments within
buildings and vehicles. With cylindrical multiresonant scatterers nearly
one meter in height, the device could serve effectively as an acoustic
barrier, similar to the low-height barriers for trains demonstrated by
Lazaro [38]. Other applications include the design of acoustic sensors,
sonar devices, and acoustic logic gates [25]. In summary, the versatility,
simplicity, and ease of implementation of this multiresonant SC design
open new avenues for researchers and engineers in the fields of wave
manipulation and acoustic metamaterials.
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