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Super-resolution acoustic imaging with state-of-the-art spatial resolution (A/50), with A being the
wavelength, is showcased with a holey-structured metalens. However, the imaging mechanism under
unity transmission based on Fabry-Perot resonances means the metalens fundamentally suffers from
narrow bandwidth and limited deep-subwavelength contrast, and therefore further advancement of deep-
subwavelength imaging has been stalled. Here we break the barriers for deep-subwavelength acoustic
imaging comprehensively in spatial resolution, resolving contrast, and working bandwidth, by exploit-
ing field enhancement inside the metalens. A microscopic model is established to theoretically reveal the
underlying physics for escalated deep-subwavelength acoustic imaging. For a proof-of-concept, the imag-
ing performance of the proposed method is numerically proven and experimentally demonstrated. Specif-
ically, a breakthrough resolution below A/100 is achieved while resolving contrast is improved by at least
6.5 times and working bandwidth is broadened to approximately 25% of the operating frequency. Further-
more, pulsed acoustic imaging on the deep-subwavelength scale is showcased, which is an important step
towards the practical application of the ultrahigh-resolution acoustic imaging technique. We believe the
work presented here may greatly benefit a variety of fields in acoustics, such as visualizing subcutaneous
structures in medical diagnosis and characterizing subsurface flaws in industrial nondestructive evaluation.
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L. INTRODUCTION

Acoustic imaging exerts a profound impact in many
fields, such as biomedical diagnosis, nondestructive eval-
uation (NDE) and structural health monitoring (SHM) [1].
Conventionally, the spatial resolution of an acoustic imag-
ing system is limited by diffraction. This constraint is
mainly attributed to far-field effects, where the evanescent
waves carrying subwavelength details of imaged objects
exponentially vanish. To address this limitation, particu-
larly for deep-subwavelength acoustic imaging, evanes-
cent waves should be available and restored in image
formation [2—4].

The past decades have seen exciting theoretical and
experimental manipulations of evanescent waves to
achieve subwavelength imaging. Amongst these attempts,
a superlens with negative effective properties was first
proposed [5-9], and thereby motivated the development of
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acoustic superlenses composed of acoustic metamaterials
(AMMs). Subwavelength imaging has been successfully
demonstrated with acoustic superlenses that exhibit neg-
ative density [10,11], negative bulk modulus [12,13], or
both negative [14] by carefully engineering the AMM
microstructures. However, the losses induced by resonance
and viscosity noticeably hinder the imaging performance
of acoustic superlenses on the deep-subwavelength scale.
Meanwhile, evanescent waves can also be recovered
with an AMM lens (acoustic metalens) that supports
extreme wave vectors [15-21]. As an example, Fabry-
Perot (FP) resonances could produce flat dispersions over
a wide range of wave vectors, and thus they can take very
large wave-vector values. On this basis, a holey-structured
metalens was designed to efficiently excite FP resonances
for unity transmission and a state-of-the-art resolution of
A/50 (A is the wavelength) was showcased [18]. Never-
theless, this method faces two fundamental constraints,
namely, narrow bandwidth and poor deep-subwavelength
contrast (as is shown in the following). It is also worth not-
ing that deep-subwavelength acoustic imaging could also

© 2021 American Physical Society
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be enabled by exciting trapped resonances inside waveg-
uides [22,23]. However, these face similar challenges as
the resonant metalens.

To this end, anisotropic AMMs were devised for acous-
tic hyperlenses, which not only support a wide range of
wave vectors but also allow evanescent-to-propagating
conversion inside the metamaterial for broadband opera-
tion [24-28]. Such behavior was experimentally verified
with a fin-shaped hyperlens, which produced subwave-
length images over a broad range of frequencies from
4.2 to 7 kHz, rendering a spatial resolution between
A/6.8 and A/4.1 [26]. However, this kind of hyperlens
had difficulty performing acoustic imaging on the deep-
subwavelength scale. Furthermore, it required the imaged
objects to be placed along the inner circumference, which
made practical application impossible. Apart from these
AMM devices, other strategies, such as the time-reversal
technique [29] and image processing algorithms [30], have
also been applied for deep-subwavelength acoustic imag-
ing. Nonetheless, the complex setup of the time-reversal
approach reduces its robustness and flexibility, while
the algorithms add time and complexity to the imaging
process.

Inspired by these difficult challenges, it is of great
importance to break the barriers in deep-subwavelength
acoustic imaging comprehensively regarding spatial res-
olution, resolving contrast, and working bandwidth. It
is worth noting that evanescent wave amplification has
been demonstrated inside the holey metalens [17,20].
However, it has mainly been used for subwavelength
imaging of subsurface objects at a considerable depth
with a highest resolution of A/25. On the other hand,
the amplification effect has been macroscopically studied

FIG. 1. [Tllustration of escalated deep-subwavelength acous-
tic imaging. The schematic metalens consists of an array of
deep-subwavelength waveguides perforated in a rigid block with
a thickness of 4. The inset schematically illustrates the field
enhancement inside the deep-subwavelength waveguide. £, is the
tangential wave vector of the evanescent waves.

by the effective medium theory, which is not ideal to
investigate bandwidth in cases in which surface waves
and the coupling effect cannot be ignored. For this rea-
son, whilst broadband characterization is a crucial step
towards practical applications, it was left unexplored.
In this paper, we report escalated deep-subwavelength
acoustic imaging by exploiting field enhancement inside
the metalens (Fig. 1). An analytical microscopic model
is formulated to theoretically analyze the wave-structure
interaction between the point-like evanescent waves and
deep-subwavelength waveguides, showing that the pres-
sure field can be enhanced inside the metalens over
broadband. Based on this mechanism, the performance
of acoustic imaging on the deep-subwavelength scale can
be effectively escalated, outperforming the best of what
has been available until now in the acoustic regime.
For proof-of-concept demonstrations, broadband deep-
subwavelength acoustic imaging is numerically and exper-
imentally demonstrated on both one-dimensional (1D)
and two-dimensional (2D) defective objects. This study
also presents deep-subwavelength imaging with a pulsed
source, an important step towards the practical application
of deep-subwavelength acoustic imaging in the broad field
of acoustics, such as visualizing subcutaneous structures
in medical diagnosis and characterizing subsurface flaws
in industrial nondestructive evaluation.

II. THEORY AND METHOD

A. Pressure field enhancement inside the metalens

The metalens basically consists of a rigid block of
thickness 4 that is periodically perforated with arrays of
deep-subwavelength waveguides (holes) with a lattice con-
stant 5. Through FP resonances, all evanescent information
on the input surface of the metalens can be conveyed in its
entirety to the output surface, and the imaging resolution is
geometrically limited by s. This notion may be true under
certain circumstances; however, the ultimate resolution
is fundamentally restricted by the detectable evanescent
waves when the lattice constant is further reduced. To
confirm this hypothesis, we numerically investigate the
achievable resolution under the mechanism of unity trans-
mission. For clarity, a double slit with a slit width of A/100
is used as the imaged object, and the lattice constant of
the metalens is set to A/200. For ease of comparison, we
place the imaging plane 0.01A away from the metalens,
as was done in a previous study [18]. Figure 2(a) shows
the pressure field distributions along the x direction as the
linewidth (edge-to-edge distance) between the two slits is
varied. From the figure, it can be seen that the slits cannot
be resolved when the linewidth is below A/100, while they
can be effectively separated with a linewidth of A/50. For
comparison, Fig. 2(b) shows the pressure field distribution
at the middle plane of the metalens (z=~A/2). Interest-
ingly, the unresolved slits under unity transmission can be
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FIG. 2. Pressure field enhancement inside the metalens. (a)
and (b) The intensity distributions of the simulated pressure
field along the x direction by varying the edge-to-edge distance
between two slits in a thin film. The slit width of the source object
and the lattice constant of the metalens in the simulation are
A/100 and A/200, respectively. The image planes are located (a)
0.01x away from the output surface and (b) at the middle plane
of the metalens. (¢) The fundamental transmission and reflec-
tion coefficients between a deep-subwavelength cavity and free
space. The evanescent wave is coupled and mode converted into
propagating waves inside the waveguide.

clearly distinguished at the middle plane, which provides
heuristic evidence that the pressure field of the evanescent
waves may be effectively enhanced inside the metalens.
For convenience, we refer to deep-subwavelength imag-
ing with unity transmission as the conventional method in
the following.

It is worth noting that, under uniform plane-wave
incidence, the interaction between the acoustic wave and
structures could be macroscopically explained by using
effective medium theory (EMT), which approximates the

metalens as a homogeneous medium. Nevertheless, it is
difficult to deal with the evanescent waves that are point-
like sources. Furthermore, EMT cannot characterize the
working bandwidth as the coupling between waveguides
cannot be ignored once the resonant condition is not satis-
fied (as shown in the following). To address these chal-
lenges, we develop a microscopic model to reveal the
underlying mechanism for escalated deep-subwavelength
acoustic imaging, derived from the coupled-mode the-
ory and multiple-scattering formalism [31,32]. To do
this, we begin with the fundamental process in a deep-
subwavelength cavity, as shown in Fig. 2(c). Within the
metamaterial limit (s <)), the wave-structure interac-
tion is dominated by the wave behavior inside the deep-
subwavelength cavity. As a result, the coupling between
cavity and free space can be calculated using the coupled-
mode theory. For convenience, the transmission and reflec-
tion coefficients from free space to the cavity are defined
a ty and 7y, and those from the cavity to free space are
denoted as 7. and r., respectively. Consider an evanes-
cent wave normally impinging on the cavity aperture, that
is (ky > ko) with k, and ky are tangential wave vector of
evanescent waves and acoustic wave number in free space,
respectively. In acoustics, the coupled waves can freely
propagate inside the cavity because of the absence of a cut-
off frequency. In contrast, in the long-wavelength regime,
the acoustic field inside the cavity can be well described
by the fundamental waveguide mode [33,34]. Combining
these notions with boundary conditions, the coefficients
can be derived as &y =2/(Y+ 1), rr =(1 = Y)/(Y+ 1),
t.=2Y/(Y+1), and r. = (Y —1)/(Y+ 1), where Y =
ko/\/ k3 — k2 (see Sec. 1 in Supplemental Material [40]).

Based on these results, the acoustic response of a
deep-subwavelength waveguide can be readily described
by using multiple-scattering formalism. For example, the
transmission and reflection coefficients of the waveguides
can be calculated as

Ty = e 1)
X/ 1 — rgeZik()h - (1 + Y)2 _ (1 _ Y)ZeZikoh
tfrctcem'koh
R(ke) = ry + 1 — j2e2ikoh
(e ) (15)
U a4 —a-pnrekn J\1+Y)
@

As expected, unity transmission (|7(k;)| = 1) can be
obtained as long as the metalens thickness satisfies ks =
ma with m being an integer. Under this condition, the
reflection is totally suppressed [R(k,) = 0]. In this case,
there is no surface wave and the wave dynamics inside
the deep-subwavelength waveguide can well represent
the metalens. Notably, these findings have been largely
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investigated for deep-subwavelength acoustic imaging.
Here, as inspired by the interesting phenomena from
the numerical investigations, we explore a new imag-
ing method by perceiving the pressure field inside the
deep-subwavelength waveguides. To do this, we firstly cal-
culate the pressure field inside the deep-subwavelength
waveguide, which can be expressed as

tf (eikoz + rceiko(thz))
2 p2ikoh
1 — rieso

where ¢ = tan™! (,/ (ky/ko)? — 1). From Eq. (3), it can

be seen intuitively that the pressure field of an evanes-
cent wave [ (k. /ko) > 1] can be effectively enhanced inside
the waveguide, which well explains the improvement of
spatial resolution at the middle plane as observed. Specifi-
cally, the field enhancement linearly scales with k., which
presents considerable benefits for deep-subwavelength
imaging since a fine feature implies a great impact. For
example, a fine feature would excite evanescent waves of
large k, and therefore yield great enhancement. As a result,
it is highly expected that this mechanism would enable
an exciting imaging modality outperforming the conven-
tional method. This is because, under the same detection
limit, the very weak evanescent waves overwhelmed by
noise in the conventional method may become detectable
with the field enhancement. Therefore, escalated deep-
subwavelength acoustic imaging becomes possible.

Pky,z) =

= E sin(koz + @), (3)
ko

B. Numerical simulation and experimental setup

In this paper, numerical simulations are conducted by
using commercial finite-element software COMSOL Mul-
tiphysics 5.3a. The simulation model incorporates two

Laser vibrometer

2D metalens

Reflective
tape

Microphone i

physical modules, which are Pressure Acoustics and Solid
Mechanics. The Multiphysics interface Acoustic-Structure
Boundary deals with the coupling between them. The
host material of the metalens is assigned to be aluminum
(Young’s Modulus E =70 GPa, densiy p =2700 kg/m?,
and Poisson’s Ratio v = 0.33), and the filling (background)
medium is set to be air (density p = 1.2 kg/m® and acous-
tic velocity v =343 m/s). In the numerical models, the
narrow region acoustic property is assigned to the deep-
subwavelength waveguides to account for the effect of
thermal and viscous losses. The imaged objects (sam-
ples) are made from thin acrylic plates (Young’s Modulus
E =3.2 GPa, densiy p = 1190 kg/m?, and Poisson’s Ratio
v = 0.35) that are perforated with a given pattern. To sim-
ulate plane-wave incidence, a plane-wave radiation condi-
tion is set on the top boundary of the simulation domain.
Perfectly matched layers are then imposed on the rest of the
boundaries to simultaneously reduce computational burden
and prevent spurious reflections. The largest mesh element
size is set to be smaller than Ay/12, with Xy being the
shortest incident wavelength. Meanwhile, a refined mesh
is applied inside the deep-subwavelength waveguides to
account for the fine features at the fluid-solid interfaces.
After calculation, the simulated acoustic pressure fields are
exported for further analysis and processing in MATLAB
2020.

To validate the theoretical and numerical proofs on
deep-subwavelength imaging, an experimental setup is
established to perform acoustic field measurements, as
schematically shown in Fig. 3. The sample metalens is
fabricated through electrical discharge wire cutting (see
Fig. S1 in Supplemental Material [40]), and the acous-
tic field inside the waveguides is measured using laser
vibrometry (Polytech GmbH, Germany). For clarity, the
basic principle and configuration for optical measurement

FIG. 3. The schematic of the
experimental setup for acoustic
field measurements. The inset
shows the basic principle and con-
figuration for optical measurement
of an acoustic wave inside the
deep-subwavelength waveguide.
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of acoustic waves inside the waveguide is shown in
the inset. A square speaker (Sound Shower, Panphonics,
USA), controlled by multifunction virtual instrument soft-
ware, is used to generate plane-wave incidence. The plane
wave impinges on the imaged objects and the scattered
waves from the objects are coupled into the waveguides.
To map the field distribution inside the metalens, the laser
vibrometer, consisting of an OFV-505 optical head and an
OFV-5000 controller, is scanned point-by-point with a lab-
made scanning stage. Notably, transparent glass with an
antireflection coating (R,y < 0.5%, Edmund Optics, USA)
covers the side faces of the metalens to enhance opti-
cal transmission, and this also seals the waveguides. To
minimize perturbation of the optical measurements of
acoustic waves inside the metalens, an acoustic window
is applied on the sample that can block the transmitted
waves outside the metalens. Meanwhile, a microphone
(Type 4961, B&K, Denmark) is placed right before the
speaker to record the incident wave, which is used to nor-
malize the experimental measurements and synchronize
the acquisition. At each point, the acoustic signals are
averaged over 100 times to improve the signal-to-noise
ratio. To reduce undesired wave reflections and ambi-
ent noise, the experiments are carried out in an anechoic
room.

I11. RESULTS AND DISCUSSIONS

A. Broadband deep-subwavelength imaging of
defective objects

The presence of tiny defects, such as subsurface cracks
and inclusions, would greatly affect the integrity of fun-
damental materials and key structural components, thus
may bring serious damage, even disasters, in various fields,
such as aerospace engines, nuclear plants, and civil infras-
tructure. Therefore, as an important member of the NDE
and SHM family, acoustic-imaging-based defect evalua-
tion is becoming increasingly important. To this end, we
begin with a proof-of-concept study on a defective object
to preliminarily corroborate the proposition for escalated
deep-subwavelength imaging. At first, results are tested
for spatial resolution and resolving contrast. For ease of
sample fabrication and experimental measurements, the
operating frequency is chosen to be f =2580 Hz (A =133
mm). The geometrical parameters of the metalens are set
as s = 1.5 mm (A/89), a = 1.0 mm, and 42 = 66.5 mm. For
simplicity but without loss of generality, we consider an
imaged object consisting of four tiny defects. The defect
widths are 1.5 mm and the linewidths between them are
1.5, 10.5, and 3 mm, respectively, as depicted on the top
of Fig. 4(a). To efficiently couple the scattered waves,
the source object is placed in contact with the metalens
directly.

Figure 4(a) shows the intensity distribution of simulated
pressure field inside the metalens. Compared to that on

the output surface (z=74), a remarkable enhancement of
pressure field can be observed inside the metalens, partic-
ularly in the middle region. Moreover, such enhancement
only occurs in the waveguides aligning with the defective
features, which provides direct proof that the defects can
be effectively identified. As a quantitative examination, the
amplitude profiles of the simulated pressure fields along
the horizontal (x) direction at the middle plane and output
surface are both plotted in Fig. 4(c). As a reference, the
amplitude profile at the imaging plane that is 0.01A away
from the metalens is likewise plotted. As can be seen, all
of the defective features can be accurately imaged at the
output surface, which is a perfect replica of the source
object under unity transmission. Nevertheless, the two
closely spaced features cannot be resolved at the reference
plane, indicating that the evanescent waves regarding fine
features decay very quickly and are difficult to perceive
even in very close proximity to the metalens. However,
they can be easily separated inside the metalens. Accord-
ingly, a spatial resolution of A/89 is readily obtained with
the proposed method. Furthermore, the pressure ampli-
tude inside the metalens also increases by approximately 9
times compared with that on the input and output surfaces.
Apart from spatial resolution, the resolving contrast is also
substantially improved. For clarity, here the resolving con-
trast is defined as C = (Pmax— Pmin)/Pmax, Where Py and
Pnin denote the pressure amplitude at the peak and valley,
respectively (see Fig. S2 for the illustration in Supple-
mental Material [40]). As can be seen from Fig. 4(c),
Prax and Py, at the middle plane (red line) are 4.2 and
0.67 Pa, respectively. As a result, the resolving contrast
is calculated to be 0.84. Similarly, the resolving contrast
at the source plane (source contrast) is 0.13, with P«
and P, being 0.53 and 0.46 Pa (blue line). It is worth
emphasizing that the source contrast is the best that can
be obtained with the conventional method. As a result,
we can conclude that, through examination of the pressure
field inside the metalens, the resolving contrast of the pro-
posed method can be improved by at least 6.5 times over
the conventional method. Meanwhile, Fig. 4(a) shows that
the field enhancement remains evident within a consider-
ably enlarged region (white dashed rectangle). Differing
from the conventional method, the imaging performance
of the proposed method is not sensitive to the probing
location and would not change too much as long as the
pressure field is perceived within this region. Therefore,
the proposed method will be quite robust and beneficial for
practical applications. To date, the simulated results prove
that the proposed method is effective for escalated deep-
subwavelength acoustic imaging in both spatial resolution
and resolving contrast.

To experimentally verify the effectiveness of the pro-
posed method, we also measure the pressure field inside
the metalens by using a laser vibrometer [35]. Com-
pared with a microphone, the optical method would
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FIG. 4. Broadband deep-subwave-
length imaging of defective object.
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shows the imaged object. (c) The
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significantly minimize the perturbation of the pressure field
inside the deep-subwavelength waveguide. For compari-
son, Fig. 4(b) shows the intensity distribution of the mea-
sured pressure field [white dashed rectangle in Fig. 4(a)],
which exhibits good consistency with the simulated map.
Pressure field enhancement is also clearly shown inside
the metalens, aligning well with the defective features.
For ease of comparison, the measured amplitude profile

-0.1504 -0.0754 0.000 0.0751 0.1504

along the x direction is also plotted in Fig. 4(c). It can
be seen that the experimental and simulated results are
in good agreement, once again confirming the feasibil-
ity of the proposed method for escalated acoustic imag-
ing on the deep-subwavelength scale. Note that although
the sensitivity of optical detection is markedly lower
than that of the microphone, the deep-subwavelength
features can still be accurately reproduced. In other words,
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the imaging performance may be further improved with
other acoustic sensors of high sensitivity. Overall, the
experimental results also support the hypothesis of esca-
lated deep-subwavelength acoustic imaging.

Now that the enhancement of deep-subwavelength
imaging on spatial resolution and resolving contrast is
confirmed, we likewise examine the bandwidth. It is
well known that the working bandwidth of the conven-
tional method is greatly limited. This is because the
deep-subwavelength details rapidly blur even if the reso-
nant condition is just slightly detuned. In this sense, we
anticipate a broadband performance if the field enhance-
ment inside the deep-subwavelength waveguides can be
preserved when the resonant condition is considerably
detuned. To show this, we investigate field enhancement
with resonance detuning using the microscopic coupled-
wave model [36]. Note that the incident evanescent wave
is considered to be a point source that is distributed on
the deep-subwavelength aperture, and the pressure ampli-
tude is then calculated in the middle of the waveguide.
From the calculations, it can be seen that the amplifica-
tion effect (|P/Pi,| > 3) remains effective for the evanes-
cent waves when the resonance condition is considerably
detuned (see Fig. S3 in Supplemental Material [40]). As a
result, it would be highly possible to reproduce the deep-
subwavelength details over broadband. To further confirm
this assertion, we numerically examine the pressure field
distributions at different frequencies while keeping the
metalens structure unchanged (see Fig. S4 in Supplemen-
tal Material [40]). As expected, the field enhancement
is effectively preserved over a broad frequency range,
and therefore deep-subwavelength imaging over broad-
band may be readily foreseen. To render direct proof, the
source object is numerically and experimentally imaged at
2250 Hz [Fig. 4(d)] and 2900 Hz [Fig. 4(e)]. Note that the
lower and upper limits of the operation band (2250 and
2900 Hz) are determined by numerical simulations, at
which the resolving contrast is still larger than the best
of what is possible with the conventional method, i.e.,
the source contrast. It can be seen that the simulated and
measured results are in good agreement, and the linewidth
of 1.5 mm (A/104-1/79) can be clearly resolved at both
frequencies. Thus, we also demonstrate escalated deep-
subwavelength acoustic imaging on a working bandwidth
that is approximately 25% of the operating frequency,
which is substantially larger than most resonance-based
imaging systems.

B. Deep-subwavelength imaging of complex objects
with a pulse wave

In practical applications of acoustic imaging, a
pulse wave is the most widely used source. Com-
pared to the continuous counterpart, backscattered pulse
waves could provide much more information, such as

time-of-flight for object localization, wave dynamics in
propagation, and dispersive effects on wave-structure inter-
action. For this reason, acoustic imaging with a pulse
wave is a critical step towards practical applications. On
the other hand, compared with the 1D case, a 2D com-
plex object is more common in reality; however, it is also
much more challenging owing to complex features and
details.

To this end, we showcase deep-subwavelength acous-
tic imaging of complex 2D objects with pulsed plane-
wave incidence. As a concrete example, the logo of
Nanyang Technological University (“NTU”) made from
a thin acrylic plate is used as the imaged object, as
shown in Fig. 5(a). The width and height of the perfo-
rated letters are 19.5 and 30 mm, respectively, and the
separation between them is 3 mm. Similar to the setup
described previously, the object is placed directly in front
of the metalens. To accommodate the working bandwidth,
a Gaussian-windowed pulse wave with a central frequency
of 2580 Hz and a —6 dB bandwidth of 650 Hz is excited
by the speaker. Note that the experimental setup cannot
acquire the whole image of the 2D object with one projec-
tion. Instead, each waveguide functions as a sampling pixel
in the imaging process, and the image is formed by per-
forming pixel-to-pixel scanning. For clarity, the imaging
process is schematically illustrated in Fig. 5(b). To acquire
the data for all pixels, the imaging process consists of two
scanning procedures (see Supplemental Material Movie
SO [40]). Firstly, the laser vibrometer scans to record the
acoustic field inside each metalens cavity with a step size
that is same as the lattice constant, as denoted by the
orange arrow in Fig. 5(b). After that, the metalens is moved
to new imaging position (blue arrow), and then the laser
vibrometer scans again. These two procedures are alter-
nately repeated until all pixels are sampled, and the full
image is finally obtained.

As a representation, Fig. 5(c) shows the time traces
of pulse waves scattered from the imaged object [white
dashed line in Fig. 5(a)], from which the evolution of
the scattered waves can be obtained. It can be seen that
the complex object is well imaged in the time domain
and remains evident during the whole time period (see
Supplemental Material Movies S1 and S2 [40]). How-
ever, this is not the case for the conventional method (see
Supplemental Material Movie S3 [40]). Meanwhile, the
acoustic images at different frequencies are also obtained
with Fourier transformation of the time-trace signals.
Figure 5(e) shows the simulated and measured results at
2580 Hz, both of which demonstrate that the perforated
letters are accurately reproduced, thereby proving the pro-
posed method can thoroughly image complex objects on
the deep-subwavelength scale. However, it is worth noting
that the resolving contrast of large features (the perfo-
rations along the x direction), such as the upper part of
“T” and lower part of “U”, is comparatively low. This is
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FIG. 5.

Deep-subwavelength imaging of complex objects with a pulse wave. (a) The target image of Nanyang Technological Uni-

versity logo. The letters “NTU” are perforated in an acrylic plate. Scale bar, 5 mm. (b) The schematic illustration of the imaging
process for pixel-to-pixel sampling. Antireflective glass is used to enhance the optical transmission and seal the waveguides. For better
visualization, the objects (metalens, sample, and optical beam) are not to scale. (c) The time traces of the pulse waves along the white
dashed line in (a). The pulse waves are recorded at the middle plane of the metalens. (d)«f) The simulated and measured images at
different frequencies: (d) 2250 Hz, (e) 2580 Hz, and (f) 2900 Hz. The simulated and measured pressure fields are obtained at the middle
plane of the metalens. The intensity is normalized at the respective frequency. White bars correspond to a length of 5 mm.

reasonable as the field enhancement for these features is
relatively low. On the other hand, the edges can excite
very high spatial-frequency evanescent waves and yield
large enhancement. Nevertheless, as signified in Eq. (3),
such field enhancement takes place away from the mid-
dle plane, and in turn, the resolving contrast is moderate.
Similarly, the acoustic images are also acquired at 2250 Hz
[Fig. 5(d)] and 2900 Hz [Fig. 5(f)] to check the broadband
performance. Despite mild blurring, the patterns are still
intact and can be easily identified. As expected, the resolv-
ing contrasts of the large features is further deteriorated
when the frequency increases. Overall, these results fully
indicate that escalated deep-subwavelength imaging is also
effective in complicated scenarios and underpins the great
potential of the proposed method for practical applications.

IV. CONCLUSION

In conclusion, we theoretically analyze, numerically
prove, and experimentally demonstrate escalated acous-
tic imaging on the deep-subwavelength scale through
field enhancement inside the metalens. Numerical sim-
ulations and experimental measurements are conducted
on both 1D and 2D defective objects, yielding promis-
ing results with good agreement. Therefore, the effective-
ness of escalated deep-subwavelength acoustic imaging
is readily confirmed. In particular, the proposed method
outperforms the conventional method comprehensively in
spatial resolution, resolving contrast and working band-
width. Specifically, a breakthrough of spatial resolution
below /100 is realized, and the working bandwidth is
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broadened to roughly 25% of the operating frequency.
Moreover, deep-subwavelength acoustic imaging of com-
plex objects with a pulse wave is also showcased, there-
fore underpinning its great potential in practical applica-
tions. It is also worth noting that although the achievable
resolution is currently restricted by the lattice constant, it
may be further advanced by reducing the spacing of deep-
subwavelength waveguides. However, it must be pointed
out that the actual resolution is compromised by thermal
and viscous losses when the waveguide spacing is shrunk.
Additionally, the spatial resolution is affected by the sensi-
tivity of acoustic sensors, as well as the gap between the
source object and metalens (see Sec. 2 in Supplemental
Material [40]).

Beyond the scope of this work, several concerns need to
be addressed in the near future. Firstly, the imaging pro-
cess based on pixel-to-pixel sampling is time-consuming.
Ideally, the imaging system is capable of directly project-
ing the imaged object in real time. Nevertheless, the rapid
development of miniaturized acoustic sensors, such as
photonic acoustic sensors, cavity optomechanical sensors,
and coatable nanocomposite sensors, provides great poten-
tial for rapid data acquisition with sensor arrays [37—39].
With great efforts towards the development of integration
technologies, real-time imaging can be foreseen by inte-
grating a miniaturized sensor array inside the metalens.
Secondly, the proposed method is primarily showcased
with plane-wave incidence, and the imaging performance
may be further improved with the incidence of a focusing
wave [36]. In this case, the acoustic energy could be con-
centrated within a desired volume and therefore increase
the signal-to-noise ratio in acoustic imaging. The metalens
can also be scaled to other sizes of interest and other oper-
ating frequencies according to the application. We strongly
believe the proposed method may find great potential
in ultrahigh-resolution imaging for ultrasonic applications
together with microelectromechanical systems technology.
Finally, the findings presented here may make electromag-
netic counterparts intriguing because of the similarities
between sound and electromagnetic waves.
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