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Subwavelength Focusing Beam and Superresolution Ultrasonic Imaging Using a
Core-Shell Lens
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The ability to manipulate acoustic fields beyond the diffraction limit offers possibilities for many
applications, including ultrasound imaging and nondestructive testing. We numerically and experimen-
tally report a simple method for subwavelength ultrasound focusing and superresolution imaging (i.e.,
images produced with a subwavelength spatial resolution) using a core-shell shaped lens. By changing the
mechanical properties and size conditions of the lenses, we can significantly enhance the subwavelength
properties of the focusing beams. These properties have a major effect on the image quality of ultra-
sonic systems. Using a carbon steel core and a Rexolite shell of total diameter of 12.8 mm positioned at
a 2 MHz (λ = 0.74 mm) plane wave incident field, we show that a beam with intensity gain of 20 dB,
full width at half maximum (FWHM) of 0.44 mm (0.6λ), and full length at half maximum (FLHM) of
2.74 mm (3.7λ) can be achieved. Moreover, we experimentally demonstrate that a superresolution imag-
ing system using the core-shell lens can scan objects with subdiffraction information. The results show that
the superresolution method can double the spatial resolution and the focal depth can be increased using
an appropriate size of lens. The proposed design system can be easily applied to assisted superresolution
acoustic microscopy devices.

DOI: 10.1103/PhysRevApplied.13.014062

I. INTRODUCTION

Focusing acoustic fields in a subwavelength region
has been a subject of considerable interest for research
in many applications, from nondestructive testing [1] to
medical diagnostic techniques [2]. However, the spatial
resolution of conventional imaging systems is naturally
limited by the wavelength of the incident field (diffrac-
tion limit) [3]. Many efforts have been made to develop
new techniques to overcome the diffraction limit, including
phononic crystals [4–6], nonlinear mixing [7–9], metama-
terial lenses [10–18], nonlinear harmonic generation [19],
and time-reversal mirrors [20,21]. Unfortunately, most of
these techniques need a complex metamaterial engineering
to manufacture the superlens or require extensive signal
processing, which are difficult and expensive for practical
applications. For these reasons, it is extremely important
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to find new effective, inexpensive, and reliable methods to
improve acoustic systems that overcome the limit imposed
by diffraction.

Alternative methods using spherical shaped lenses have
been used to overcome the difficulties encountered in man-
ufacturing and in applying focusing systems beyond the
diffraction limit. Focusing effects using a spherical bal-
loon lens filled with carbon dioxide were demonstrated
numerically, analytically, and experimentally [22,23]. In
an analogy to optical photonic jet [24], numerical [25,26],
and experimental [27,28] studies have shown that sub-
wavelength ultrasound focusing beams (acoustic jet) can
be achieved by using cylindrical and spherical objects
with a radius of some wavelengths. Recently, a liquid-
liquid core-shell lens was used to focus on an acoustic
field with a spot narrower than 0.85λ [29]. Our work
shares some similarities with the cited paper [29]. The
main difference between them is that our work uses a
fixed concentric core-shell lens, whereas [29] employs a
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liquid-filled spherical container as the lens. The lens can
be arranged with liquid layers along its diameter. A clear
advantage of [29] is the possibility to change liquid region
and, thus, the beam properties, whereas in our work the
lens is fixed. On the other hand, the achieved resolution of
our method is narrower than that in Ref. [29] (0.5λ ver-
sus 0.87λ) with a 20 dB gain. Taking into consideration
the simplicity and its potential use in superresolution imag-
ing systems, a more detailed analysis of the subwavelength
acoustic beams is necessary.

Here, the ability of core-shell objects, such as a lens,
to generate subwavelength focused acoustic beams is pre-
sented. The design and experimental demonstration of
a simple and effective superresolution ultrasound imag-
ing system using these beams are reported. The spatial
resolution and focal depth of our system is numerically
and experimentally measured computing the full width
at half maximum (FWHM) and the full length at half
maximum (FLHM) of the subwavelength beams. Further-
more, we show that the depth of field can be increased
changing the core-shell size of the lens. A good signal-
to-noise relationship is achieved owing the intensity gain
produced by the lens. Two different lens sizes, composed
of a carbon steel core and Rexolite shell, are used in this
work. The capability and efficiency of our high-spatial-
resolution imaging system are demonstrated by scanning
a coin and a tissue-mimicking phantom sample containing
subdiffraction features.

II. METHODS AND MATERIALS

The ability to generate focused acoustic fields in the
subwavelength range using homogeneous spheres such
as lenses has opened new possibilities to overcome the

FIG. 1. Schematic configuration of the subwavelength ultra-
sound focusing beam generation using core-shell shaped lens.

TABLE I. Physical parameters of the core-shell lenses sus-
pended in water at 20◦C temperature.

Description Value

Medium: Water [[30], p. 142]
Density (ρ0) 998 kg m−3

Longitudinal velocity (c0) 1480 ms−1

Core-shell lens size
Lens 1:
Radius (a) 3 mm
Radius (b) 6.4 mm
Ratio (a/b) 0.46
Lens 2:
Radius (a) 6.35 mm
Radius (b) 13.45 mm
Ratio (a/b) 0.46
Core-shell lens acoustical parameters
Core: Carbon steel
Density (ρ1) 7850 kg m−3

Longitudinal velocity cL1) 5900 ms−1

Shear velocity (cS1) 3230 ms−1

Shell: Rexolite [31]
Density (ρ2) 1060 kg m−3

Longitudinal velocity (cL2) 2330 ms−1

Shear velocity (cS2) 1155 ms−1

Longitudinal absorption coefficient (αL) 0.0028
Shear absorption coefficient (αS) 0.0037
Fixing layer: Araldite XAW 1465
Layer 0.05 mm
Density (ρ2) 1060 kg m−3

Longitudinal velocity (cL2) 1950 ms−1

Shear velocity (cS2) 1480 ms−1

diffraction limit in recent years [27]. The beam arises in the
near field of the ball-lens shadow side. Here, these beams
features are enhanced and manipulated using homemade
core-shell objects operating as acoustic lenses. Figure 1
schematically shows the subwavelength focusing phe-
nomenon of the core-shell lens when irradiated by an
incident acoustic field. The internal and external radii of
the core-shell lens are denoted by a and b, respectively.
The core and shell are fixed by a thin Araldite layer. Two
different sizes of lens, namely lens 1 and 2, are used in this
work. The physical parameters and sizes of the lenses are
presented in Table I. The lens is located at the origin of
the coordinate system and the incident wave is generated
by a circular transducer. The acoustic field arriving at the
core-shell lens is focused into a small spot, the center of
which is located at a working distance z0 from the lens rear
surface (see Fig. 1). In this paper, the working distance is
defined from the center of the core-shell lens to the peak
intensity position at the focus.

A. Numerical model

Finite-element methods (FEM) through COMSOL MULTI-
PHYSICS software is used to simulate the subwavelength
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FIG. 2. Schematic diagram of the two-dimensional axisymmet-
ric simulation geometry for subwavelength acoustic beam gener-
ation using a finite-element method in COMSOL. All simulations
are performed with one wavelength of PML layer.

focusing beam generation by a core-shell shaped lens
immersed in water. Pressure acoustics and solid mechanics
modules are used to describe the medium and lens domain,
respectively. Owing to the symmetry of our problem, a
two-dimensional axisymmetric geometry model is imple-
mented Fig. 2. Three concentric semicircles are designed
to represent the metal core, Araldite fixing layer, and poly-
mer shell, respectively. The fixing layer is used for bonding
the core to the shell. A rectangle geometry is drawn to
model the transducer. The simulated subwavelength beams
are obtained by computing the first-order acoustic pres-
sure on the shadow side of the lens. Parametric simulations
modifying the core-shell ratio dependence are carefully
conducted to find the optimal subwavelength beam con-
ditions. Both frequency domain (plane wave incidence)
and transient (single pulse) studies are analyzed. For all

the simulations, perfect matched layers (PMLs) are added
to the right, bottom, and top boundaries of the model to
eliminate boundary-reflected acoustic waves. For proper
calculations, it is essential to use the appropriate number
of mesh elements. A convergence analysis is carried out
and the mesh element size is set to be 1/15 of the incident
wavelength. All simulations are carried out in a desktop
with an AMD Ryzen 3.2 GHz, 64-bit processor and 64 GB
RAM with a WINDOWS operating system.

B. Experimental setup

Figure 3 shows the setup configuration used for the
subwavelength focusing beam generation. First, a single-
element ultrasound flat transducer (Model V305-SU, Pana-
metrics 2.25 MHz) with a circular radiating face of 19 mm
in diameter is driven by a signal generator (Model 33250A,
Agilent Technologies USA) and subsequently amplified
by an amplifier (Model 150A, Amplifier Research Corp.,
Souderton, PA) with a 2 MHz tone burst of 40 cycles. The
core-shell lens is positioned 560 mm away from the trans-
ducer face to guarantee that a plane wave front reaches at
the lens surface. After scattering, the acoustic pressure is
measured on the shadow side of the core-shell lens by a
calibrated needle hydrophone (Model HP series, Precision
Acoustics, Dorchester, UK) with a diameter of 200μm.
The hydrophone is attached to a motorized mechanism for
scanning over the xz plane (10 mm × 10 mm) with a spa-
tial resolution of 50μm. The entire experimental setup is
immersed in a 1500 mm × 600 mm × 600 mm water tank
at 20◦C temperature. The acoustic signal is collected by
an acquisition system and postprocessed using MATLAB
R2018a software (Mathworks, Natick, MA, USA).

To experimentally demonstrate the superresolution abil-
ity of our system, images of sample objects are produced
using the pulse-echo technique. A short pulse is gener-
ated with a pulse-receiver (Model 5077PR square-wave
OLYMPUS, USA), excitation voltage 100 V. The lens is

FIG. 3. Subwavelength ultrasound
focused beam setup.
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FIG. 4. Acoustic subwavelength focused beam
produced by the core-shell lens 1 scattered by a
continuous incident plane wave. The position of
maximum intensity characterizes the main fea-
tures of the subwavelength focused beam. (a)
Experimental and (b) numerical normalized inten-
sity (I/Imax) profiles along the z direction. The
distance between the incident field and the core-
shell lens is 570 mm and the beam focus is located
at z = 8.8 mm from the origin of coordinate sys-
tem. (c) Axial intensity plots (z > a) and (d) trans-
verse intensity plots at (z = 9.05 mm) of the FEM,
red solid line, with experimental data, dashed blue
lines. All the intensities are normalized to the peak
intensity computed by the FEM (I/I0 = 87).

fixed by three strands of hair (with 120◦ between them).
The strands are glued to a 12 cm (350 lambda) ring and
positioned 50 mm from the transducer surface. We thus
may expect that the support will not interfere with the
image formation process. After reaching the core-shell
lens, the pulsed ultrasonic beam is focused at a working
distance z0 in the shadow side of the lens. Therefore, the
imaging plane of our system is located at the focal spot
in the shadow side of the lens. The sample to be imaged
is fixed in a motorized scanning system and translated
in the imaging plane with steps of 50 μm. The scattered
wave in the imaging plane regions is refocused by the lens,
collected by the transducer and postprocessed using the
software MATLAB 2015R to create the final C-mode image.

III. RESULTS AND DISCUSSION

A. Subwavelength focused beam generation: plane
wave excitation

First, the ability of the core-shell lens to generate a sub-
wavelength focused beam is analyzed using a 2 MHz plane
wave incident acoustic field. Numerical simulations and
experimental analyses are conducted using a homemade
carbon-steel core and Rexolite shell with inner and outer
radius of a = 3 mm and b = 6.4 mm, respectively. The
core and shell are fixed by a 0.05 mm Araldite layer. The
acoustic pressure field behind the lens (z = z0) is collected
using a 0.2 mm calibrated needle hydrophone. The origin
of the coordinate system is placed in the center of the lens.
For this configuration, a subwavelength focusing beam
with FWHM = 0.6λ, FLHM = 3.7λ, and intensity gain of
20.2 dB is achieved. The beam had a working distance of

z0 = 8.8λ. These properties should play an effective role in
superresolution imaging systems.

Comparative results between numerical and experimen-
tal analyses using the core-shell lens 1 and a continuous
acoustic field are presented in Fig. 4. Figures 4(a) and
4(b) show the normalized intensity along the z-direction
obtained by FEM and experimental data, respectively. To
guarantee an incident plane wave excitation, the lens is
positioned 560 mm away from transducer. The horizon-
tal and vertical dashed white lines are positioned in the

VIDEO 1. Propagation of a superfocused ultrasound pulse
measured at the experimental superfocused ultrasound pulse
propagation at the shadow region of the core-shell lens in water.
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FIG. 5. Pulse-echo superresolution imaging results. (a) Experimental and (b) FEM normalized intensity profile generated by a core-
shell (lens 1) placed 50 mm away from a flat transducer pulse-echo system. The position of maximum intensity (z = 9.05 mm) is
considered the image plane. (c) Experimental (blue dashed line) and FEM (red solid line) normalized intensity distribution along the
axial direction z. (d) Experimental (blue dashed line) and FEM (red solid line) normalized intensity distribution along the transverse
direction at the maximum intensity point. A working distance of 2.4 mm is found for this configuration. (e) Image of a 10 cents
Brazilian coin sample used in this superresolution experiment. The sample is positioned specifically at the beam focus. (f) Measured
image obtained by recording the peak-to-peak acoustic pressure amplitude in a 22 × 22 mm xy plane.

axial and transverse direction, respectively. In Fig. 4(c),
the axial intensity of FEM (solid red line) and experimen-
tal measurement (dashed blue line) are shown, starting at
position 6.4 mm located on the shadow surface of the core-
shell lens. The peak intensity is located at 9.05 mm. Figure
4(d) shows the intensity distribution along the transverse
plane, at the focal point for both the numerical and experi-
mental studies. All the results are normalized by the FEM
maximum intensity value (Imax), I FEM

max = 87. An excellent
agreement is obtained between the FEM and experimen-
tal results. We show the video animation (Video 1) of
an experimentally measured ultrasound pulse in the lens
focal region z > b. We see that the superfocused beam is a
propagating and not an evanescent wave.

B. Superresolution imaging system

To demonstrate the viability of a superresolution ultra-
sound imaging system using subwavelength beams pro-
duced by core-shell-like lens, a similar experimental setup
is used; see Fig. 3. The setup mainly consists of three
parts: (1) an ultrasound generation system, (2) a core-shell
lens, and (3) an object fixed in a motorized control sys-
tem. A short pulse of wavelength 0.74 mm is generated
and scattered by a core-shell lens placed 50 mm away from
the transducer surface. Reflected echoes from the sample

are refocused by the lens and recorded for future postpro-
cessing. Subwavelength ultrasonic C-mode images of two
objects using both lens 1 and lens 2 are demonstrated.

1. Spatial resolution

Prior to showing the experimentally measured superres-
olution imaging results, we demonstrate the
subwavelength focusing effect on an incident pulsed sig-
nal. A similar approach is used to compute the descriptive
parameters of the beam. Figures 5(a) and 5(b) show the
experimental data and numerical simulation, respectively,
of the acoustic peak intensity profile of the focused beam
generated by core-shell lens 1. The horizontal and verti-
cal white dashed lines represent the axial and transverse
lines used to plot one-dimensional results. Figures 5(c) and
5(d) present the axial and transverse intensity plots, respec-
tively. Our results show that a subwavelength focused
beam with FWHM = 0.35 mm (0.48λ), FLHM = 2.54
mm (3.39λ), and 2.45 mm work distance is achieved.
According to the Rayleigh criterion [3], the quality of the
spatial resolution is related to the FWHM. In addition,
the intensity gain plays an important role in the signal
noise relation of the image. Therefore, this beam has great
potential for applications in the superresolution imaging
system.
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To experimentally show the superresolution imaging
from our system, a Brazilian 10-cent coin of 20 mm diam-
eter containing subdiffraction geometrical features on its
face is used. Figure 5(e) shows a photograph of the coin.
The pulse signal produced by the ultrasonic system is
focused on the shadow size of the lens at a working dis-
tance z0 = 2.45 mm (3.31λ). This is the depth adopted to
obtain the C-mode image for this configuration. A three-
dimensional motorized scanning system is programmed
to scan the sample on a 22 × 22 mm2 xy image plane
with steps of 0.05 mm. At each x-y position, echoes from
the object are refocused by the lens and collected by the
transducer and postprocessed to generate the final image.
The experimental superresolution image of our system is
shown in Fig. 5(f). The coin surface presents some parallel
lines that are spaced by a distance of 350 μm. The spacing
between these lines is measured using an optical micro-
scope. This distance corresponds to nearly half wave-
length. The lines are well-resolved by our superresolution
method, as illustrated in the ultrasound image in Fig. 5(f).

2. Penetration depth phantom image

The capacity of changing the beam features using
different core-shell sizes is experimentally presented by

(a)

(b)

FIG. 6. Subwavelength beam features generated by core-shell
lens 2 in a 2 MHz pulsed ultrasound field. The working distance
obtained by this lens is z0 = 8.4 mm. (a) Axial intensity distri-
bution with z > (a + b). (b) The intensity along the transverse
direction at z = 21.85.

(a) (b)

FIG. 7. Superresolution image obtained of a phantom with a
knotted thread positioned at 6 mm from the surface. (a) Pho-
tograph of the phantom sample. (b) Image generated by the
superresolution core-shell system.

imaging a phantom sample. The tissue-mimicking phan-
tom is manufactured using a copolymer styrene-ethylene
and/or butylene-styrene (SEBS; Kraton G 1650 M, Kra-
ton Polymers, Paulínia, SP, Brazil) in mineral oil gel. This
is a translucent gel presenting acoustic and elastic proper-
ties similar to tissue [32,33]. The gel is prepared using the
SEBS polymer at a dry weight concentration of 15% fol-
lowing the procedure described in [32]. The final phantom
had a cylindrical shape with diameter 50 mm and height
25 mm. Polyvinyl chloride microparticles, of mean diam-
eter 40 μm (Solvin SA), are added at a 1% dry weight
concentration to serve as acoustic wave scatterers.

The phantom contains a 400 μm transparent nylon
thread arranged in a knot shape. The knot is placed 6 mm
away from the phantom surface. Owing to the depth of
field limitation of lens 1 (2.45 mm), a second lens (lens 2)
is built to obtain a deeper focus. Figure 6(a) shows the axial
normalized intensity along the z axis of the focused field
generated by lens 2. A working distance z0 = 21.85 mm
and a FLHM = 4.45 mm are achieved. The intensity field
distribution along the transverse direction z = 21.85 mm is
illustrated in Fig. 6(b). For this lens configuration the spa-
tial resolution obtained computing the FWHM is 0.44 mm.
Figure 7(a) shows a photography of the phantom sample.
Figure 7(b) presents the superresolution image obtained
with the phantom. All the parts of the knot inside the
phantom are clearly visible.

IV. SUMMARY AND CONCLUSION

In conclusion, we have numerically and experimen-
tally demonstrated that subwavelength focused beams
can be produced by core-shell shaped lens in a low-
megahertz-frequency regime. We have found that by
changing the core-shell ratio, the focusing beam features
can be enhanced. Shaping acoustic fields is a crucial way
to achieve superresolution ultrasound imaging. We also
demonstrate that a superresolution system can be designed
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using these lens by scanning a coin and a phantom struc-
ture containing subdiffraction details. Excellent agreement
between simulations and experimental data is achieved.
Given the design simplicity and efficiency, our work may
have a major effect on the new subwavelength acoustic
devices that can be readily adapted to ultrasound imaging
systems, as well as acoustic microscopy technology.
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