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ABSTRACT To achieve high-efficiency and high-resolution acoustic focusing, we used artificial periodic
acoustic structures composed of cell arrays to manipulate the acoustic transmission wave front, and used
finite element software to simulate the acoustic field characteristics. We found that when focuses generated
by arc-shaped acoustic excitation sources are incident on one side of the model, the energy will be localized
within the structure to reduce its transmission loss, and then the high-resolution emission focus will be
generated on the other side of themodel. Themagnitude of the acoustic pressure at the focus point will change
with the frequency of the incident acoustic wave and will reach an extreme value at the resonant frequency.
In addition, we explored the acoustic transmission characteristics of structures at different widths and found
that it is only necessary to increase the width of the model by an integer multiple of half a wavelength to
achieve low loss focusing effects at various distances. The acoustic phenomena studied in this paper may
provide new methods for the application of photoacoustic signal detection, ultrasound medical imaging and
ultrasonic nondestructive testing.

INDEX TERMS Acoustic focusing, artificial structures, local resonance.

I. INTRODUCTION
In recent years, research on the manipulation of acoustic
waves has attracted wide attention. One of the most effective
ways is to design the artificial periodic structure to obtain
the anomalous acoustic characteristics that traditional mate-
rials in nature do not have, such as low frequency acoustic
absorption [1], [2], directional acoustic transmission [3], [4]
and acoustic stealth [5]–[8].

The investigation of wave propagating in periodic media
can be reduced to the solution of differential equations with
periodic coefficients. One of the most popular approxima-
tions applied in this challenging field of science is the homog-
enization approach. [9]–[12] However, the homogenization
approach does not permit stop-band effect to be determined
in the first-order approximation of the averaging method.

The associate editor coordinating the review of this article and approving
it for publication was Bora Onat.

In order to solve the problem, Andrianov et al. [13]–[15]
applied the homogenization method with an asymptotic solu-
tion regarding a cell for large inclusion dimensions. The first
and second approximations of the homogenization procedure
can be obtained, which enables detection of the first stop-
band. For validity and comparison with other approaches,
they have also applied the Fourier method and found that
the Fourier method was shown to work well for relatively
small inclusions. These studies have provided the basis for
the research of periodic structure.

As an important branch of acoustics, acoustic focusing
imaging has important application value. Especially, some
newly developed interdisciplinary subjects, such as photoa-
coustic signal detection [16]–[18], ultrasound medical imag-
ing [19] and ultrasound non-destructive testing [20], have
put forward high requirements and new challenges for high-
resolution focused ultrasound imaging. In the mathematical
community, there is a large recent body of work on the use of
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subwavelength resonators in order to enhance the resolution.
It was proved that there are two regimes: a dilute regime
(volume fraction of the resonators is small) and the nondilute
one, where the mechanisms of superfocusing are different.
In the dilute regime, the medium behaves like a high con-
trast one near the resonant frequency and for some resonant
structures there is a superfocusing of waves [21]–[23]. While
in the nondilute regime [24], the wave has two components:
a highly oscillating one multiplied by a low frequency one
(which gives the envelope of the wave). These studies pro-
vide theoretical basis for the research of high-resolution lens.
At the same time, a lot of novel research has emerged in lens
design. In 2009, Deng et al. [25] used the unit cell structure
with gradually changing size to achieve the focusing and
amplification of parallel incident waves, which provided a
direction for applications such as coupling or integration of
acoustic devices. In the same year, Lin et al. [26] proposed
a novel approach to effectively couple acoustic energy into a
two-dimensional phononic-crystal waveguide by an acoustic
beamwidth compressor. By gradually modulating the den-
sity and elastic modulus of the scatterers along the direc-
tion transverse to the phononic propagation, the beamwidth
compressor can efficiently compress the wide acoustic beam
to the scale of the phononic-crystal waveguide. In 2010,
Peng et al. [27] used a two-dimensional sonic crystal with
gradient negative refractive index to generate the focusing
effect of acoustic plane waves. The gradual refractive-index
was achieved by gradual modification of the lattice spacing
both along the transverse and longitudinal directions. In 2016,
Zhao and Wang [28] reported on the subwavelength focusing
of Rayleigh waves using gradient-index (GRIN) phononic
crystals made of air holes scatters in a thick silicon substrate.
The subwavelength focusing was demonstrated both in the
inner and in the silicon substrate behind the GRIN PCs by
using a non-contact experimental technique. In the same year,
Tol et al. [29] explored the enhancement of structure-borne
elastic wave energy harvesting, both numerically and exper-
imentally, by exploiting a Gradient-Index Phononic Crystal
Lens structure. All these studies achieved the focused imag-
ing of acoustic waves by gradually changing the structural
parameters of the unit cell, such as unit size, elastic modu-
lus and lattice constant, reflecting that the artificial periodic
structure has good characteristics of acoustic wave manipu-
lation. However, from the perspective of sample preparation,
the design of the gradient structure will undoubtedly increase
the difficulty of the process. Therefore, it would be of great
research significance to be able to achieve high-efficiency
acoustic focusing imaging characteristics using cells of the
same property, size, and shape.

In this paper, based on the two-dimensional (2D) artificial
unit cells of the same property, size and shape, an acoustic
super-lens with a periodic structure is formed by the array.
We present acoustic wave propagation from water to a peri-
odic structure. The transmission of this coupled wave has
been well studied [30]–[33]. On the basis of previous studies,

this paper explores the results by means of finite element
method (FEM). Under the manipulation of the lens to the
transmission wave front, the focused imaging effect of the
acoustic wave can be realized, and the difficulty of sample
preparation can be effectively reduced.

II. MODEL STRUCTURE DESIGN
The acoustic model of the locally resonant periodic structure
is shown in Fig. 1. It is a rectangular structure composed of an
array of unit cells and placed in water. The length and width
of the rectangle are 0.7 dm and 0.4 dm respectively. The unit
cell is composed of two parts, one of which is a hexagonal
structure surrounded by rubber balls of the same size, and the
other part is a lead core wrapped by a rubber layer placed
at the center of the hexagonal structure. The whole unit cell
is embedded in the epoxy resin matrix. The diameter of
inner lead core is 0.01 dm, the thickness of rubber coating
is 0.002 dm, and the diameter of outer rubber ball is 0.01 dm.
The incident acoustic wave is excited by an arc source,
and the incident direction is the left side of the rectangular
structure.

FIGURE 1. Focusing imaging model based on acoustic periodic structure.

TABLE 1. Material parameters.

We use COMSOL finite element software for numerical
simulation, and the parameters are as shown in Table 1. First,
we perform geometric modeling and material selection based
on the parameters described above. Next, we choose pressure
acoustics as the physical field. We use the linear elastic
fluid model and the boundary of hard acoustic field (wall).
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Then, we divided the grid and added the frequency domain
study. Finally, the numerical simulation results are post-
processed to explore the acoustic transmission characteristics
of the artificial periodic structure.

III. MODEL ANALYSIS
Similar to the optical lens imaging principle, the acoustic
lens (artificial periodic structure) can manipulate the acoustic
wave propagation path so that the acoustic waves passing
therethrough can be focused at a certain position. In this
way, imaging and recognition of the target acoustic reflec-
tion characteristics can be achieved. From the wave the-
ory of optical and acoustic imaging, it can be known that
the Fourier expansion of the wave field information of a
point source placed in front of a lens includes the travel-
ing wave component and the evanescent wave component.
High-frequency components carrying subwavelength details
become evanescent waves and cannot participate in imaging
due to exponential attenuation of amplitude during propa-
gation. The image produced by a common lens to a point
acoustic source contains only the traveling wave component,
so the imaging resolution limit of half wavelength exists in
the lens imaging theory based on conventional materials.
Therefore, the core of sub-wavelength imaging is to enable
evanescent waves to participate in imaging, or to capture
evanescent waves. The placement of an acoustic artificial
periodic structure with a double negative property (negative
mass and negative modulus of elasticity) in the fluid medium
causes the incident acoustic wave to excite the surface wave
mode at the interface of the fluid and the periodic structure,
and couples the evanescent wave of the target scattering into
the surface state in the near field. Through the resonance
coupling, the effective transmission of the evanescent wave
signal and the amplification of the amplitude can be realized,
thereby realizing sub-wavelength imaging that breaks the
resolution limit in the near field.

According to the foregoing, designing an acoustic lens
with double negative characteristics is the key to achieving
sub-wavelength acoustic signal imaging. In this paper, the
negative mass density is achieved by encapsulating the soft
rubber in a high-density core and embedding it in an epoxy
resin. Among them, the rubber-coated lead core is heavier
than the epoxy resin. As the frequency increases to near the
resonant frequency, the role played by the lead core in the
composite system becomes larger and larger. This inevitably
causes the equivalent medium to ‘‘look’’ heavier and heavier
until the equivalent mass density diverges at the resonant
frequency. Therefore, the equivalent mass density shows a
tendency to increase with frequency in a certain frequency
band. In contrast, the negative elastic modulus is achieved by
placing a single rubber on the epoxy resin. Since rubber is
softer than epoxy resin, the role played by soft rubber in the
composite system becomes more and more important as the
frequency increases up to the resonant frequency. This causes
the effective medium to ‘‘look’’ softer and softer until the

effective elastic modulus becomes negative and eventually
diverges at the resonance. Therefore, near the resonant fre-
quency, the equivalent mass density and the equivalent elastic
modulus will be negative at the same time, which will lead to
the realization of negative refraction effect.

As shown in Fig. 2, when the acoustic wave is incident on
the negative refractive medium (artificial periodic structure)
by the positive refractive medium (water), the acoustic wave
will be concentrated due to the influence of the negative
refractive property and a focal point will be generated at
the center of the structure. This focus can be regarded as a
secondary source that will continue to spread out the acoustic
waves. When the acoustic wave exits the artificial periodic
structure, similar to the previous process, it is affected by the
negative refraction characteristics, and a focus point will be
regenerated on the right side of the structure.

FIGURE 2. Schematic diagram of acoustic focusing.

FIGURE 3. Acoustic focusing effect based on periodic structure.

IV. RESULTS AND ANALYSIS
As shown in Fig. 3 (a) - (b), since we use an arc-shaped acous-
tic excitation source, the acoustic waves converge and focus
on the free plane. However, the focus can only be generated
near the excitation source, and will diffuse and attenuate with
the increase of transmission distance. Therefore, if we want
to increase the transmission distance without divergence of
focus, we need to manipulate the transmission wave front,
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FIGURE 4. The contrast curve of the acoustic pressure between the
incident focus and the exit focus.

FIGURE 5. The relationship between the incident acoustic frequency and
the outgoing acoustic pressure.

restrain its diffusion and make it converge inward. To achieve
this goal, we introduce the artificial periodic structure to
manipulate the acoustic wave. As shown in Fig. 3 (c) - (d),
when the focus generated by the arc acoustic excitation source
is incident by one side of the model, the energy is local-
ized in the structure, transmitted through the wave front and
eventually produced an emission focus on the other side of
the model. Fig. 4 shows the contrast curve of the acoustic
pressure between the incident focus and the exit focus. It can
be found that the acoustic pressure intensity of the incident

acoustic wave does not decrease obviously after passing
through the artificial acoustic structure, and the size of the
emission focus is almost the same as that of the incident focus,
which proves that the dispersion effect does not occur with
the increase of transmission distance. Macroscopically, this
achieves the low loss ‘‘removal effect’’ of focus.

To explore the relationship between the incident acoustic
frequency and the outgoing acoustic pressure at the exit
focus, as shown in Fig. 5, the frequency range of incident
acoustic wave from 45000 Hz to 55000 Hz is selected and
the corresponding acoustic pressure curve is made. It can
be found that with the increase of frequency, the acous-
tic pressure amplitude first decreases and then increases.
In the process of increasing from 45000 Hz to 51000 Hz,
the acoustic pressure amplitude gradually decreases. But
in the process of increasing from 51000 Hz to 55000 Hz,
the acoustic pressure amplitude gradually increases. As two
extreme points, as shown in Fig. 3 (c)-(d), 45000 Hz and
51000 Hz are respectively the incident frequency points at
which the acoustic pressure amplitude reaches the positive
maximum and the negative maximum. This is due to the
acoustic wave produces a locally resonant effect with the
periodic structure at these two incident frequencies, so that its
amplitude reaches an extreme value. It is noteworthy that the
‘‘positive pressure’’ and ‘‘negative pressure’’ at the focusing
point in Fig. 5 refer to the same and opposite phases of
the incident acoustic wave. Since the wavelengths of differ-
ent incident frequencies are different (the wavelength will
decrease as the frequency increases), the focusing point in
the same or opposite phase with the incident acoustic wave
will appear when the structure size is fixed. The process in
which the amplitude of the acoustic pressure changes from
the extreme value at the same phase to the opposite phase as
the frequency changes can be regarded as a vibration period.
Therefore, the acoustic wave can focus at multiple incident
frequencies, and the closer it approaches the resonance fre-
quency in a certain vibration period, the higher the acoustic
pressure amplitude of the focus.

Fig. 6 shows height expression of acoustic pressure at
different frequencies, in which the length and width of the
periodic structure remain fixed, 0.7 dm and 0.4 dm, respec-
tively. It can be found that the incident acoustic wave prop-
agates through one wave front, two wave fronts and three
wave fronts at resonance frequencies of 33000 Hz, 45000 Hz

FIGURE 6. The height expression of acoustic pressure at different frequencies.
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FIGURE 7. Acoustic field distribution of structures with different widths.

and 57000 Hz, respectively, and the focus imaging point can
be realized on the other side of the structure. It can be inferred
that 12000Hz is the frequency domain range of each vibration
period. Therefore, in the passband of the artificial periodic
structure, the locally resonant focusing can be realized in
the next vibration period as long as the resonance frequency
of the artificial periodic structure is increased at 12000 Hz
as the step length. In addition, to explore the influence of
model width on the transmission characteristics of acoustic
waves, as shown in Fig. 7, we have made acoustic field
distributions under different structure widths at the same
incident frequency (45 kHz). When the width increases from

0.19 dm to 0.40 dm with the step size of 0.07 dm, the focus
of the outgoing acoustic wave alternates with the positive
and negative phases of the incident acoustic wave. Where
0.07 dm is the distance of half wavelength. Therefore, as long
as the width of the periodic structure is increased by an
integer multiple of half wavelength, the transmission distance
of acoustic wave can be manipulated.

V. EXPERIMENTAL TEST
In this section, we designed an experimental test system.
The flow chart of the system is shown in Figure.8. Here,
an amplifier circuit was used to enhance the weak ultrasonic
signal to obtain the analog voltage required by the subsequent
analog-to-digital converter. To achieve a gain of greater than
80 dB, we used an AD603 chip (Tsinghua Unisplendour,
China) to design the amplifier circuit.

The artificial periodic structure proposed in this paper is a
3D layered structure. As shown in Fig. 9, we use laser engrav-
ing technology to make samples. We incident the focused
acoustic wave from the center position on the left side of
the sample, and placed an acoustic detection array on the
right side of the sample. The array consists of nine probes in
the same row, each of which is 30 mm apart. Waveforms of
the detected data are shown in Fig.10. Therefore, as shown
in Fig.11, we plot the acoustic pressure distribution curve
according to the acoustic pressure amplitude at different
positions. The acoustic pressure clearly approaches zero at
the 120-mm position. At 0 mm, which is the center of the
other side of the model, a clear focusing phenomenon can
be seen.

FIGURE 8. Design of test system.

FIGURE 9. Experimental samples based on laser engraving technology. (a) Single-layer structure;
(b) Multilayer structure.
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FIGURE 10. Waveforms of test data: (a) +30 mm; (b) +60 mm; (c) +90 mm; (d) +120 mm; (e) 0 mm; (f) −30 mm; (g) −60 mm; (h) −90 mm;
(i) −120 mm.

FIGURE 11. Acoustic field distribution.

VI. CONCLUSION
In this paper, the artificial periodic structure was designed
based on the unit cell, and the acoustic field characteristics
of the structure were simulated by finite element software.
The artificial manipulation of the acoustic transmission wave
front was realized. The results showed that when the focus

generated by the arc-shaped acoustic excitation source is
incident on one side of the model, the energy will be localized
inside the structure to reduce its transmission loss, and then
the high-resolution focus will be generated on the other side
of the model. From the macro point of view, this realizes the
low loss ‘‘removal effect’’ of focus. In addition, artificial peri-
odic structure has many vibration periods. The magnitude of
acoustic pressure at the focus will change with the frequency
of incident acoustic wave, and will reach the maximum at the
resonance frequencxy of each period. According to the trans-
mission characteristics of the structure at different widths,
we also found that it is only necessary to increase the width
of the model by an integer multiple of half a wavelength to
achieve low loss focusing effects at various distances. Our
research may provide new methods for the application of
photoacoustic signal detection, ultrasound medical imaging
and ultrasonic nondestructive testing.
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