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Abstract. Numerical simulations in COMSOL Multiphysics are used to investigate the be-
havior of an Acoustic Leaky Wave Antenna (ALWA) operating in an underwater environment.
The model characterizes both the propagation of elastic waves within the antenna structure
and their coupling with the surrounding fluid by integrating the Pressure Acoustics and Solid
Mechanics modules in a fully coupled multiphysics framework. Key acoustic parameters such
as radiation patterns, transmission and reflection coefficients, radiation efficiency and direc-
tivity are evaluated. The results demonstrate the effectiveness of COMSOL in accurately
modeling complex acoustic-structural interactions and support the potential of ALWAs for
underwater directional sound applications.

I. INTRODUCTION

Acoustic Leaky Wave Antennas (ALWAs) are struc-
tures that can direct sound in different orientations by
allowing part of the wave to leak out of a waveguide
as it travels [1, 2]. This direction depends on the fre-
quency of the sound, enabling beam steering without
electronics.

Originally developed for electromagnetic waves [3–5],
this concept has been adapted to acoustics using spe-
cially designed materials called metamaterials [6]. In
air, these designs have shown that sound can be di-
rected forward or backward by adjusting frequency
[7–9].

Underwater applications are more complex due to
stronger interactions between the waveguide and the
fluid [10, 11]. Recent advances use elastic materials
with internal resonators to overcome this challenge and
steer beams underwater [12].These antennas offer a
compact, passive alternative for sonar, communication,
and sensing, with performance controlled by structure
rather than electronics [13].

In this context, the present work employs COMSOL
Multiphysics to simulate the full geometry of an ALWA
[14]. The model incorporates elastic wave propagation
within the antenna structure and its coupling with the
surrounding fluid domain. Using the Pressure Acous-
tics and Structural Mechanics modules in a fully cou-
pled multiphysics environment, the study evaluates key
performance metrics including the radiation pattern,
reflection and transmission coefficients, radiation effi-
ciency, and directivity. The results provide a compre-
hensive assessment of the antenna’s acoustic behavior
and demonstrate the feasibility of using using these an-
tennas for frequency-dependent beam steering in sub-
sea applications.

II. THEORY

This section provides the theoretical framework for the
antenna design.

To support the simulation presented later, this section
summarizes the theoretical basis of ALWAs. These
structures incorporate periodic openings along a waveg-
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uide that enable part of the guided wave to leak into
the surrounding medium, producing directional radia-
tion [15]. As shown in Figure 1, the radiated energy
follows a defined angle θr , determined by the waveg-
uide’s propagation constants.
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Figure 1: Illustration of an ALWA structure composed
of a waveguide aligned along the z-axis with radiating
openings. The diagonal blue lines represent emitted
acoustic beams.

The radiated pressure field near the antenna is given
by:

P (z, y) = p0 e− j ky y e− j kz z e jωt , (1)

where kz =β− jα defines propagation along the waveg-

uide and radiation losses, and ky =
√

k2
0 −β2 governs

behavior in the transverse direction [15,16]. Radiation
occurs when β< k0, with the radiation angle given by:

θr = sin−1
(
β

k0

)
(2)

The beamwidth at half-power can be approximated as:

∆θ ≈ λ

L cos(θr )
(3)

Due to the dispersive nature of β, the radiation an-
gle θr varies with frequency, enabling frequency-based
beam steering [4, 15].

III. MATERIALS AND METHODS

This section presents a detailed description of the sim-
ulation process based on the finite element method
(FEM), including the modules employed, the problem
geometry, the selected materials, the meshing process
and the analysis performed.

A. Modules

The simulation was carried out using the commercial
software COMSOL Multiphysics® 6.3, employing the
Acoustics and Structural Mechanics modules modules
[17].

The Acoustics module: uses the Pressure Acous-
tics, Frequency Domain interface, which solves the
Helmholtz equation in the frequency domain to model
the propagation of acoustic waves in quiescent fluids.
This linear formulation treats acoustic pressure as a
scalar field and supports the modeling of attenuation
using homogenized fluid models, including porous me-
dia and thermo-viscous losses. The interface also al-
lows for the definition of incident fields and localized
sources, such as monopoles and dipoles.

Mathematically, the interface solves the Helmholtz
equation in the frequency domain for prescribed exci-
tation frequencies, and it also supports eigenfrequency
and modal analyses.

The Structural Mechanics module: employs the Solid
Mechanics interface using a 2D axisymmetric formula-
tion, well-suited for problems exhibiting rotational sym-
metry. This interface is based on Navier’s equations
of linear elasticity and enables the computation of dis-
placements, stresses, and strains in solid domains. The
axisymmetric approach reduces computational com-
plexity while preserving the essential physical behav-
ior. Additional capabilities, such as contact modeling
and nonreflecting boundaries, can be accessed when
extended modules are included.

B. Geometry

The simulated antenna consists of an array of adjacent
unit cells. As shown in Figure 2, each unit cell is com-
posed of two solid steel waveguides (dark grey) located
at each end, together with a lead ring (light grey) that
acts as a leakage element. Inside this leakage element
is a steel membrane (yellow), supported by two lead
rings inside an air-filled cavity.

The designed acoustic antenna is composed of a
waveguide of cylindrical geometry and axial periodicity,
formed by a series of axisymmetric unit cells. Each cell
includes a steel waveguide with an outer radius rw g
and an axial length Lw g . Inside, a radial cavity lead
(shunt) characterized by a radius rsh and a thickness
tsh , which allows the introduction of local resonances
necessary for obtaining negative dynamic modulus, is
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incorporated. In addition, each cell contains a disk-
shaped steel mass, defined by a height hm and a radius
rm , mounted at the center by means of elastic ele-
ments.

Waveguide (steel)

Membrane (steel)

Ring shunt 
(lead)

Membrane support 
ring (lead)

Figure 2: Parts of a unit cell that make up the proposed
antenna.
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Figure 3: Schematic representation of a unit cell with
geometric parameters.

Figure 3 provides a schematic representation of the unit

cell, indicating the dimensional parameters associated
with each structural element.

These supporting elements are modeled as lead spring-
like rings with inner radius rsp , radial thickness tsp , and
axial height hsp . Together, these components act as a
mass-spring system tailored to induce negative dynamic
density within the unit cell. The full geometry pre-
serves rotational symmetry about the longitudinal axis
of the waveguide, which is advantageous for both fabri-
cation and numerical simulation via axisymmetric finite
element models. The complete antenna comprises N
identical unit cells, resulting in a total physical length of
N ·Lw g . This length has been designed to ensure that
the propagating elastic waves are adequately attenu-
ated, through radiation leakage and material damping
before reach the antenna, thus minimizing unwanted
reflections.

The specific numerical values of all geometric parame-
ters are provided in Table 1.

Variable Description Value
rw g Radius of the unit cell 49.6 mm

Lw g Length of the unit cell 72.7 mm

rsh Radius of the leakage 41.6 mm

tsh Thickness of the leakage ring 7.9 mm

rsp Radius of the ring supporting
the membrane

37.1 mm

tsp Thickness of the membrane
support ring

3.1 mm

hsp Separation between mem-
brane and waveguide

8.7 mm

hm Thickness of the membrane 12.2 mm

rm Radius of the membrane 40.3 mm

N Number of cells 40

Table 1: Geometric parameters of the proposed
antenna.

C. Materials

The ALWA is composed of multiple homogeneous,
isotropic elastic materials selected to achieve a bal-
ance between mechanical functionality, manufactura-
bility, and acoustic performance. The main struc-
tural component, the cylindrical waveguide, is fabri-
cated from steel, chosen for its high stiffness and den-
sity, which enable efficient transmission of elastic waves
while maintaining structural integrity under dynamic
loading. The mass element, which acts as the inertial
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core in the mass-spring system, is also made of steel to
preserve material continuity and ensure sufficient mass
contrast with the elastic support elements.

The spring-like supports and the shunt (leaky) cavity
are constructed from lead, a softer and denser metal
with a significantly lower Young’s modulus compared
to steel. This contrast in stiffness is essential for en-
abling localized elastic deformation, which contributes
to the emergence of negative dynamic effective param-
eters. Lead’s high density also aids in enhancing the dy-
namic interaction with the surrounding fluid, promoting
acoustic radiation. The values of the material proper-
ties are listed in the Table 2.

Variable Description Value
ρPb Density of lead 11340 kg/m3

EPb Young’s module of lead 16.3 GPa

νPb Poisson’s ratio of lead 0.44

ρSteel Density of steel 7850 kg/m3

Esteel Young’s module of steel 200 GPa

νsteel Poisson’s ratio of steel 0.3

c Speed of sound of seawa-
ter

1500 m/s

ρ Density of seawater 1027 kg/m3

Table 2: Material properties of the proposed antenna.

D. Physical Characterization of the Model

COMSOL Multiphysics distinguishes between domain
conditions, boundary conditions and point conditions
within each physical interface. [17]. The present study
employs the physics of Pressure Acoustics, Frequency
Domain; and Solid Mechanics. Multiphysics coupling
is used to model the interaction between the elastic
structure and the surrounding fluid.

1. Pressure Acoustics, Frequency Domain

Boundary conditions: In the physics of Pressure Acous-
tics, Frequency Domain, the Port condition was applied
to excite the antenna, enabling the analysis of acoustic
wave behavior in the marine environment. This condi-
tion models the input and output ports of the antenna,
located at the ends of the corresponding waveguides.
The governing equation is:

pt =
∑

i∈bnd
Ai ne iφ(si j +δi j )pi (4)

when the summation over i is taken over all ports on
the given boundary bnd , and si j is the scattering pa-
rameter. Ai n is the amplitude of the incident field at
port j , φ is the phase of the incident field, and pi de-
notes the mode shape of the i-th port. The port type
used is circular, with the radial mode number set to
zero (m=0).

At the boundary of the external medium, a Perfectly
Matched Boundary (PMB) condition was applied.
This condition functions as a Perfectly Matched Layer
(PML), effectively absorbing outgoing waves at open
boundaries without requiring the explicit definition of a
separate layer in the geometry. The PML formulation
is automatically implemented using COMSOL Multi-
physics’ extra dimension feature. Since the simulation
is carried out in water, the PML scaling factor was
adjusted from its default value of 1 to 5, in order to
enhance absorption efficiency under underwater condi-
tions.

Finally, the Exterior Field Calculation condition has
been used to calculate the far-field antenna radiation
pattern. The equations that model it are:

pext(R) =− 1

4π

∫
S(r )

e i k r ·R
|R|

(
∇p(r )− i kp(r )

R

|R|
)
· (−n)dS

(5)

pext = lim
R→∞

p(R) (6)

In Equation (5), the term pext(R) represents the acous-
tic pressure at a far-field observation point R. The
prefactor 1

4π corresponds to the normalization constant
derived from the free-space Green’s function in three-
dimensional acoustics. The integration is performed
over a closed surface S(r ) that encloses the radiating
source.

The exponential term e i k r ·R
|R| represents an outgoing

spherical wave, which approximates a plane wave in the
far-field direction defined by the unit vector R

|R| . Here,
k is the acoustic wavenumber, defined as k = 2π

λ , with
λ being the wavelength.

The term ∇p(r ) is the spatial gradient of the acous-
tic pressure evaluated at a point r on the integration
surface. p(r ) denotes the acoustic pressure itself at
that point. The dot product with −n, where n is
the outward-pointing normal vector to the surface, ac-
counts for the projection of the acoustic field onto the
surface’s normal direction. Finally, dS represents the
differential surface element.
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Equation (6) defines the far-field acoustic pressure pext
as the limit of the pressure field p(R) when the obser-
vation point R tends toward infinity. This expression is
used to formally characterize the pressure radiated into
the far-field region.

The Figure 4 reflects where these boundary conditions
have been applied

Port 1

Port 2

PMB

Exterior Field 
Calculation

Domain (seawater)

z

r

Axial Symmetry

Figure 4: ALWA boundary conditions with Pressure
Acoustics module

2. Solid Mechanics

Domain conditions: Used in the physic Solid Mechanics,
only one has been used, that of Linear Elastic Mate-
rial, but with different characteristics, one for lead and
the other for steel.

The Linear Elastic Material domain condition is used
to define the elastic behavior of solids under the as-
sumption of linear stress-strain relationships. This set-
ting applies to the entire volume of a domain and al-
lows the user to specify material symmetry (isotropic,
orthotropic, or anisotropic) along with two independent
elastic constants, such as Young’s modulus and Pois-
son’s ratio. These parameters are essential for con-
structing the stiffness matrix that governs the mechan-
ical response. Additionally, the material density can be
included for dynamic simulations or to account for vol-
umetric forces like gravity. For nearly incompressible
materials, a mixed formulation can be enabled, intro-

ducing pressure as an additional dependent variable to
improve numerical stability. The model can be further
enriched by adding subfeatures such as thermal expan-
sion, damping, initial stress, or viscoelasticity. Overall,
this domain setting forms the foundation for accurately
capturing the linear elastic response within the simula-
tion.

The mechanical response of a linearly elastic solid, in-
cluding various inelastic effects, is described by the fol-
lowing field equations and constitutive relationships.
The balance of linear momentum in the frequency do-
main is expressed as:

−ρω2u =∇·S+Fv e iφ (7)

Here, ρ is the mass density, ω is the angular frequency,
u is the displacement field, S is the total stress tensor,
and Fv e iφ represents a harmonic volume force.

Under axisymmetric assumptions, the displacement
vector simplifies to:

u(R,Φ, Z ) → (u,0, w)T (8)

The total stress is decomposed into elastic and inelastic
components as follows:

S = Sinel+Sel, ϵel = ϵ−ϵinel (9)

The inelastic strain tensor incorporates various physical
effects and is given by:

ϵinel = ϵ0 +ϵext+ϵth+ϵhs+ϵpl+ϵcr+ϵvp+ϵve (10)

Here, the subscripts denote: initial (ϵ0), externally in-
duced (ϵext), thermal (ϵth), hygro-swelling (ϵhs), plas-
tic (ϵpl), creep (ϵcr), viscoplastic (ϵvp), and viscoelastic
(ϵve) strains.

The elastic stress is related to the elastic strain through
the linear constitutive equation:

Sel = C : ϵel (11)

The inelastic part of the stress may contain additional
terms, such as initial and external pre-stresses:

Sinel = S0 +Sext+Sq (12)
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The total infinitesimal strain tensor is defined as the
symmetric part of the displacement gradient:

ϵ= 1

2

[
(∇u)T +∇u

]
(13)

Finally, the elasticity tensor C is a function of the ma-
terial properties, typically the Young’s modulus E and
Poisson’s ratio ν:

C = C(E ,ν) (14)

These expressions together form the basis for modeling
the mechanical behavior of solids with both elastic and
inelastic effects in frequency-domain simulations.

Axial Symmetry

z

r

Linear Elastic
 Material

Linear Elastic Material 
(Viscoplasticity)

Figure 5: ALWA boundary conditions with Solid Me-
chanic module

3. Multiphysics

In the context of multiphysics simulations involving
fluid-structure interaction, COMSOL Multiphysics pro-
vides the Acoustic-Structure Boundary condition to
accurately couple an acoustic pressure field with the
structural motion of a solid boundary. This bound-
ary condition enforces continuity of the normal com-
ponent of momentum and ensures that the pressure
loading on the structure is dynamically consistent with
the acceleration of the boundary. Specifically, it enables
bidirectional coupling between the acoustic pressure in
the fluid domain and the structural displacement in the
solid domain, which is essential in applications such as
vibroacoustics, ultrasonic transducers, and aeroelastic-
ity.

The governing relations for this coupling, as imple-
mented in COMSOL, are described below. These equa-
tions express both the balance of normal forces at the
boundary and the pressure-induced aerodynamic force
acting on the structure.

At the exterior interface between the acoustic medium
and the structure, the normal component of the acous-
tic momentum flux is balanced by the structural accel-
eration:

−n ·
(

1

ρc

(∇pt −qd
))=−n ·ut t (15)

Here, n is the unit normal vector pointing out of the
fluid domain, ρc is the compressible fluid density, pt is
the total pressure, and qd is a damping or additional
momentum flux vector. The term ut t represents the
second time derivative of the structural displacement,
i.e., the acceleration of the boundary.

The resulting aerodynamic force applied on the struc-
ture is given by:

FA = pt n (16)

In cases where the structure is surrounded by fluid on
both sides (such as a panel with upper and lower sur-
faces in contact with different fluid domains), the in-
terface condition must be enforced on both surfaces:

−n ·
(

1

ρc

(∇pt −qd
))

up
=−n ·ut t (17)

−n ·
(

1

ρc

(∇pt −qd
))

down
=−n ·ut t (18)

The net aerodynamic force acting across the structure,
due to the pressure difference between the lower and
upper fluid domains, is:

FA = ptdownn−ptupn (19)

These conditions ensure a consistent and physically ac-
curate interaction between the pressure field in the fluid
and the motion of the structure. They are crucial for
capturing the correct dynamic behavior of systems in-
volving acoustic excitation and structural response.
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E. Mesh

The finite element mesh was generated using a user-
controlled strategy in COMSOL Multiphysics to accu-
rately capture the elastic-acoustic coupling present in
the underwater leaky wave antenna. A Free Triangu-
lar meshing approach was adopted to conform to the
axisymmetric geometry of the unit cell, particularly in
regions with complex features such as the shunt cavity
and the mass-spring inclusion.

To ensure numerical convergence, the global maximum
element size was defined according to the criterion:

∆x = c

10 · fmax
≈ 0.0158m (20)

where c = 1500m/s is the speed of sound in water and
fmax = 9500Hz is the maximum excitation frequency.

The mesh configuration included the following nodes:

• Size: Sets the global element size across the
model to define a baseline mesh resolution.

• Size 1 : Applies local mesh refinement to specific
domains or boundaries with expected high gradi-
ents in pressure or displacement.

• Size Expression 1 : Controls element size using a
parametric expression, ensuring resolution adapts
with frequency and wave properties (λ/10).

• Free Triangular 1 : Generates an unstructured tri-
angular mesh adapted to the axisymmetric ge-
ometry, particularly useful for capturing complex
shapes.

• Boundary Layers 1 : Adds finely layered mesh el-
ements at the waveguide–water interface to re-
solve near-field acoustic radiation effects accu-
rately.

The final mesh consisted of 143837 domain elements
and 10354 boundary elements, providing a suitable bal-
ance between numerical accuracy and computational
cost.

A representative meshing configuration is shown in Fig-
ure 6, which illustrates local refinements in critical
structural and acoustic regions. The associated sim-
ulation had a total computation time of 8 minutes and
43 seconds.

Unit cell Seawater

Figure 6: Meshing of the proposed ALWA antenna

F. Study

The type of study employed uses a Frequency Do-
main analysis to model wave propagation phenomena.
Assuming harmonic excitation of the pressure field,
the time-dependent governing equations can be trans-
formed to the frequency domain, where the time depen-
dence is replaced by the angular frequency parameter
ω = 2π f . This approach eliminates the explicit time
variable, allowing the problem to be solved efficiently
using steady-state harmonic formulations. Frequency
Domain studies are particularly well suited for simula-
tions involving the finite element or boundary element
methods, as implemented in the Acoustics Module. Ad-
ditionally, this method enables the direct calculation
of complex pressure fields, from which amplitude and
phase information can be extracted. Important physical
effects, such as damping in porous materials and ad-
vanced impedance boundary conditions, are inherently
accounted for within this framework.

In this work, the simulation is performed over a fre-
quency range from 7800 Hz to 9500 Hz with increments
of 10 Hz, allowing for detailed analysis of the system’s
frequency response.

IV. RESULTS AND DISCUSSION

This section presents the numerical results obtained
from the simulation of the complete antenna. Specif-
ically, it includes the far-field radiation pattern, direc-
tivity, reflection and transmission coefficients, and the
radiation efficiency of the system.
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A. Radiation Pattern

This represents the distribution of the sound intensity
emitted by the antenna in various directions. It is ob-
tained using the boundary conditions and variables re-
lated to the far field pressure and the sound pressure
level.To compute them, a 1D Plot Group of type Ra-
diation Pattern is created within the Results section of
COMSOL Multiphysics

Figure 7: Radiation pattern of the ALWA.

The radiation pattern shown in Fig. 7 illustrates the
frequency-dependent beam scanning behavior of the
ALWA. The results confirm the dispersive nature of the
antenna and its ability to control the radiation angle via
frequency tuning.

At 8100 Hz (blue curve), the main lobe is directed to-
ward negative angles, peaking at approximately −62◦,
with a −3 dB beamwidth of about 88◦, indicating a
broad backward radiation pattern with low directivity.
At 8340 Hz (red curve), the beam narrows significantly,
reaching a peak at −20◦ with a beamwidth of 20◦, which
reflects increased directivity. At 8450 Hz (green curve),
the main lobe shifts forward, peaking at +23◦, although
the beamwidth expands again to approximately 92◦, re-
vealing a more diffuse radiation pattern. Finally, at
9000 Hz (black curve), the radiation becomes highly fo-
cused, with the main lobe peaking at +90◦ and a −3 dB
beamwidth of 26◦, demonstrating the system’s ability
to steer acoustic energy by changing frequencies.

These results confirm the ability of the antenna to dy-
namically steer the acoustic beam by simple frequency
tuning. capability of the ALWA and highlight its poten-
tial for spatial localization tasks in underwater environ-
ments.

B. Directivity

This subsection presents the directivity pattern, which
illustrates the sPL as a function of both frequency and
radiation angle. The plot provides insight into the an-
gular distribution of radiated acoustic energy across a
range of frequencies. This directivity map was gener-
ated using COMSOL Multiphysics, which was employed
to simulate the acoustic field in the exterior domain of
the structure. To compute them, a 1D Plot Group of
type Directivity.

Figure 8: Directivity of the ALWA.

Figure 8 presents the frequency-angle directivity map of
the ALWA, where the SPL is plotted in decibels (dB)
over a frequency range of 7800 Hz to 9500 Hz and an
angular range of −90◦ to 90◦. The color map reveals
the angular direction of the main lobe as a function
of frequency, a distinctive feature of leaky waveguide
behavior. At lower frequencies (e.g., below 8200 Hz),
maximum radiation occurs at negative angles, indicat-
ing backward radiation. As the frequency increases to-
ward 8340 Hz, the beam transits on the broad side 0◦.
Beyond this point, the main lobe is clearly deflected to-
ward positive angles, confirming forward radiation for
higher frequencies. The sharp contrast between the
high and low acoustic pressure regions demonstrates
the antenna’s strong directional control and frequency-
tuned beam steering. In addition, the interference
patterns and sidelobes observed at higher frequencies
can be attributed to higher order mode excitations and
structural resonances.
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C. Reflection and Transmission Parameters and
Radiation Efficiency

These parameters provide insight into how the energy
of the incident wave is distributed between the reflected
and transmitted components. To compute them, a 1D
Plot Group of type Global is created within the Results
section of COMSOL Multiphysics. In the plot settings,
the relevant expressions are defined to evaluate the re-
flection and transmission behavior of the antenna.

|R| = abs(acpr.S11) (21)

|T | = abs(acpr.S21) (22)

η= 1−abs(acpr.S11)−abs(acpr.S21) (23)

Figure 9 shows the reflection coefficient (|R|), trans-
mission coefficient (|T |), and radiation efficiency (ηrad)
of the simulated acoustic leaky wave antenna. In
the lower frequency band (7800 Hz–8100 Hz), the re-
flection coefficient exhibits a peak above 0.8, indi-
cating that most of the incident energy is reflected,
with minimal transmission and low radiation efficiency.
As the frequency increases, the reflection decreases
and the transmission coefficient rises, particularly be-
tween 8100 Hz and 8700 Hz, where energy is increas-
ingly transmitted through the structure.

Figure 9: Transmission and reflection parameters and
radiation efficiency of the ALWA

Between 8100 Hz and 8800 Hz, the radiation efficiency
also increases, peaking around 0.7. This suggests that a
portion of the transmitted energy is effectively radiated

into the surrounding fluid. Beyond 9000 Hz, however,
both reflection and radiation efficiency exhibit oscilla-
tory behavior, likely due to resonances and structural
modal effects, while transmission shows a decreasing
trend. The frequency range where |T | and ηrad are si-
multaneously elevated corresponds to effective acoustic
radiation, and thus, potential beam steering operation.

Overall, the plot confirms the frequency-dependent be-
havior of the antenna, with clearly defined bands of
transmission, reflection and radiation efficiency charac-
teristic of ALWAs.

V. CONCLUSION

This work has demonstrated the use of COMSOL Mul-
tiphysics as a robust and versatile software for the nu-
merical modeling of ALWAs operating in underwater en-
vironments. Rather than focusing solely on antenna de-
sign, the study emphasizes the capabilities of COMSOL
to capture the complex fluid–structure interactions in-
herent to elastic waveguides coupled with surrounding
fluids. By simulating the complete antenna geometry,
key indicators such as radiation patterns, reflection and
transmission coefficients, directivity and radiation effi-
ciency across a range of frequencies were extracted.

The simulation workflow, including acoustic-structure
coupled physics setup, boundary conditions and post-
processing strategies, proves to be a reliable framework
for frequency-dependent beam steering evaluation and
optimization. The results confirm that FEM provides
not only quantitative performance predictions, but also
valuable physical insight into the radiative behavior of
metamaterial-based acoustic devices.

Overall, this study highlights the potential of COMSOL
as a powerful tool for the design and analysis of complex
acoustic systems, especially where conventional ana-
lytical methods are insufficient due to the presence of
multiphysics interactions and nontrivial geometries.
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