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Metamaterials with Fabry—Pérot (FP) resonance have proven effective for underwater ultrasound imaging.
The propagation phenomenon can be understood as a spatial filter with linear dispersion over a finite band-
width. However, conventional imaging techniques are constrained by the diffraction limit or rely on a strong
impedance mismatch between the metamaterial and water. In this paper, we propose a columnar array meta-
material designed for underwater imaging based on FP resonances and validate the proposed design through
numerical simulations. The acoustic pressure transmission coefficient, together with the normalized acoustic
pressure distribution, is analyzed to quantitatively evaluate imaging quality and verify the physical effective-
ness of the model. This novel structure enables deep subwavelength imaging underwater, maintaining excellent
and stable imaging performance within a 0.4 kHz bandwidth centered around the operating frequency. We
use air-filled metamaterials to create strong acoustic coupling and establish effective sound isolation. This ap-
proach significantly enhances imaging resolution, while optimizing energy loss at multiple interfaces, an issue
in previous studies. Additionally, in contrast to resonance- or refraction-based approaches such as Helmholtz
resonators or hyperlens designs, the proposed FP-resonant metamaterial offers an alternative mechanism for
achieving near-field subwavelength imaging through controlled wave transmission and confinement. We also ex-
amine the influence of various parameters, such as imaging distance, incidence distance, and array periodicity,
on imaging performance. The results demonstrate that the columnar array metamaterial holds great potential
for underwater ultrasound imaging applications.
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1. Introduction merous extraordinary physical properties (DONG et al.,
2023; KAWATA et al., 2008). The core purpose of acous-
In recent years, the design and experimental re- tic metamaterials is to achieve precise control of sound

alization of artificial metamaterials have yielded nu- wave propagation through artificially designed struc-
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tures, breaking the physical limitations of natural ma-
terials, and thereby enabling acoustic functionalities
that are unattainable with conventional materials at
specific frequencies or in particular scenarios. A holey-
structured metamaterial has demonstrated potential
for near-field acoustic imaging beyond the diffraction
limit, due to the strong coupling between the evanes-
cent field components of a subwavelength object and
the Fabry—Pérot (FP) resonances within the holes
(AMIREDDY et al., 2017). However, the use of holey-
structured metamaterial made from metals and poly-
mers in underwater imaging faces significant challenges
due to the low acoustic impedance mismatch and high
viscous losses (LAURETI et al., 2020; ASTOLFI et al.,
2019; ESTRADA et al., 2008; PENDRY, 2000; CHRIS-
TENSEN et al., 2008; BELOV, SILVEIRINHA, 2006).

To address these limitations, we introduce the
concept of a ‘wire array’ metamaterial, fabricated
from a polymer with an acoustic impedance closely
matching that of water. This design creates FP reso-
nances within the array, while the air-filled gaps be-
tween the wires enhance acoustic isolation, enabling
more efficient transmission of evanescent waves for
deep-subwavelength underwater imaging (MOLERON,
DARrAI1O, 2015). This approach paves a way for deep-
subwavelength imaging using polymer-based acous-
tic metamaterials underwater (GuLiA, GUPTA, 2019;
DENG et al., 2009).

It is well known that the resolution of traditional
acoustic imaging devices is limited by the diffraction
limit, which is half the operating wavelength, as these
devices are unable to capture evanescent waves (ZHOU
et al., 2010; YAN, YUAN, 2015; ZHANG et al., 2009;
AMBATI et al., 2008). These evanescent waves carry
the fine details of objects but decay exponentially
with distance (CHRISTENSEN, GARCIA DE ABAJO,
2010). To achieve subwavelength resolution beyond
the diffraction limit, hyperlenses and superlenses in
artificial acoustic metamaterials have garnered sig-
nificant attention by enhancing the transmission of
evanescent waves (AMIREDDY et al., 2016; SIMONET-
TI, 2006). Hyperlenses are mnon-resonant, strongly
anisotropic metamaterials that can convert evanes-
cent waves into propagating waves (L1U et al., 2007;
GUENNEAU et al., 2007; SILVEIRINHA et al., 2008).
In contrast, superlenses exhibit either single-negative
or double-negative acoustic characteristics, achieved
by using membrane-type metamaterials or Helmholtz
resonators (L1, CHAN, 2004). Superlenses achieve sub-
wavelength resolution by reconstructing evanescent
components through negative-index behavior, whereas
Helmholtz-resonator designs utilize resonant enhance-
ment of local acoustic fields to improve spatial con-
finement. Compared to these resonance- or refraction-
based mechanisms, FP-resonant metamaterials offer
a pathway to realize near-field imaging through con-
trolling wave transmission and confinement within

the structure. The effectiveness of holey-structured
metamaterials has been demonstrated in air. In some
instances, enhanced evanescent wave magnitude has
been observed due to highly anisotropic equifrequency
contours.

However, traditional metal materials struggle to
create a strong impedance mismatch with water. To
address this, ASTOLFI et al. (2019) employed tung-
sten in additive manufacturing to achieve a sig-
nificant acoustic impedance mismatch with water,
thereby improving the propagation of evanescent
waves. Nonetheless, tungsten is challenging to pro-
cess and it is quite heavy, making it inconvenient for
underwater applications. Consequently, several holey-
structured polymer-based metamaterials utilizing FP
resonance have been proposed for subwavelength imag-
ing (L1v et al., 2009). However, for underwater imaging
with holey-structured metamaterials at higher fre-
quencies, key challenges arise, including multimode
coupling caused by weak acoustic impedance mis-
match and high viscous losses between water and
the metamaterial (LAFLEUR, SHIELDS, 1995; LAU-
RETI et al., 2014; 2016). Underwater imaging with
holey-structured metamaterials presents unique chal-
lenges. To address it, LAURETI et al. (2020) introduced
the concept of using trapped air, where the acoustic
impedance mismatch between a polymer and water is
strongly enhanced when air is confined within the bulk
material in a particular way. Additionally, the authors
demonstrated that ultrasound imaging of broadband
subwavelength apertures in water can be achieved us-
ing FP resonance. While these studies reported on
polymer-based metamaterials functioning in water,
acoustic coupling from the water-filled holes into the
polymer is expected to degrade their performance
(LAURETI et al., 2020).

Recent advances have also explored alternative
approaches to achieve subwavelength imaging be-
yond FP-based metamaterials. For example, neural-
network-assisted ultrasonic imaging methods, such
as the back propagation neural network-total focus-
ing method (BPNN-TFM), have demonstrated the
ability to resolve defects separated by only 0.5\,
outperforming several existing super-resolution tech-
niques (LIN et al, 2025). In the optical domain,
semiconductor nanophotodetector (NPD) arrays, sim-
ulated with the multi-level multi-electron (MLME)
finite-difference time-domain (FDTD) method, have
achieved detection resolutions of about one-tenth of
the operating wavelength, comparable to near-field
scanning optical microscopy (Kim et al., 2008). These
studies highlight the diversity of subwavelength imag-
ing strategies across different physical platforms and
provide a broader context for situating the present
metamaterial-based approach, which offers a compact
and efficient solution for underwater acoustic appli-
cations.
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In this paper, we propose the use of polymers with
acoustic impedance closely matched to that of water as
columns in our metamaterial arrays. These arrays are
surrounded by air and sealed with thin cover plates
on both the front and back. The proposed design ad-
dresses the performance losses typically observed be-
tween water and polymers in traditional metamate-
rials, while it also eliminates efficiency reductions at
the water-polymer-air interfaces found in trapped-air
configurations. Furthermore, the significant impedance
mismatch between the polymer and the surrounding
air enhances the FP resonance. This design enables
the minimum feature imaging size to be optimized
to 0.12 )\, compared to 0.135 A presented in the prior
studies. Our findings demonstrate that these air-filled
wire-array metamaterial exhibit outstanding imaging
performance at deep subwavelength scales, along with
a relatively broad bandwidth.

Through simulations, we optimized imaging fre-
quency, distance, and incident conditions, and we also
examined the effects of cover layer thickness and ar-
ray periodicity on imaging quality. These insights offer
valuable guidance for selecting material parameters.
With the right configuration, the metamaterials can
achieve optimal imaging performance and support po-
tential practical applications. The proposed air-filled
metamaterial design holds promise for several real-
world applications that benefit from high-resolution
underwater acoustic imaging. In the field of marine
exploration, such a structure could be deployed for
detailed seabed mapping and the detection of small-
scale defects in underwater infrastructures. The abil-
ity to achieve subwavelength imaging in the near field
allows fine structural details to be resolved, which
are often blurred by the diffraction limit in conven-
tional sonar systems. In addition, the approach is rel-
evant to biomedical diagnostics in aqueous environ-
ments, such as high-frequency ultrasound imaging of
tissues or monitoring of microscale biological processes.
The strong impedance contrast between the water-like
columns and the surrounding air provides efficient FP
resonance, enabling enhanced focusing and improved
image clarity. These capabilities suggest that the meta-
material design could serve as a compact, low-loss
platform for next-generation acoustic microscopes or
targeted biomedical sensing devices. Overall, position-
ing the proposed structure within such application-
oriented contexts highlights its potential impact be-
yond theoretical demonstration.

2. Structural designs

The FP resonance condition describes a scenario
in which an acoustic wave undergoes repeated reflec-
tions between two parallel boundaries within a cavity,
and constructive interference arises when the round-
trip propagation distance equals an integer multiple of

the wavelength. Under this condition, acoustic energy
becomes strongly confined within the cavity, result-
ing in resonance and enhanced transmission through
the structure. In the context of acoustic metamateri-
als, this mechanism plays a critical role in amplifying
evanescent components and thereby sustaining high-
resolution imaging performance. By exploiting FP res-
onances, the metamaterial can overcome part of the
diffraction limit and achieve subwavelength focusing
or imaging in underwater environments.

Among the various sonic metamaterial designs, ho-
ley structures can achieve specific properties, such
as extraordinary acoustic transmission or absorption.
Previous studies have shown that, when diffraction
effects can be neglected, the transmission process is
primarily governed by the fundamental propagation
modes within the holes. In this case, the zeroth-order
transmission coefficient of an acoustic plane wave can
be expressed as
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where the parallel momentum k = \/k2 + k2 and ¢, =
k =27 /) is the propagation constant of the mentioned
waveguide mode, So = a/A and Y = ko/\/kE - k? (Znu
et al., 2010). Objects positioned at the input surface of
the holey plate can achieve near-perfect acoustic im-
age transfer to the output side, owing to the plate’s
unique waveguiding properties. In this configuration,
the transmission coefficients of both the transmitted
and swift waves are unity. A simple analysis of a single
hole in a structure with an infinite impedance mis-
match with water predicts FP resonances at frequen-

cies fn, given by
c
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where N is a positive integer representing the harmonic
number, ¢ is the speed of sound in water (1480m/s),
and H is the metamaterial thickness (the channel
length) (LORENZO et al., 2021).

Previous studies have also interpreted the efficient
transmission of subwavelength details in such struc-
tures through the concept of evanescent wave canali-
zation, in which high spatial-frequency components are
guided or transformed into propagating modes inside
the metamaterial. This mechanism has been widely
used to explain near-field image transfer in both acous-
tic and electromagnetic metamaterials.

However, these analyses typically rely on the exam-
ination of spatial frequency spectra, such as Fourier-
domain representations or explicit separation between
near-field and far-field contributions, to reveal how
evanescent components are transmitted through the
structure. In contrast, the present work focuses pri-
marily on near-field imaging behavior, characterized by
spatial pressure distributions, without performing a di-

f‘rL =N
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rect decomposition of the field into its spatial fre-
quency components. This approach emphasizes the
practical imaging performance of the designed meta-
material, rather than the detailed modal evolution in-
side the structure.

In this paper, we introduce a new class of acous-
tic metamaterials designed for near-field underwater
imaging applications. Figure 1 shows a typical struc-
ture, which consists of a soft wire array (easily pene-
trable by sound waves) with a width of H = 50 mm.
The array forms a periodic structure with a lattice pa-
rameter A =2mm (the distance between the centers of
two adjacent arrays), and features deep-subwavelength
square wires with a side length of @ = 1 mm. The gaps
between wires in the array are filled with air, sealing
the whole structure. This facilitates the generation of
acoustic isolation and greatly enhances imaging qual-
ity (BELOV et al., 2008; ASTOLFI et al., 2019). All
the wires are arranged in parallel within a square hol-
low soft box, with front and rear cover thicknesses of
h =0.5mm and wall thicknesses of ¢ = 2mm. Both the
soft wire array and the hollow structure are designed to
be easily penetrable by underwater sound waves, using
materials such as soft polymers. This metamaterial has
an acoustic impedance closely matched to that of wa-
ter, eliminating the traditional coupling losses caused
by water-filled holes in polymer substrates, thereby
improving imaging efficiency. In the simulations pre-
sented in this paper, the array and the metamate-
rial hollow cubic shell around the array are modeled
with Young’s modulus of 2400 MPa, a Poisson’s ratio
of 0.4, and a density of 1100kg/m?. This ‘wire array’
metamaterial fabricated from polymers with acoustic
impedance close to that of water, supports the forma-
tion of FP resonances inside the array, facilitating the
transmission of evanescent waves and thus achieving
subwavelength underwater imaging.

Fig. 1. Schematic diagram of a typical metamaterial
structure.

It is worth noting that the acoustic impedance
of the wires in array is close to that of water
(Zpolymer ® Zwater = 1.48x 10% Pa-s/m), and the acous-
tic impedance of air around the wire array (Za;, =
411.6 Pa-s/m) is very low. The evanescent waves scat-
tered from the object under- water are confined within

each soft polymer wire, enhancing acoustic isolation
due to the strong acoustic impedance mismatch be-
tween the polymer wire and air (Zpg%“e ~ 3.6 x 103).
FP resonances occur in each individual polymer wire.
Since the polymer arrays exhibit FP resonances un-
der free boundary conditions in air, the significant
impedance mismatch between the polymer wires and
air ensures that viscous losses at the wire-air interface
can be safely neglected during evanescent wave prop-
agation in the metamaterial. The speed of sound and

density are shown in Table 1.

Table 1. Material properties.

Material | Velocity [m/s] | Density [kg/m3]
Water 1500 1000
Air 343 1.2
Polymer 1477.1 1100

3. Assumption of simulation

To enhance clarity and reproducibility, the key
modeling assumptions adopted in this work are sum-
marized further.

In this study, the interfaces between the front and
back cover plates, the array columns, and the hol-
low outer shell are assumed to be perfectly bonded,
without air gaps or leakage channels. This assump-
tion is supported by practical fabrication processes,
where robust bonding techniques generally ensure re-
liable sealing. Although minor imperfections may ex-
ist in practice, their effect on acoustic transmission is
expected to be negligible compared to the dominant
resonance and cavity—plate interactions.

The array columns are composed of metamaterial
whose acoustic impedance closely matches that of wa-
ter, while the surrounding regions are filled with air.
This configuration minimizes interaction between the
columns and the ambient medium, thereby suppress-
ing unwanted scattering and allowing FP resonance to
govern the system’s response.

The side walls are modeled as acoustically hard
boundaries, justified by their high stiffness and
firm bonding to adjacent components, which render
their vibrations negligible. In contrast, the thin front
and back cover plates, directly exposed to the sur-
rounding medium, are explicitly treated with acoustic—
structure interaction, because their vibration signifi-
cantly influences transmission.

All acoustic processes are considered linear, as the
operating pressure levels are well below the thresholds
for nonlinear effects such as harmonic generation, cav-
itation, or turbulence. Neglecting these effects avoids
unnecessary computational complexity while preserv-
ing physical fidelity.

These assumptions are commonly adopted in
acoustic metamaterial modeling and provide a bal-
anced trade-off between physical realism and compu-
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tational efficiency. While relaxing them might slightly
alter quantitative metrics such as resonance amplitude
or transmission efficiency, the essential FP resonance
behavior and the associated imaging performance re-
main unaffected.

4. Simulation and results

To validate the subwavelength imaging capabilities
of the wire array metamaterial, we conducted com-
prehensive 3D numerical simulations using COMSOL
Multiphysics. The simulation was performed in the
pressure acoustic-frequency domain, coupled with solid
mechanics, to study the problem in detail. In the acous-
tic domain, we applied plane wave radiation condi-
tions, sound absorption boundaries, and hard sound
field boundaries. In the solid mechanics domain, con-
strained boundary conditions were set. We generated
an acoustic-solid coupling boundary that encompasses
the surfaces of the front and back covers of the meta-
material, as well as the perimeter of the array columns.

Our overall model construction is mainly di-
vided into four parts, consisting of front-end water,
metamaterial, back-end water, and perfectly matched
layer (PML) (Fig. 2).

a) b)
2z £
E & g

— Back cover
Front cover —

Hard sound field boundaries

Fig. 2. a) Schematic of the simulation domain division;
b) schematic of the full simulation model.

As described previously, the metamaterial array
column is encapsulated within a hollow cubic shell,
with both ends of the cube sealed by front and rear
covers. The internal cavity of the cubic enclosure, ex-
cluding the space occupied by the array structure, is
filled with air and maintained in a hermetically sealed
condition. The front and rear cover thicknesses are de-
fined as 0.5 A, where A is the period of the array. The
side length of each square array column is denoted as a,
the lateral (vertical) length of the array column is H,
and the wall thickness of the surrounding hollow cubic
shell is c.

We constructed an accurate simulation model to
replicate a underwater environment for various test
scenarios using COMSOL Multiphysics (Fig. 2), es-
tablishing the necessary theoretical conditions for the
simulation. A plane wave is emitted, passes through
the water, propagates to the metamaterial, generates
resonance, and then forms an image on the oppo-
site side. To ensure the simulation’s accuracy, we in-
cluded a PML (Fig. 2), beyond the water, with a wave

speed identical to that of water (1480 m/s) to simulate
an infinite domain. Additionally, impedance matching
was applied around the metamaterial to ensure consis-
tency and physical realism in the simulation.

To simulate plane wave emission for the image
source, our approach is to first establish plane wave
radiation conditions using a plane of the same size as
the cover plate. As the sound wave propagates, we cre-
ate a working plane of the same size as the plane wave
emitting surface, referred to as ‘E’. Outside the ‘E’
region, we apply hard acoustic field boundary condi-
tions, while the area within the ‘E’ is left as a hollow
space. This allows the acoustic wave to pass through
the working plane and propagate toward the metama-
terial surface. The ‘E’ structure consists of three hori-
zontal rectangles, each measuring 46 mm in length and
6 mm in width, and one vertical rectangle measuring
62mm in length and 6 mm in width, together form-
ing the shape of the letter ‘E’ (hereafter referred to
collectively as ‘E’).

This well-structured model is also facilitates precise
mesh generation, resulting in concise calculations that
meet the accuracy requirements for this work. We first
applied swept meshing to the water domains and the
PML, ensuring that the mesh size in the water region
is less than A/6, with the PML consisting of 20 lay-
ers, which complies with the established meshing crite-
ria. Next, we applied mesh sweeps to the columns, the
hollow metamaterial cubic shell, and the air domains
within the metamaterials. The remaining connections
between the front and rear cover plates were con-
structed using a free tetrahedral mesh. We conducted
a grid convergence study by refining the mesh until the
resonant frequency variation was below 0.05%. In ad-
dition, we verified the numerical stability by adjusting
solver tolerance and frequency step size, both of which
showed negligible influence on the results.

Additionally, to better evaluate the imaging perfor-
mance on the receiving surface, we analyzed the sound
pressure distribution along a 3D cut line (Fig. 3). This
allowed us to observe the variation trends in sound
pressure. As illustrated, the 3D cut line lies along the
yz-plane at the intended focal distance, positioned at
the center of the hollow ‘E’ structure on the working
plane, thereby encompassing its three horizontal edges.
The vertical axis spans from 0m (near the lower edge)
to 0.092m (near the upper edge). By examining the
sound pressure distribution along this line, we can
assess the imaging quality. An optimal focusing ef-
fect should exhibit the following characteristics:

1) a smooth and continuous pressure profile,

2) peak sound pressure at the three edges of the ‘E’
structure,

3) minimum sound pressure in the regions between
the adjacent edges,

4) approximately uniform sound pressure magni-
tudes across all three edges.
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Fig. 3. 3D cut line.

In this model, since the sound wave propagates
in the negative x-direction, the sound pressure value
obtained on the imaging plane is inherently negative.
Therefore, the absolute sound pressure value should
be used for comparative analysis of the sound pressure
magnitude.

Before initiating the simulation test groups, we
measured the acoustic pressure transmission coefficient
of the material. The sound source setup is identical to
the one presented the previous section: a plane wave
is emitted from the rightmost plane, passing through
the hollow ‘E’ to reach the front cover of the meta-
material. The output face is defined as the end face of
the cover farthest from the sound source, from which
we extract the total acoustic pressure (Pyyt). The in-
put face, closer to the sound source, is used to extract
the total acoustic pressure (P,,). The sound pressure
transmission coefficient is calculated as the ratio of
P, to Py. We selected a frequency range of 27 kHz
to 34kHz and plotted the sound pressure transmis-

sion coefficient curve, as shown in Fig. 4. From the
curve, we observe that the transmission coefficient ex-
ceeds 0.82 within the frequency range of 30.6 kHz to
31.6 kHz, maintaining a broad bandwidth. This infor-
mation is crucial for identifying the optimal incidence
frequency. However, there may be a slight deviation
between this frequency range and the actual frequency
that yields the highest imaging quality.

The preceding analysis of the acoustic pressure
transmission coefficient (Poyt/Pin) provides a quantita-
tive, physics-based measure of the metamaterial’s abil-
ity to transmit both propagating and evanescent com-
ponents. In principle, more detailed metrics such as the
point-spread function (PSF) or modulation transfer
function (MTF) could be extracted from full-wave sim-
ulations using tools such as the finite-difference time-
domain (FDTD) or transfer matrix method (TMM),
which compute the response to different transverse
wave vectors (k. k,) (ZHU et al., 2018). The Py /P
analysis employed here captures the essential physics of
energy transmission and validates the effectiveness
of the overall model, providing a simplified yet rigor-
ous basis for subsequent visual evaluation of near-field
subwavelength imaging performance.

4.1. Optimal imaging frequency comparison

To determine the optimal imaging frequency, the
incident frequency was first varied, revealing a range
between 27.5kHz and 30kHz in which clear imaging
was achievable. A step size of 0.1kHz was used for
a frequency sweep. For these simulations, the imag-
ing distance of 1.5 A and the incident distance of 0.1 A
were tentatively set. The corresponding visual imaging
results are shown in Fig. 5, and the quantitative sound
pressure distributions across the image plane for se-
lected frequencies are shown in Fig. 7.

As shown in Figs. 5 and 6, we observed that
imaging quality is poor between 27.5kHz to 28.5 kHz,
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Fig. 4. Transmission coefficient range from 27 kHz to 34.0 kHz.
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Fig. 5. Overall imaging frequency range
from 27.5kHz to 30.0 kHz.
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Fig. 6. Optimal imaging frequency range
from 28.8 kHz to 29.2 kHz.
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Fig. 7. Sound pressure curves in the frequency range
of 27.5kHz to 30.0 kHz.

the sound pressure distribution along the three bound-
aries of the ‘E’ is uneven, and fine details are not well
presented. Additionally, at the vertical junctions, de-
focusing occurs, resulting in an unclear outline of the
object. When the frequency exceeds 29.2kHz, a no-

ticeable thinning occurs at the center of the image
‘E’, which does not satisfy our imaging quality require-
ments. In contrast, Fig. 6 shows the optimal imaging
frequency range from 28.8 kHz to 29.2 kHz, where these
issues are resolved.

In the 29.5kHz-30kHz image, the second side of
the ‘E’ is not well imaged, the outline of the image
‘E’ improves, though some intermittent areas remain.
It can be seen from the sound pressure curve in Fig. 7
that, consistent with our imaging effect, the 27.5kHz
sound pressure curve is not smooth near the 0.03 mm
and 0.06 mm positions. The reason is that there is de-
focusing at the boundary, and the background field
sound pressure and the transmitted sound pressure
cannot be distinguished well. This situation results
in poor presentation of image detail information. The
sound pressure transmission at the lowest peak of
the 28 kHz sound pressure curve, which is the second
side of ‘E’, is good, but the sound pressure transmis-
sion at the other two sides (the first and third lowest
peaks) differs and cannot be transmitted very evenly,
which caused the center of the ‘E’ to be clearly im-
aged while the surrounding areas appear blurred.

At 28.5kHz, the curve is very smooth as a whole,
smooth at the position of 0.03 mm and 0.06 mm posi-
tions of the sound pressure curve section, and the
sound pressure at the three lowest peaks is nearly
equal. However, the 29 kHz curve shows higher trans-
mission sound pressure and a larger difference between
the maximum and minimum peaks, resulting in better
imaging quality. At 29.5kHz curve, the absolute value
of the sound pressure at the second minimum point
is smaller than the transmission sound pressure at
the other two sides, that is, the resolution effect of the
second side of the ‘E’ is poor. At 30kHz, the sound
pressure on the second side is not less than 0, so the
second side of the ‘E’ is almost invisible. After compari-
son, we determined that the optimal imaging frequency
lies between 28.8 kHz and 29.2kHz (Fig. 6). This fre-
quency range demonstrates good imaging quality and
robustness.

Comparing the sound pressure curves in Fig. 8, it is
found that within the frequency range of 28.8 kHz to
29.2kHz, the sound pressure curves are very smooth
and the imaging effect is good, but there is a slight
difference between the minimum and maximum peaks.
At 29kHz, the transmission sound pressure values at
the three minimum peaks of the curve are closer. In
addition, there is a large difference between them and
the maximum peak, enabling better distinction of the
image details. The imaging effect at 29.2kHz is infe-
rior to that at 29kHz because the absolute value of
the sound pressure of the second side of the ‘E’ is
lower. Consequently, we selected 29kHz as the opti-
mal frequency for subsequent analyses. The imaging
quality across the frequency range is summarized in
Table 2.
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Table 2. Imaging quality under different incident

frequencies.
Frequency Imaging
range . Main features / issues
[KH7] quality
Uneven sound pressure;
27.5-28.5 Poor defocusing at junctions;
poor details
Smooth curves;
28.8-29.9 Good balanced transmission
across edges;
robust imaging
Central thinning,
29.2-30.0 Degraded edge degradation;
second edge fades at 30 kHz

4.2. Comparison of optimal imaging distance

After establishing the incident frequency at 29 kHz,
we proceeded to determine the optimal imaging dis-
tance. During this phase, the distance from the ‘E’
sound-emitting surface to the front cover plate of the
metamaterial was fixed at 0.1 A, while all other pa-
rameters were kept constant. Cross-sections were gen-
erated at intervals ranging from from 0.1 A to 3 A4 to
adjust the receiving surface and obtain the correspond-
ing images (Fig. 9).

As shown in Fig. 9, the imaging distance has a sig-
nificant impact on image quality. At 0.1 A, the imaging
surface is closest to the cover plate, where the sound
pressure distribution is relatively uniform and the out-
line of the ‘E’ is clear, with minimal edge defocusing.
This results in a more realistic reconstruction. As the
imaging distance increases, the absolute sound pres-
sure on the three sides of the ‘E’ decreases markedly,
the contrast with the background weakens, and junc-
tion details become blurred. This degradation arises
from evanescent wave decay: high-frequency spatial
Fourier components (k, > ko) diminish exponentially

0.1

Fig. 9. Imaging performance comparison from 0.1 A to 3 A
for optimal distance selection.

with distance e *:1*| leading to the loss of subwave-
length information.

The sound pressure curves in Fig. 10 further val-
idate these observations. At 0.1 A, the transmitted
sound pressure of the three sides of the ‘E’ reaches
its maximum, with noticeable peaks and stronger con-
trast between maxima and minima, which enhances
detail resolution despite some extra oscillations. With
increasing distance, the curves become smoother and
extra peaks disappear, but the difference between the
highest and lowest values diminishes, reducing im-
age sharpness. Moreover, the peak distribution indi-
cates that the second side of the ‘E’ is imaged more
clearly than the upper and lower sides, leading to un-
even reconstruction. Although small oscillations re-
main at 0.1 A, these can be mitigated using filtering
or curve-fitting algorithms (ALLEN, VLAHOPOULOS,
2002). Based on these results, the optimal imaging dis-
tance was determined to be 0.1 A. The imaging perfor-
mance at different distances is summarized in Table 3.

0.0
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~1.0 1

Total sound pressure (TSP)

-1.5 T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Intercept position

Fig. 10. Sound pressure curves at imaging distances ranging
from 0.1 A to 3 A.
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Table 3. Summary of imaging performance at different

distances.
Imagin .
distfnci Imag}ng Main features / issues
quality
(4)
Clear outline;
0.1 Good uniform sound pressure;
minimal defocusing
Reduced contrast;
0.5-1 Medium partial blurring at junctions;
uneven side imaging
Significant loss of detail;
>1 Poor weak contrast with background
due to evanescent wave decay

4.8. Comparison of optimal incidence distances

Through comparative simulations, we established
that the optimal incident frequency is 29 kHz and the
best receiving distance is 0.1 A. Based on these pa-
rameters, we further analyzed the influence of incident
distance to determine a more suitable configuration.
During this process, the receiving plane was fixed at
0.1 A from the back cover plate of the metamaterial,
while the incident plane was adjusted from 0.1 A to 3 A
(Fig. 11). The model parameters and meshing were in-
dependently recalculated for each distance, while the
acoustic boundary conditions remained consistent with
the default boundary around the ‘E’.

As shown in Fig. 11, the imaging quality degrades
progressively as the incident distance increases. When
the incident distance is 0.1 A, the ‘E’ image is sharp
and continuous, with a uniform sound pressure distri-
bution and minimal edge distortion. The short prop-
agation distance enhances evanescent wave coupling,

a)

resulting in strong transmitted sound pressure and
a clear reconstruction of all edges. As the incident dis-
tance increases to 0.3 A-0.5 A, the transmitted sound
pressure along the three edges of the ‘E’ decreases, ac-
companied by the emergence of stray peaks and mild
distortion in the image. At 1 A, the central region of
the sound field becomes dominant, while the upper
and lower edges weaken, causing the ‘E’ to appear
blurred. When the incident distance further increases
to 2 A-3 A, the image of the ‘E’ becomes indistinct and
nearly disappears.

The sound pressure curves in Fig. 12 confirm this
trend. The decrease in transmitted sound pressure am-
plitude and the growing smoothness of the curves re-
flect the attenuation of high-frequency evanescent com-
ponents. Additionally, slight impedance mismatches

L] 1)
0.0 h ‘
= I
%] Il
i) k) i
° , f
&~ AL
2 ; o
»n —0.5 Iy
[ ¢
o Iy gathl
2 \ /
=} WY
o IR vl
3 i o L
2 { dp [ 0.1A
— -1.04 Vo 034
E: \4 \f 054
& s | —— 1.0A
1 \f —— 2.0A
——— 3.0A
-1.5 T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Intercept position

Fig. 12. Sound pressure curve for incidence distances from
0.1 A to 3 A.
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Fig. 11. Comparison of optimal incidence distances: a) 0.1 4; b) 0.3 4; ¢) 0.5 A4; d) 1 4; e) 2 4; f)
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between the metamaterial covers and water cause mul-
tiple reflections between the ‘E’ baffle and the front
cover, introducing stray peaks and positional shifts
in the sound pressure extrema. These effects lead to
degradation of subwavelength imaging performance.
To preserve high-frequency information and minimize
wave interference, the incident plane should be posi-
tioned as close as possible to the metamaterial surface.
Consequently, 0.1 A is determined to be the optimal in-
cident distance. The imaging performance at different
incident distances is summarized in Table 4.

Table 4. Summary of imaging performance at different
incident distances.

Imaging Imaging
distance g Main features / issues
quality
(4)
Strong evanescent coupling;
0.1 Good uniform sound pressure;
minimal edge distortion
Slight loss of edge sharpness;
0.3-0.5 Medium reduced sound pressure;
appearance of stray peaks
Central sound field dominates;
1.0 Poor weakened upper/lower edges;
image blurring
Strong reflection effects;
2.0-3.0 Very Poor severe evanescent decay;
‘E’ shape almost invisible

4.4. Comparison of imaging quality after
changing cover thickness

As previously established, the optimal incident fre-
quency is 29kHz, and both the optimal receiving and

incident distances are set to 0.1 A. In the follow-
ing analysis, the thickness of the metamaterial’s front
and back cover plates was varied simultaneously from
0.5mm to 3.0mm to examine its influence on imag-
ing quality, while maintaining the optimal geometric
and acoustic conditions. To ensure accurate compar-
ison, the water region length in the model was kept
constant during all simulations.

As illustrated in Fig. 13, increasing the cover plate
thickness leads to a gradual degradation of imaging
quality. When the thickness is 0.5 mm, the imaging of
the letter ‘E’ is clear and continuous, indicating good
acoustic transmission and minimal phase distortion.
As the thickness increases to around 1.0 mm—1.5 mm,
slight blurring and burrs appear along the middle
horizontal stroke of the ‘E’, and local discontinuities
emerge due to partial phase mismatching between the
transmitted and reflected sound waves. At 2.0 mm,
the central line of the ‘E’ exhibits breakpoints, and
at 3.0mm, both the upper and lower horizontal edges
begin to curve and distort, with the overall image be-
coming defocused and noisy. This degradation is pri-
marily attributed to the multiple reflections within the
thicker cover layers, which induce phase interference
and attenuate the effective transmission of evanescent
components.

The sound pressure trends in Fig. 14 further
validate this observation. When the cover plate is thin
(0.5mm), the transmitted acoustic pressure along the
three edges of the ‘E’ reaches higher absolute values
and shows clear separation between peaks and troughs,
corresponding to sharp and distinct image bound-
aries. With increasing thickness, the sound pressure

Fig. 13. Comparison of imaging quality for different cover thickness: a) 0.5 mm; b) 1.0 mm; ¢) 1.5 mm; d) 2.0 mm;
e) 2.5 mm; f) 3.0mm.



G. Li et al. — Subwavelength Underwater Imaging of a Wire Array Metamaterial. . . 487

0.0

-0.5 1

1.0 1

Total sound pressure (TSP)

T T T T
0.00 002 0.04 0.06 0.08 0.10
Intercept position
Fig. 14. Sound pressure curves for cover thicknesses ranging
from 0.5 mm to 3.0 mm.

curves become progressively irregular, with more spu-
rious peaks and reduced amplitude differences, indi-
cating uneven transmission and increased scattering
within the covers. At 2.0mm and beyond, the pres-
sure at the second edge of the ‘E’ weakens sharply,
while background pressure fluctuations intensify, caus-
ing image details to blur or disappear.

In summary, increasing the cover plate thickness
results in stronger internal reflection and enhanced
evanescent decay, leading to phase distortion and re-
duced subwavelength imaging fidelity. The 0.5 mm
cover thickness provides the most stable and clear
imaging performance under the given conditions.

4.5. Comparison of imaging quality with changing
array cycles

The aim of this experiment is to maintain the size
and position of the letter ‘E’ while proportionally re-
ducing both the column bottom edge length (a) and
the array period, ensuring that their ratio to the orig-
inal model remains constant. In the original configu-
ration, each edge of the ‘E’ corresponds to the ortho-
center between two arrays. After scaling down, it is
crucial to preserve the alignment of the ‘E’ with this
orthocenter. However, if the dimensions of the ‘E’ re-
main unchanged, precise alignment of all three edges
with the intended array positions cannot be guaran-
teed. Therefore, the dimensions of the ‘E’ are fine-
tuned to ensure full alignment with the adjusted array
configuration. Throughout this process, both the inci-
dence and reception distances are maintained at their
optimal values, and the cover plate thickness is fixed
at 0.5mm to achieve the best imaging performance.

As shown in Fig. 15, the comparison across six sets
of experiments reveals that when only a single column
exists within the gap of the ‘E’, the resulting image
appears blurred, and the ‘E’ is indistinguishable at the
optimal imaging distance. With two columns, imaging
quality improves but remains suboptimal. When
the number of columns increases to three, the ‘K’
becomes distinctly visible, and its outline more closely
resembles that of the model at the incident plane. At
four columns, the image contours are clearer, with
straighter sides and nearly perpendicular intersections,
further enhancing fidelity to the original ‘E’. However,
as the number of columns increases to five and six,

Fig. 15. Comparison of imaging quality with varying number of array columns:
a) 1;b) 2;¢) 3;d) 4; e) 5; ) 6.
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no substantial improvement is observed, indicating
that image quality reaches saturation at four columns.

From the sound pressure distributions shown in
Fig. 16, imaging with a single column is ineffective;
hence, analysis begins with two columns. When two
array columns are used, the absolute acoustic pressure
along the three edges of the ‘E’ is high, and the con-
trast with the background field is pronounced. How-
ever, numerous spurious peaks appear, and the back-
ground field is irregular. When the number of columns
increases to three, the absolute pressure at the ‘E’
edges slightly decreases, but the background field be-
comes more uniform. With four or more columns, the
sound pressure curves show minimal further change.
Although the absolute pressure at the edges contin-
ues to decrease slightly, the background field remains
evenly distributed, resulting in a stable and clearly de-
fined image.

Total sound pressure (TSP)

OOl W N

-4 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Intercept position

Fig. 16. Sound pressure curves for array periods
corresponding to 2 to 6 columns.

It is worth noting that these imaging results were
obtained under idealized simulation conditions, with-
out considering real-world disturbances such as back-
ground acoustic noise, medium inhomogeneity, or ob-
ject motion, which are common in underwater envi-
ronments. Although this simplification enables a clear
evaluation of the intrinsic imaging performance of the
proposed metamaterial, future work will incorporate
these factors to assess the robustness and practical
applicability of the system under realistic underwater
conditions.

5. Conclusions

This work demonstrated that by placing the im-
age plane at a specific distance from the output plane,
a faithful representation of the ‘E’ pattern underwater
can be achieved. The imaging quality is influenced by
several factors, including incident frequency, incident

distance, imaging distance, cover thickness, and array
period. By adjusting the frequency, we can achieve
high-quality imaging within the range of 28.8 kHz to
29.2kHz, with an optimum frequency of 29 kHz, indi-
cating that the metamaterial exhibits a broad band-
width response. We determined the optimal incidence
and imaging distances to be 0.2mm from both the
front and rear cover plates.

Additionally, we found that excessive cover thick-
ness negatively impacts imaging quality, with the op-
timal thickness being 0.5 mm. Furthermore, we con-
firmed that the array period plays a significant role
in enhancing imaging quality. As the number of ar-
rays passing through the ‘E’ increases, the imaging
quality improves; however, when more than four ar-
ray columns are present, the quality tends to saturate
and does not significantly change with the addition of
more columns. These findings confirm that a wire ar-
ray metamaterial functions effectively as a near-field
acoustic imaging device capable of operating at very
deep subwavelength scales underwater. This imaging
capability and the associated principles provide some
theoretical support for applications. including medical
ultrasonography, micro-device flaw detection, and ul-
trasonic non-destructive evaluation.
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