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Abstract: In this study, a novel acoustic doublet meta-material lens has been designed and tested
to demonstrate both a far-field focal point and ultra-long collimation characteristics past the
Fresnel zone. The switching of the two behaviors can be adjusted by a simple linear mechanical
translation of one of the lens units. The doublet lens can focus the sound wave beyond 38\ away
from the experiment's lens, which is farther than any existing ultrasonic transducer or meta-
lenses lenses. In terms of collimating behavior, the doublet lens is a unique metamaterial lens
that experimentally demonstrates a long and narrow collimating beam over 70A. Besides the
design and characterization, the meta-lens have been used to detect real objects, including
inorganic and organic matter. A subwavelength spatial resolution has been demonstrated. The
detection limit was 0.26 A in the monostatic setup and 0.62 A in a bistatic experimental setup.
This lens demonstrates super-resolution detection capabilities at distances of 42 A and can
enable ultrasonic diagnostics deep within a material or a biological tissue. The experimental
performance of the doublet meta-material lens illustrated its potential to apply acoustic
metamaterial elements in a practical imaging application, including the detection of biological
tissues

Keywords: ultrasonic focusing, ultrasonic collimation, acoustic metamaterials, super-
resolution detection.

1. Introduction

Phononic crystal (PC) is one of the approaches to modify the propagation of the sound wave.
PC is periodic structures composed of two or more different materials, where the propagation
can be controlled by the effective elastic properties of the phononic crystal. The artificial
periodic scatter within the background material affects acoustic band structures like those in
electronic and photonic crystals [1]. In the first transmission band, a phononic crystal acts as
an effective medium with linear dispersion relation. The range of the waves' linear dispersion
enables the phononic crystal to serve as an effective medium within the first transmission band.
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Besides, the phase and group velocity of a traveling wave may not correlate beyond this
homogenization limit in a PC. It leads to hyperbolic and elliptical metamaterials [2, 3]. The
dispersion outside homogenization limits can also be strongly non-linear at certain incident
angles of the wave. It can engineer artificial materials to exhibit anomalous gradient index
effects [4], called gradient index lens.

Acoustic metamaterials lens (meta-lens) above the first transmission band have an effective
index of refraction below 1.0 and can even approach an effective negative index of refraction
[5]. The behavior is usually achieved in the periodic structure such as phononic crystals based
meta-lens. The conventional negative index of refraction in acoustic metamaterial was achieved
by negative effective-mass and bulk modulus [6]. In the two materials compositions, the
negative index of refraction, negative wave group velocity can be achieved using two well-
coupled resonant modes [7, 8]. In solid-liquid combination, the coupled-modes is easier to
achieve. The effective refraction index in the solid-liquid phononic crystal based metamaterial
cannot be deduced from a simple equation. The index is dependent on the frequency, filling
fraction, lattice shape, and composition materials. In the second or higher transmission band,
the effective index of refraction is also incident wave angle-dependent. The effective index of
refraction of a similar structure phononic crystal has been numerically and experimentally
analyzed by simulation of an existing study [9]. The meta-lens with incoherent waves offer sub-
wavelength resolution, suitable solution to improve the resolution of ultrasound detection, and
elastography [10, 11, 12] at low frequency to enhance the penetration depth with exceptional
lateral resolution.

In this study, we present a PC based doublet acoustic meta-lens providing both super long
collimation and tunable far focal points by simple linear mechanical translation. The simple
mechanical translation tunability is more controllable than thermal [13] or electromagnetic [14]
methods. The focusing/collimating tunable functionality has never been reported in the existing
literature. We simulated and experimentally observed the doublet lens system's tunable focusing
behavior in section 2.2 and 3.1. The focusing behavior of this doublet-lens has been compared
with existing reports shows excellent focal length. The doublet lens can experimentally focus
ultrasonic waves to a distance of 42.31 to 36.514 away from the lens’s front edge by linear
mechanical motion. Moreover, the doublet-lens can be applied to realize a 711 long collimation
beam to enhance ta single element plane wave transducer's energy density in the far-field and
be used for practical ultrasound detection or imaging applications.

In practical ultrasound detection or imaging applications, multi-elements phased-array
approaches high resolution based on advanced signal processing. The sensitive target size is
still much larger than one wavelength. Alternatively, phononic metamaterials can be used to
achieve super-resolution detection of characterizing objects smaller than the operating
wavelength without advanced data acquisition or image processing. The initial studies on the
2-dimensional sonic crystals lens used hexagonal arrays of steel cylinders were based on a point
source and are challenging to realize experimentally [15]. A negative index flat lens with the
resolution at the focal point approaching A/50 was realized using a 3D holey-structured
metamaterial [16] in the near field in one of the reported studies. However, the super-resolution
beam is generally confined to the evanescent wave field (<1 A) of the system or within a few
wavelengths (~5 A1), which makes the lenses impractical [17].



Our proposed PC-based doublet acoustic meta-lens performed real detection on both inorganic
and organic materials at far-field in this study. In the distances about 154, the doublet-lens
achieved the resolution up to 0.26 A in object-size and 0.58 A in object-spacing of inorganic
material samples in a monostatic setup in section 3.3. In the super far-field detection, 701+
away from the second lens, the doublet-lens can still image an object with sub-wavelength
resolution (0.884) of object size and 1.151 resolution of object spacing in both inorganic and
organic materials by bistatic setup.

2. Design of Metamaterial Lens and Numerical simulation

2.1. Design of Metamaterial Lens

The doublet-lens system is composed of two 2D phononic crystal metamaterial lenses. The
phononic crystal structure's focusing behavior is based on its negative-index at a specific frequency
that results in beam-splitting [18, 19]. A flat phononic crystal based meta-lens is the most
conventional design that has been used for the focusing of acoustic waves. The focal length of a lens
can be modified using a triangular or a convex-contour-like arrangement of the scatters [3]. In this
work, the doublet-lens design was modified. The first element, which is a plano-convex lens, was
used to diverge the incident wave. The second element — a flat meta-lens is used to focus the
divergent beam as a conventional metamaterial lens. The advantage of focusing the divergent source
beam from the first lens is that it enables a long distant focal point. As in a conventional optical lens,
the second element's focusing point in the lens is analogous to the f-number of the optical system.
The ratio of the focal length to the diameter of the entrance pupil width (or the clear aperture) can
be controlled in this configuration by modifying the distance between the two lens elements. The
width of the source beam is limited by the aperture of the piezoelectric transducer source. It also
depended on the selected operating frequency and was verified by the phased maps discussed in
section 3.1.

Standard 1/16 inch (1.6mm) stainless steel rods were chosen to construct a phononic crystal
with a 50.1% filling fraction in water as an ambient medium. The square phononic crystal lattice
is made of stainless-steel rod scatters with a lattice constant a=1.96mm and radius r=0.8mm.
The first element of the lens is a trapezoid shape lens with the base of 7a on the incident side,
the base of 29a on the other side, and a height of 10a. The second lens is a rectangle shape lens
with a base of 39a and a height of 5a. The steel rods are 4 inches tall, which is 394 in order to
approach the behavior close enough to a 2D crystal in the calculated band structure. In the setup,
the distance between the source transducer surface to the second lens is always fixed as 100mm.
The first lens can move linearly between the transducer and the second lens to locate inside or
outside the source transducer's near field zone. The concept of non-flat shape phononic meta-
lens is described as a combination of lens geometry [20].
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Figure 1. Numerical simulation of the doublet lens system performed tunable focusing (A) and (B), and collimation

behavior (C).

2.2. Numerical simulation

Numerical simulations were performed using finite element analysis COMSOL multi-physics
software. The transducer surface was located at 100 mm from the second lens element's outer
edge in the model. The trapezoid lens element can be linearly translated between the transducer
surface and the second flat lens. The doublet lens's behavior can be grouped into three distinct
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Figure 2. Numerical simulation based tunable collimation (A) and focusing (B) behavior of doublet lens system
at various distances between the trapezoid and the planar element of the doublet [termed as “lens-apart distance”]
(A) The collimation behavior from lens-apart distance Oa to 7a in terms of beam width and collimating length.
(B) The tunable focusing behavior from lenes-apart distance 13a to 25a in terms of focal width and focal

distance.



categories based on the relative position between the first lens and the near field focal point.
When the two elements of the doublet lenses are 20a or more apart, a narrow focusing spot can
be formed at a distance of 0.18m to 0.12m from the front edge of the second element of the
lens. Figure 1 (A) and (B) demonstrated the focusing expected from a doublet lens when the
trapezoidal and the rectangular elements are 25a and 20a distance apart. Under these conditions,
the trapezoid shape lens is located before the near-field focal point of the transducer. When the
distance between the two lens elements is reduced from 12a to 8a, additional focal points appear
along the propagation axis. As the plano-convex lens element moved closer to the second lens
(within 7a), the beam is focused on multiple spots along the propagation axis and appears as a
collimation beam. Under these conditions, the plano-convex lens element crosses the center of
the transducer's near-field focal point. Beyond the near-field limit, the focal point and
collimation of the wave along the propagation axis do not follow a linear behavior. Figure 2
summarizes the collimation and focusing behaviors illustrated in (A) and (B) based on the
simulated results. Figure 1 (C) illustrates that the most extended collimation of the beam occurs
when the distance between the two-elements of the doublet lens is at 7a. The collimation
distance is 1754 long and occurs from about 25 mm to 400 mm in figure 1C. The subsequent
section's experimental results reveal that the transducer's finite size limits the beam dispersion
to a collimation length of 771, which translates to 45 mm to 240 mm along the propagation
axis.
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Figure 3. (A) Photograph of the mechanical tunable doublet lens system. The distance between the trapezoidal piece
of the lens and the planar rectangular piece of the lens has been defined as “d” (B) Calculated band structure of the
periodical water square lattice with circular stainless-steel scatter. The operating frequency was designed at 570 kHz

located in the second transmission band.

3. Result and Discussion

3.1. Experimental Characterization of Doublet Meta-lenes

We fabricated the meta-lens as Figure 3 (A) illustrated. The holder plates were 3D printed by
UV curing resin at 50um resolution, which has very close acoustic properties to water to
eliminate random scattering and reflection. The operating frequency, including the focusing and
collimation of the dual meta-lens, is 570 kHz. This operation frequency is located within the
structure's 2nd transmission band, as shown in Figure 3 (B). Similar characteristics can occur
in the range of the second band ranging from 560 to 590 kHz. Figure 4 showed the
experimentally measured spatial sound fields, which agreed with the simulation results showed



in Figure 1. The experimentally mapped area was 200 mm x 32 mm, which was the center of
the mapped area and was located 150 mm away from the second lens's front edge. The tunable
focal point was obtained at 110mm for a d = 25a (separation between the 1%t and the 2" element
of the doublet lens) (Figure 4 (A)). The focal distance was reduced to 90mm for a distance d =
20a (Figure 4 (B)). A 190mm long collimation beam was also experimentally measured from
50mm to 240mm along the propagation axis, as shown in Figure 4 (C) for d = 7a.
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Figure 4. Experimentally mapped sound intensity field of the doublet lens system performed tunable focusing (A) and

(B), and collimation behavior (C).

Figure 5 showed the focal width (A) and collimating beam width (B) analysis based on our
simulation and experimental results. In Figure 5(A), the lateral sound intensity profile of the far
focus was compared with the simulated results and shown in Figure 1 (A) and Figure 4 (A).
The experimentally measured full width at half maximum (FWHM) was well agreed with a
numerical simulation result of about 6mm, which is 2.2 A. In the collimation configuration
depicted in Figure 5 (B), the collimated beam from the doublet-lens system was experimentally
measured as about FWHM 15mm (5.7 A). It agreed with the simulation, 90 mm away from the
front edge of the second element of the lens. Over 46 A distance from 90mm to 210mm, the
simulation showed almost no spreading in the FWHM beam intensity profile, and the
experimental result showed about 1 mm spreading in collimation beamwidth.

For the frequency regions of focusing, the measured FWHM reduces from 20 mm (7 A) in
water ambient without the lens to 6 mm (2.2 A) with the lens. The term Rayleigh length can

Tw?

provide a good estimation of the expected beam divergence, which is defined as z, = T

where w, is the radial beamwidth. Based on the measured results, we find that the Rayleigh
length for the transducer zone to be zy4 =37.44, and with lens z,; = 3.144. The emission
source was a planar ultrasonic transducer with an active area piezoelectric material of 25.4mm.
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Figure 5. (A) Focal width of the far focusing in Figure 1 (A) and Figure 4 (A). (B) Collimation beam
width and spreading analysis based on the simulation and experimental results from Figure 1 (B) and

Figure 4 (B).

The range of the Fresnel zone is often referred to as the near field for the ultrasonic source.

2
Near-field length L is defined as L = %, where D is the diameter of the transducer. At 570 kHz

of the collimation frequency, the doublet lens yields a near-field length of L=60 mm. With the
doublet lens, the collimation experimentally occurs within a range of 145-330 mm. The beam
diverges by about 14% within the scanned cross-section starting from the surface of the
transducer. In the axial direction, the strongest signal intensity with the narrowest beamwidth
was detected around 295mm, which corresponds to 113.54 past the Fresnel zone.

The doublet lens's tunable focusing and multi-focusing behavior resulting in a long collimating
beam are demonstrated by experimental mapping of the acoustic wave's phase map within the
area between the two lenses. To verify the different wave path occurred when the first locating
inside or outside of the source transducer's near field zone, we scanned the sound wave phase

Figure 6. Experimentally measured 570 kHz phase map of focusing lens separation distance (A) and
collimating lens separation distance (B). The transducer position was fixed in both cases which was 100 mm

away the wider flat lens.



maps with different distance between the first lens and source transducer. The phase map in (A)
is from a 60mm x 40mm area. And (B) showed a 60mm x14mm area of the wave phase between
the two lenses in a collimation configuration. In the phase maps, the color scale indicates the
measured wave phase from 0 to 2 (in radians). Figure 6 (A) indicated that the narrow focusing
behavior occurred when the distance between the trapezoidal and the flat phononic structures
was d=25a apart. Figure 6 (B) indicated that the long collimating behavior occurred when the
distance between the trapezoidal and the flat phononic structures was d=7a apart. The
incoherent wave transmitted through the first lens has a propagation direction normal to the
blue to red transient in the phase maps. In Figure 6 (A), the second lens had incident waves
with various incidence angles varying from 90° to about 50° over half the second component
of the lens's surface area. As the figure depicts, the refracted wave from the second lens also
undergoes refraction with the refracted angles varying from 90° (at the center of the lens) to
about 50° (at the second edges lens). These results demonstrate limiting the dimension of the
focusing spot along the axial direction due to the correlation of the angle of incidence due to
the first lens and the refraction angle due to the second lens. In the collimation geometry (Figure
6 (B)), the phase map shows that the propagating wave's phase variation after the refraction
from the trapezoidal lens is fairly uniformly incident on the second lens. The refraction due to
the second lens occurs at various points along the axial direction and translates into a
collimating beam. The mapped arrows in Figure 5 indicated the estimated wave path and
explained the focusing and collimating behaviors.

3.2. Enhanced High-resolution Detection Experiments with Doublet meta-lens

The performance of the doublet-lens was analyzed for both organic and inorganic samples. Two
3D printed rods array samples were scanned laterally to compare the doublet-lens' relative
performance to the transducer in the water environment. The results were stated in Figure 7
(monostatic detection) and Figure 8 (Bistatic detection). The inorganic sample for testing object
size resolution (Sample 1) was a single 3D printed sample of 7 cylindrical rods of decreasing
size 6mm to 1mm spaced at the equal interval, 16mm spacing. The inorganic sample for testing
object spacing resolution (Sample 2) consisted of six pairs of rods of equal size (5 mm), spaced
at decreasing distances from 19mm to 1.5mm. Complete explanations of the scanned samples
and experimental setup are given in Methods and Materials (section 4). The two sets of samples
provide the resolution of the size and the object spacing. Sample 1 is suited for comparing
acuity, and sample 2 demonstrates the lateral resolution to determine the minimum separable
width. Our ability to detect a single object is characterized by acuity and its lateral resolution
to identify the correct number of closeby objects in this work.

3.2.1 Far-field Monostatic Detection

The practical application of ultrasonic detection uses a monostatic device in which the emitter
acts as a detector simultaneously. Therefore, we tested the acuity and lateral resolution of the
doublet-lens with a monostatic setup. In Figure 7, the inorganic sample 1 and sample 2 was
scanned in the monostatic setup by collecting the reflected signal intensity. Figures 7 (C) and
(D) showed the results scanned by the plane wave transducer with the doublet lens system. The
samples were placed 40 mm away apart from the second lens, which was 140mm away from
the transducer's surface. For comparison, the samples were scanned by the only transducer
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without the doublet lens system. However, the reflected signal was barely detected correctly
when the transducer was 140mm away from the samples. The beam from the source transducer
spreads dramatically from around 18 4. Without our lens, when the distance between transducer
and sample was set to 53.84, the reflection back from side water tank walls and the actual echo
from the sample were superposed in the record temporal data, which introduced uncertainty in
the experiments. To overcome this limitation, the authors decided to use a closer transducer-to-
sample distance to narrow down the time recorded window, and distance 15.44 was selected to
provide a relevant comparison.

Figures 7 (C) and (D) showed the two printed ABS samples' scanned results by the plane wave
transducer without the doublet-lens system in 40mm distance between the transducer surface
and the samples. Comparing Figures 7 (C), (E), and (D), (F), the doublet-lens system
significantly enhanced the resolution and clarity of the detection quality. By the only transducer,
the scan barely distinguished the separation and location of the small width objects from 2.6mm
to 1mm, one—A to sub-wavelength. With the doublet-lens, the small rods' locations were well
probed with the slightly wider size of the detected rods due to the large beamwidth of the
collimation beam (15mm). Without the doublet lens enhancement, in sample 2, the transducer
scan showed incorrect object locations, and the objects were not distinguished as separated rods
for spacing less than 3mm. With the collimation beam offered by the doublet-lens system, the
smallest designed separation distance between the rods in sample 2, 1.5mm, was properly
detected. The locations of rods in sample 2 were also all correct.
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Figure 7. Monostatic detection of ABS 3D printed rods to examined monostatic detection resolution in terms of
object size and edge-to-edge spacing. (A) Designed sample for size resolution test. (B) Designed sample for spacing
resolution test. (C) Detection results of size resolution with the doublet lens system by its collimation. (D) Detection
results of spacing resolution with the doublet lens system by its collimation. (E) Detection results of size resolution
without the doublet lens, only transducer itself. (F) Detection results of spacing resolution without the doublet lens,
only transducer itself. In (C) and (D), the sample was placed 15.41 apart from the front lens, and transducer was

53.81 away from the sample. In (E) and (F), the sample was placed 15.44 apart transducer.



3.2.2. Super Far-field Bistatic Detection

In Fig. 8, the results were from the bistatic setup. In this experiment, the transducer was only
the emission source. The detector was a needle style hydrophone, which was placed behind the
samples (rods). The difference between the signal to noise ratio was due to the smaller piezo
element on the hydrophone rather than the transducer. Figure 8 illustrated the super far-field
bistatic detection of the plastic rods sample 1 and sample 2 in the over 70A+ distance, which
has never been reported in the existing literature of meta-lens applications. In (C) and (D), the
sample was placed 80.4A (210mm) apart from the front lens, and the transducer was 119.2A
(310mm) away from the scanned sample. In (E) and (F), the sample was placed 119.2X apart
transducer. In either case, the transducer only detection could not resolve two distinct objects,
even if the rods were spaced much larger than one wavelength. The doublet-lens could resolve
two different items clearly for five pairs out of 6 (From 7.3 A to 1.15 A7), and they are all in
the correct position. The smallest spacing is 1.5 mm; there is a small drop around -41mm (on
lateral axis) in the figure, but it was not very clear. The measurement of acuity and lateral
resolution for the emitting transducer alone was contaminated by boundary-reflected and
sample-scattering noise due to the significant spread beam. The signal to noise ratio was low to

2 o

Figure 8. Bistatic detection of ABS 3D printed rods to examined bistatic detection resolution in terms of object
size and edge-to-edge spacing. (A) Designed sample for size resolution test. (B) Designed sample for spacing
resolution test. (C) Detection results of size resolution with the doublet lens system by its collimation. (D)
Detection results of spacing resolution with the doublet lens system by its collimation. (E) Detection results of
size resolution without the doublet lens, only transducer itself. (F) Detection results of spacing resolution
without the doublet lens, only transducer itself. In (C) and (D), the sample was placed 80.41 apart from the
front lens, and transducer was 119.24 away from the sample. In (E) and (F), the sample was placed 119.24

apart transducer.
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distinguish any of the rods individually in both samples. With the metamaterial doublet lens,
each rod can be clearly distinguished by a sharp drop in a signal at the edges of each rod. The
size and position are comparable with each rod. The detection of this bistatic detection of
sample 1 was much more apparent than the previous monostatic measurement due to the
receiver's small size (0.5mm width). The higher energy density collimated beam from the twin-
lens system in super far-field detected the objects accurately. This object cannot be detected
due to the relatively low energy density of the waves from a conventional transducer in the
doublet lens's absence.

Gelatin tissue phantoms are good alternative materials for studying ultrasound imaging
performance and investigating the doublet lens's compatibility in actual human tissues. The
doublet-lens' detection quality in gelatin tissue phantoms was evaluated using bistatic
arrangements in the super far-field, 80.4 A away from the second lens's front edge. The tissue
phantoms have been developed according to the procedures. Two hard objects and mass objects
of tissue of various sizes and compositions were synthesized into tissue phantoms to compare
the doublet-lens' characterization capability and the transducer alone. Carrot tissue embedded
in gelatin tissue phantoms served as bistatic samples, where the lens was stationary while a
lateral translation stage swept the samples.

Sample 3 (tested for object size resolution) consists of five carrot rods, in the widths of 2.3mm
(0.88 1), 6.lmm (2.34 1), 6.3mm (2.42 1), 8.5mm (3.26 1), and 12.1mm (4.65 1) for

testing size resolution showed in Figure 9 (A). Sample 4 (tested for object spacing resolution)
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Figure 9. Bistatic detection of organic mass samples to examined bistatic detection resolution in terms of object
size and edge-to-edge spacing. (A) Designed sample for size resolution test. (B) Designed sample for spacing
resolution test. (C) Detection results of size resolution with the doublet lens system by its collimation. (D)
Detection results of spacing resolution with the doublet lens system by its collimation. (E) Detection results of size
resolution without the doublet lens, only transducer itself. (F) Detection results of spacing resolution without the
doublet lens, only transducer itself. In (C) and (D), the sample was placed 80.44 apart from the front lens, and
transducer was 119.24 away from the sample. In (E) and (F), the sample was placed 119.21 apart transducer.
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has five pair of carrot biomass in the distance between are 1.6mm (0.62 A1), 3.1mm (1.19 1),
3.8mm (1.46 A1),5.3mm (2.03 1), and 7.1mm (2.73 1) to exam spacing resolution presented
in Figure 9 (A). Samples 3 were mainly used to analyze the resolving power or acuity of the
doublet lens, while sample 4 was used to evaluate lateral resolution as it pertains to measurable
minimum separable space. Figures 9 (C), (D), (E), and (F) showed the comparison between the
transducer along and with the doublet lens. Sample 3 was scanned, and the results showed in
(C) with the doublet lens and (E) without the doublet lens. Sample 4 was detected and presented
in (D) with the doublet lens and (F) without the doublet lens. In all four experiments, the
transducer was 310mm away from the samples. With the doublet lens, detection obtained the
smallest carrot in gelatin was 2.3mm. The sample 3 scan with lens showed all correct carrots'
correct location and well-estimated carrots width in Figure 9 (C). In Figure 9 (D), the 1.6mm
spacing was detected but not clearly. Besides the smallest spacing, other carrots in detected
results were all in the correct location. The error of carrot width might be caused by the
difference in the orientation of the square cross-section carrots slabs. The transducer alone could
not show the presence of objects since the hydrophone could not collect any transmitted signal
through the gelatin carrots samples after such a long distance due to large attenuation from the
samples. In (E) and (F), the transducer only scans the detected signal considered as the
background noise in equipment, which had averaged energy level of about -95 dBm before
linearization and normalization. On the other hand, the doublet-lens detected the size and
positions of each of the masses accurately.

3.3. Discussion

From the existing literature, many parameters are used to estimate the performance of a lens,
including full width at half maximum (FWHM), size resolution, and spacing resolution [21, 22,
23, 24]. To summarize the metamaterial doublet-lens system's behavior, including focusing and
collimating, and comparing our doublet lens system's performance with other metamaterial
lenses in the existing literature, we compared the parameters of metamaterial acoustic lenses in
terms of focal width and focal length. The summarized information was normalized with its
operational wavelength and is shown in Figure 10. The red circle represented Phononic crystal-
based lens [25] [26] [27] [28] [15]. The blue square stands for Fresnel lens, gradient index
planar lens, and liquid-filled membrane lens [29] [30] [31] [32] [33]; the Green triangle is a
hollow 2D structure and hollow 3D structure with a negative index of refraction [34] [35]. The
pink diamond refers to a hyperbolic metamaterial lens [36]. The black star refers to the doublet-
lens system. Some exciting trends between the phononic crystal-based lens were concluded. On
the left, a sharper curve between focal length and focal distance illustrated by conventional
phononic crystal based metamaterial lenses with square lattice or modified square lattice
without special designs. Most of them have square lattice with circular scatters, which has an
immense slope on the focusing width or the spot size with increased focal length. The relatively
less sharp slope dash line shows advance designed phononic crystal-based meta-lens based on
gradient filling fraction used to enhance the focal length with a relatively less broadening of the
spot size. The doublet-lens system demonstrated in this work has the most extended focal length
among existing lenses with a relatively small focal width in the existing meta-lens in the
literature.
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lattices are fully symmetric. The lens system in this study and other existing acoustic meta-
doublet-lens in this study material from the literature in terms of focal length and focal
demonstrates sub-wavelength lateral =~ width.

resolution 15A+ past the Fresnel zone

in a monostatic setup. The long working distance focusing and collimation introduced the
potential to achieve practical deep tissue detection in future practical applications. In the far
distance (70 A+), the bistatic detection resolution is still outstanding, about one wavelength.
These advantages of the doublet-lens have not been demonstrated in any existing acoustic meta-
lens.

4. Materials and experimental setup

4.1. Mapping and detection

As Figure 11 (A) shows, the bistatic experiment for the far-field characterization of the lens's
lateral resolution. Due to the limitation of the equipment, the reflected signal is barely detected
without an amplifier over almost 200 A round-trip distance. The bistatic experiment was
performed in the inorganic material system and tissue phantoms with a single element 1-inch
Panametrics V301 unfocused immersion transducer. The Muéller-Platte 0.5 mm Needle Probe
hydrophone acted as the detector. During the experiment, the sample was moved using a linear
translation stage. Simultaneously, the hydrophones, lenses, and transducer were well aligned in
the same axis and subsequently kept static for lateral scans. The samples were then translated
and raster-scanned between the hydrophone and the lens. The experiments were performed with
and without the lens. Bistatic measurement and detection consisted of continuous 565-575 kHz
wave sweep in frequency analyzer mode on Tektronix MDO3024b in a big water tank (1.5m
by 0.9m by 0.6m).

Figure 11 (B) illustrated the monostatic spectroscopic pulse-echo reflection measurements and
were performed with an emitter-connected imaging DPR300 pulse receptor. Data were
collected with a fixed lens, and the analyzed samples were swept in front of the lens using a
lateral translating stage. The experiment was conducted within a room temperature small water
tank (0.5m by 0.5m by 0.5m). The pulsing data consisting of 512 average signals in Tektronix
MDQO3024b. The frequency information was from the Fourier Transform.
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In Fig. 7, the figures presented monostatic detection. The transducer worked as both an emission
source and a detector. The collected signals were the reflection from the sample (rods). In Fig. §,
the results were from the bistatic setup. In this experiment, the transducer was only the emission
source. The detector was a needle style hydrophone which was placed behind the samples (rods).
The difference between the signal to noise ratio contributed from the smaller piezo element on the

hydrophone rather than the transducer.

Function
Generator

Water
Ambient

Figure 11. (A) Bistatic measurements setup for bistatic detection. Sound intensity field mapped in the same setup
without sample between the lens and needle hydrophone detector. (B) Monostatic measurements setup for

monostatic detection.

4.2. Inorganic ABS samples

Acrylonitrile butadiene styrene (ABS) rods were printed using a 3D printer to measure the
doublet lens range and spatial resolution. The rods were printed with a 0.2 mm diameter printing
nozzle with a Polyprinter 229 filament with ABS under a 100% filled environment. Sample 1
consisted of seven rods with diameters of 6mm, Smm, 4mm, 3mm, 2.6mm, 2mm, and 1mm.
Sample 2 consisted of seven rods with variable spacing between the adjacent cylindrical rods.
The variable spacing is 19mm, 15mm, 11mm, 7mm, 3mm, and 1.5mm. Both sample 1 and
sample 2 were in water ambient. The emitter and lens were set for each measurement, and the
samples were swept over a range of 60 mm from the emitter in front of the lens. The reflection
was measured against the location of the sample and recorded.

4.3. Organic samples

Gelatin tissue phantoms were made using a standard synthesis procedure. [39]. The gelatin was
made with 1000 ml of water, in which 32 small bags (220 g) of KNOX. Eight boxes were added
to the water and heated to 50 ° C. The remaining boxes were then added slowly and blended
perfectly to attain a viscous and homogeneous solution mixture. The gelatin solution was then
put into a 3D printed container and cooled under room temperature to avoid bubbles. After it
cooled down to room temperature, the gelatin solution was placed in a refrigerator for 24 hours.
The organic size resolution sample consisted of five carrot mass cuts to widths of 2.3mm
(0.88 1), 6.Imm (2.34 1), 6.3mm (2.42 1), 8.5mm (3.26 A1), and 12.1mm (4.65 1). The
size was evaluated by Image J software to measure the size resolution. Five pairs of carrots of
about 10 mm in width were placed within the same tissue phantom to evaluate the doublet
lens’s spatial resolution capabilities in the bistatic arrangement. Analysis using Image J showed
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that the distances between the paired biomasses were estimated to be 1.6mm (0.26 1), 3.1mm
(1.19 2),3.8mm (1.46 1), 5.3mm (2.03 1), and 7.1mm (2.73 A).

5. Conclusion

This study proposed the first metamaterial lens that demonstrates both tunable focusing and
collimating behavior in a super far-field limit. The experimental results are agreed with the
numerical simulation results. The two-component phononic crystal based acoustic meta-
material lens is a simplistic design that can be fabricated using a periodic arrangement of
metallic rods without any complex geometrical lens shaping. The doublet lens has a long focal
length that extended up to 42.3 X away from the lens's surface and could be tuned to 36.5 A by
linear mechanical translation of one of the lens's linear components. By further varying the
distance between the lenses' component, a long collimation distance of 71 A was realized, which
offered far-field detection in the experiments. In the far-field limit, the novel lens structure can
spatially resolve inorganic objects up to 0.26 A with a separation of 0.58 A resolution in the
monostatic setup. These objects were at a distance of 15 A from the lens. In an organic material,
the lens can detect an object that is 80 A away with a spatial resolution of 0.62 A resolution of
size and 1.15 A separation in a bistatic configuration. The novel lens opens up the potential of
non-destructive analysis of detection and imaging objects in the far-field limit with super-
resolution capabilities. The tunable doublet lens provided a solution to overcome the
metamaterial behaving limitation, either focusing or collimating. This functionality makes the
acoustic metamaterial lens approached closer to the practical detection applications, which
normally finished by a tunable phased array transducer. Moreover, the 80 wavelengths away
organic samples detection capability introduced the potential of the acoustic metamaterial lens.
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