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Sub-wavelength lateral detection of tissue-
approximating masses using an ultrasonic
metamaterial lens

Ezekiel L. Walker® 2% Yugi Jin® 2, Delfino Reyes3 & Arup Neogi@® 245

Practically applied techniques for ultrasonic biomedical imaging employ delay-and-sum
(DAS) beamforming which can resolve two objects down to 2.14 within the acoustic Fresnel
zone. Here, we demonstrate a phononic metamaterial lens (ML) for detection of laterally
subwavelength object features in tissue-like phantoms beyond the phononic crystal eva-
nescent zone and Fresnel zone of the emitter. The ML produces metamaterial collimation
that spreads 8x less than the emitting transducer. Utilizing collimation, 3.6x greater lateral
resolution beyond the Fresnel zone limit was achieved. Both hard objects and tissue
approximating masses were examined in gelatin tissue phantoms near the Fresnel zone limit.
Lateral dimensions and separation were resolved down to 0.504 for hard objects, with tissue
approximating masses slightly higher at 0.731. The work represents the application of a
metamaterial for spatial characterization, and subwavelength resolution in a biosystem
beyond the Fresnel zone limit.
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Itrasound serves as a popular imaging and therapeutic

modality due to its relative non-toxicity, practical mobi-

lity, and low cost. In both non-destructive and medical
applications, the ability to control the spatial sound pressure field
in a material is critical for evaluation. These evaluations are used
for diagnostics, with diagnostic accuracy from an image directly
dependent on an accurate characterization of the size, shape, and
contrast of materials comprising a composite!. Images that enjoy
high fidelity of the distribution of materials with varying contrast
are generally considered of higher quality. Ultrasonic imaging
quality is both dependent on the minimum sizes detectable by a
particular system, fundamentally a function of wavelength, and
the minimum contrast detectable. Contrast and spatial recon-
struction of a signal to produce an image is dependent on
achieving high signal-to-noise ratios by controlling focusing, and
reducing multiple scattering effects.

The maximum imaging quality achievable with ultrasound is
dependent of a variety of factors. Transducer frequency, fre-
quency bandwidth, numerical aperture, depth to an object, and
spatial sound pressure field, particularly focusing, dictate the
maximum imaging quality capable by any setup®3. In addition,
ultrasonic systems do not maintain equal resolution along the
axial and lateral directions. Whereas axial resolution is limited by
the frequency and bandwidth both in theory and practice, the
limitations of lateral resolution at any depth are defined by the
lateral width of the beam?. All of these factors are encompassed
by the term beamforming and work in tandem with signal pro-
cessing to extract the maximum information from backscattered
sound waves*. Though both axial and lateral resolution are cri-
tical for imaging, we focus specifically on lateral resolution.

A large proportion of current ultrasonic imaging systems uti-
lize phased and linear array emitters combined with beamforming
and signal processing techniques. Various metrics are used in
literature to quantify the resolution of a system including full
width at half maximum (FWHM) and minimum separation
detectable (MSD) between adjacent objects®~8. For single element
emitters, the FWHM for a focused Gaussian beam is defined as
FWHM ~ % ,where F is the focal length, A is the wavelength,
and a is the aperture®. However, multi-element emitters comprise
the bulk of ultrasonic biomedical imaging modalities used in
practice and incorporates beamforming. Beamforming is parti-
cularly important as it encompasses how waveforms are gener-
ated to ultimately produce images.

Delay-and-sum (DAS) beamforming methods comprise the
bulk of applied techniques with maximum MSD of ~2.11 and
FWHM commonly approaching ~4.612>10. Other developing
techniques include the synthetic aperture (SA)®!L12, minimum
variance (MV)10, Bessel beams!3, and pixel-based beamformer
(PBB) approaches!#1>, All provide superior resolution to DAS
under ideal conditions with resolutions reaching as high as 1/12
for FWHM using MV. However, in more practical settings, these
techniques result in much smaller improvements over DAS with
FWHM (MSD) of 0.381 (0.911) for MV10, 331(2)) for SAL, and
1.021 (1.43)) for PBB!°. The maximum resolution of each tech-
nique occurs at the focal point, varies strongly with applied fre-
quency, and must be within the acoustic near-field of the emitters.
In addition, the application of the techniques in practice do not
enhance imaging quality significantly>10%-11,

Phononic crystals are periodic structures comprised of two or
more materials of differing physical properties where at least one
of the materials, termed the scatterer, causes scattering from an
incident sound wave or vibration. Based on the size, shape,
arrangement of the scatterers, bandstructures arise that are ana-
logous to those found in electronic and photonic crystals!®.
Within the first transmission band, the range of linear dispersion

allows a phononic crystal to operate as an effectively homogenous
medium. However, above this homogenization limit, the phase
and group velocity of a transient wave may not coincide, leading
to effects such as hyperbolic and elliptical metamaterials!”, “slow”
sound!8, an effective index of refraction below 1.0, and even
effectively negative index of refraction!®. Dispersion above the
homogenization limit may also be highly non-linear as a function
of incidence angle allowing for anomalous gradient effects only
demonstrated in these artificial materials?). These effects have
been used to create filters?!, waveguides??, effective media that
operate as lenses2, and even thermal resistors?3. Of particular
interest are phononic metamaterials which maintain properties
that aren’t observed in nature. These materials have formed
tunable controllers for elastic waves*4, mechanical cloaks?>, Weyl
materials20, switches?!, tweezers?’, and negative index lenses
amongst others!7-18,28.29,

Whereas phased-array approaches to high resolution depend
almost exclusively on electronic signal processing, super resolu-
tion has been demonstrated with phononic metamaterials with-
out the use of such. Holey structures, coupled bound modes, and
negative index flat lenses have all seen use as conduits to super
resolution as high as A|5030. Metamaterials have also been used to
create custom group velocity dispersion functions to temporally
compress phonons for super resolution3!. However, the super
resolving power is generally restricted to the evanescent near-field
of the device or within a few wavelengths of the surface, making
the structures impractical for many applications32.

The use of metamaterial lenses (ML) for material character-
ization, specifically in biomaterials, has never been demon-
strated3. Where in this text, tissue phantom references gelatin
tissue phantom33 that approximates a tissue-like biomaterial, we
demonstrate the use of a ML to examine a material beyond the
evanescent near-field, demonstration of subwavelength detection
of masses in a tissue phantom, and enhanced lateral resolution in
tissue phantoms beyond the Fresnel zone of the emitting trans-
ducer. The ML produces an approximately collimated ultrasonic
beam that is both laterally small and maintains low beam
spreading along the optical axis. The collimation-like effects
extend past the theoretical near-field of the transducer, and
demonstrates strong side-lobe suppression similar to Bessel-
beams!3. Lastly, the lens is used with gelatin tissue phantoms
containing embedded objects of varying sizes to approximate
practical application in non-ideal systems. The results demon-
strate the feasibility of the lens for improving lateral imaging
quality based on increased resolution.

Results
The ML is a 2D square lattice phononic crystal of stainless-steel
rods in water ambient (Fig. 1). For this lens, collimation only
occurs for narrow, limited bands of frequency in the second band
of the crystal, far above the homogenization limit. In addition, the
lens does not function as described in the axis parallel to that of
the cylindrical scatterers. Outside these bands of frequencies, the
ML causes the transient beam to diverge. As seen in Fig. 1a, the
beam diverges strongly at 527 kHz, but remains relatively colli-
mated for the length of the examined area (27)\) for 576 kHz
(Fig. 1b). Figure 1c depicts the 2D ML and relative location of the
emitting transducer. The dispersion curve of the lens is given for
reference (Fig. 1d). The collimation occurs above the first gap and
homogenization region which signifies metamaterial behavior.
The emission source was a single element, unfocused, planar
ultrasonic transducer. For ultrasound, the length of the Fresnel
zone is also termed the near-field. Near-field length, L, is defined

as L = %, where a is the aperture of the transducer, and A is the
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Fig. 1 Metamaterial lens with sound field at collimation and non-collimation frequencies. Experimentally measured spatial sound field of metamaterial
lens at 527 kHz demonstrating beam divergence (a) and 576 kHz demonstrating collimation (b). ¢ Image of 2D phononic crystal metamaterial lens used for
examining enhanced lateral resolution with the setup for the emitter. d The collimation frequency occurs above the first complete gap where % is highly
variable and non-positive for some wavevectors, indicative of metamaterial features.

wavelength of interest. At the collimation frequency for the ML at
576 kHz, L = 58.4 mm. With the ML, collimation occurs from 42
to 112 mm with the beam spreading 4.5% in the area examined.
Axially, the highest measured signal intensity with the narrowest
beam-waist was detected at ~67 mm, 3.3\ past the Fresnel zone.
The occurrence of a narrow beam-waist beyond the Fresnel zone
is significant as a focused transducer can only achieve its mini-
mum beam-waist width well within the Fresnel zone limit. Thus,
the ML does not sacrifice depth while maintaining a narrow
beam-waist.

For the frequency regions of collimation, the measured FWHM
reduces from 11 mm (4.27\) in water without the lens to ~3.3
mm (1.28\) with the lens. The Rayleigh length provides a googl

measure of expected beam divergence, and is defined as z, = "2,
where w, is the radial beam waist. Based on measured results, the
Rayleigh length for the transducer alone (TA) is zr, = 14.3A, and
zy = 1.29A for the ML. The ML demonstrates strong collimation
as the beam diverges only 4.5% over the 271 measured which is
an order of magnitude larger than its calculated Rayleigh length.
In addition, as seen in Fig. 1b, the ML does not maintain sig-
nificant side lobes. The combination of collimation, narrow

beam-waist, extension past the near-field, and low side lobes
made the ML particularly intriguing for improving lateral
resolution.

Water ambient. The performance of the ML was evaluated in
both water ambient and tissue-approximating phantoms. Lateral
scans of the samples were as illustrated in Fig. 2. In water, the
FWHM of the collimated beam maintained a lateral FWHM of
~1.281 (Fig. 1b). To compare the relative performance of the ML
to the transducer in water, two samples of 3D printed rods were
laterally scanned and the results plotted in Fig. 2. Sample 1 (S1,
Fig. 2a) was a single 3D printed sample of four cylindrical rods of
decreasing size spaced at equal intervals. Sample 2 (S2, Fig. 2b-d)
consisted of five pairs of rods of equal size, spaced at decreasing
distances. Detailed descriptions of S1 and S2 is given in the
“Methods” section. Though both samples provide tests for reso-
lution, S1 is ideally suited to compare acuity, and S2 to lateral
resolution as it pertains to minimum separable distance. For this
work, we define acuity as the ability to detect a single object and
lateral resolution as the ability to detect the correct number of
objects in close proximity.
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Fig. 2 Monostatic characterization of lateral resolving powers of metamaterial lens in water ambient with ABS 3D printed plastic rods. Intensity is
stated for all in arbitrary units (a.u.). @ Sample of equally spaced rods of decreasing diameter. Transducer alone does not clearly detect any of the rods.
b, ¢ Scan of 5 mm diameter rods with gaps of 5 mm (b) and 4 mm (c) between the boundaries. Only the ML shows the presence of more than one object.
d-f Rods with subwavelength gap spacing of 0.691 (d), 0.474 (e), and 0.414 (f).

Acuity and lateral resolution for the emitting TA was too low
to distinguish any of the rods individually in S1 (Fig. 2a). The
transducer shows an overall signal decrease due to the decreasing
overlap of the cross-sectional area of printed ABS rods with the
ultrasound beam. With the ML, each rod is clearly able to be
distinguished as the signal shows a sharp decrease at the edges of
each rod (Fig. 2a). Using the value of half a peak’s intensity to
determine a boundary, the ML finds rod widths of 8, 7.5, 6, and 4
mm for the rods compared to caliper measured values of 6, 5, 4,
and 3 mm for SI. Based on the distance between the minima,

the rods have a center-to-center (CTC) distance of 12, 10, and
10 mm which compares favorably with measured values of 12, 11,
and 10 mm.

The ML capability to resolve two distinct objects in close
proximity was evaluated with S2. The 5-mm wide rod pairs had
spacing between neighboring boundaries ranging from 1.931
down to 0.44A. The TA was not able to resolve two distinct
objects in any case, even for the case where the rods were spaced
larger than 1A (Fig. 2b, c). For all pairs, the ML was able to resolve
two separate objects. Using the same standards as S1 to evaluate
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size and CTC separation, we found the rods spaced 5 mm (CTC
10 mm) to be 6 and 7 mm wide with a CTC of 12 mm using the
ML. For the rods 1 mm closer (CTC 9 mm), rod widths were
measured as 5 and 7 mm with a CTC of 9 mm. However, the ML
was not able to resolve either the correct size or CTC distance
between the objects that were spaced sub-wavelength.

The limit of the resolving power of the ML in water ambient
was tested with S2 by scanning rods with neighboring boundaries
closer than 1A. Three samples were examined with 1.9 mm
(0.741), 1.3 mm (0.501), and 1.14 mm (0.441) gaps between the
rods or CTC values of 6.9, 6.3, and 6.14 mm (Fig. 2d-f). In each
case, the ML was not able to accurately resolve the rod widths and
separation. For the 6.9 mm CTC rods, the rods measured 2.5 and
2 mm in width with a CTC of 12 mm. The rods with a CTC of 6.3
mm were found to be 3.5 mm wide each with a CTC of 10.5 mm,
and the last pair of rods examined (6.14 CTC) had widths of 3.5
mm and a CTC of 10.5. Despite the inaccuracies, the ML was
clearly still able to resolve two distinct objects in all cases with a
sub-wavelength lateral gap.

Gelatin tissue-approximating phantoms. Gelatin tissue phan-
toms have served as sufficient human tissue substitutes for the
evaluation of ultrasound and other effects3*. Both bistatic and
monostatic arrangements were used to evaluate the performance
of the ML in gelatin tissue phantoms. The tissue-like phantoms
were made following the procedures of ref. 33. Both hard objects
and tissue approximating objects of varying size and composition
were synthesized into the phantoms and the characterization
capability of the ML and TA compared.

We investigated the effect of gelatin tissue phantoms on beam
divergence by placing a 60-mm thick gelatin phantom sample in
front of the ML and TA and measuring the spatial beam width at
the back of the sample using a needle hydrophone. The measured
beam profile from the TA for collimation is shown in Fig. 3a. The
FWHM of the TA is 11 mm while the width of the ML beam is
nearly equal for both the tissue-like phantom and water at ~3.3
mm (Fig. 3b), comparing favorably with results in water only
(Fig. 1b). The FWHM for the ML diverges 4.5% in the area
examined versus 36.5% for the standalone transducer (Fig. 3c).

Both Sample 3 (S3, Fig. 4a) and Sample 4 (5S4, Fig. 4c) were
examined using a bistatic setup where the gelatin tissue phantom
with the embedded objects was swept between the ML and a
needle hydrophone detector. Sample 3 (S3) consisted of three
hard, spherical beads 5, 5, and 7 mm in diameter with lateral
spacing of 5 mm between the 5 mm beads and 7 mm between the
5 and 7 mm beads. Figure 4a shows both the S3 sample, and
illustrates the bistatic scan. Additional details on S3 synthesis are
given in the “Methods” section. As in the case for S1 and S2,
comparison is given between the TA and ML.

Based on the number and location of minima, the TA indicates
the presence of four hard objects in S3 (Fig. 4b). For convenience,
an image of S3 was overlayed onto the measured spectra based on
the known position of S3 during the experiment. The two
neighboring 5mm objects are not clearly distinguishable from
each other, indicative of the spacing and size of the objects being
near or below the resolution limit of the TA. Another object,
ideally the 7 mm bead, is clearly represented in the transmission
data. However, combination of the known locations of the beads
with the recorded data show the TA to be inaccurate in both the
size, position, and number of the inorganic objects. As is
expected, the relatively large beam waist of the TA causes it to
have a low resolution of the beads.

The use of the ML to detect and characterize the presence of
the beads provided greater clarity than the TA in S3 (Fig. 4b).
Combination of the measured transmission versus position with

the known position of the objects yields a representative picture
of the lateral position and sizes of each representative bead. The
sizes of the beads using the ML are 6 mm, 5.5 mm, and 7.5 mm
with a CTC of 11 mm for each of the neighboring beads. The
measurements compare favorably to the known diameters of the
beads, while the CTC results are +1 mm for the neighboring 5
mm beads and —2 mm for the neighboring 5 and 7 mm beads.
The front and back surfaces of the tissue phantom were not
perfectly planar, contributing to the measurement errors.

We examined the ability of the lens to detect organic materials
by placing four vegetable tissue mass objects of differing
compositions and shapes in the tissue-approximating phantom.
Fruit and vegetable tissues have been used to approximate masses
and cysts in other works34. Sample 4 (Fig. 4c, S4) is a gelatin
phantom containing a 7 mm X 6 mm x 16 mm rectangular prism
of baby carrot (Daucus carota), a 6.5mm X6 mm X 16 mm
rectangular prism of celery (Apium graveolens), three stacked,
tear-drop shaped, red apple seeds (Pyrus malus L.), and an 8 mm
diameter Yaupon berry (Ilex vomitoria). The selection of the
samples was based on the variety of material compositions, object
shapes, and their use as approximation of tumorous masses in
tissue33. In similar fashion to the hard beads, the masses were
placed into the gelatin tissue during the synthesis process with a
CTC distance of 13 mm between neighboring objects.

As in the case of the beads, the TA does show the presence of
objects, but the size, number, and position of the objects does not
correlate with the known size, number, and position of objects
(Fig. 4d). Our measurements using the ML, however, detected the
size and positions of each of the masses relatively accurately as
shown in Fig. 4d. Though the CTC distance between neighboring
objects was set at 13 mm, the gap between object boundaries
ranges is ~6 mm (2.171). The estimated cross-sectional sizes from
the ML are 9 mm for the rectangular masses, and 8.25 mm width
for the Yaupon berry. Visual inspection of the figure shows good
agreement between the width of the apple seeds and the
transmission spectra. In addition, both the celery and Yaupon
berry show slightly decreased transmission at their centers. The
Yaupon berry is hollow and filled with air, while the celery cut
was centered around the core of a stalk which contains pithy
tissue. Figure 4d indicates the presence of both at the centers of
each mass.

Practically applied ultrasound utilizes a monostatic arrange-
ment where the emitter simultaneously serves as the detector. In
addition to the bistatic analysis, we also examined the acuity and
lateral resolution of the ML using a monostatic setup. All
monostatic samples consisted of carrot tissue “masses” embedded
in gelatin tissue phantoms. Similar to the case for biostatic
measurements, the lens remained stationary while the samples
were swept laterally using a translation stage. An illustration of
the sweep is indicated in Fig. 5a. Samples 5 and 6 were primarily
utilized to examine ML acuity, while Sample 7 was used to
investigate lateral resolution as it pertains to minimum separable
distance detectable.

Though synthesis details are presented in the “Methods”
section, a brief description of each sample is given in this section
to aid the reader in interpreting results. Sample 5 (S5, Fig. 5a, b)
consisted of four carrot mass slivers cut to widths of 1, 2, 3, and 4
mm spaced >30 mm, and Sample 6 (S6, Fig. 5¢, d) of two carrot
masses 6 mm x4 mmx4mm and 4 mm x4 mm x4 mm sepa-
rated by 8 mm CTC. For the 1 mm sliver, the heat of the gelatin
solution caused the shape to distort during synthesis.

Our findings for the ML in S5 are of mixed results. For Sample
5, the ML spectra detects all masses >2 mm in width with the 2-
mm mass showing the weakest contrast when compared to the
larger biomasses. In addition to the biomasses, an artifact from
the synthesis container is also correctly found between the 2 and
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Fig. 3 lllustration of collimation behavior of the ML. Collimation-like spatial sound field of ML at 576 kHz (a) and lateral beam width of the emitting
transducer compared to the lens in a gelatin tissue phantom (b). The tissue phantom does not cause beam divergence and the beam remains collected
along the optical axis. Whereas FWHM of the beam varies by 36% for the transducer, it only varies 4.5% for the length of the beam for the ML (c).

3mm carrot slivers. Though the positions of the masses are
accurately represented, the sizes of the biomasses as determined
using the FWHM of a peak are inaccurate. For S5, lateral sizes of
7,7, and 5 mm were found for the 2, 3, and 4 mm slivers (Fig. 5b).
For S6, both masses are clearly indicated by the ML, with a
derived width of 6.5 mm for the 6 mm object and 3.5 mm for the
4 mm object (Fig. 5d). In both S5 and S6, the CTC between
masses found with the ML agree well with known CTC spacing.
While Fig. 5b demonstrates the capability of the ML to detect the
presence of biomass down to 0.73A, accurate resolution of the
lateral biomass size only occurs when it is >1.461 (Fig. 5d).

Our final sample was used to investigate the minimum
separable distance detectable for paired biomasses using the
ML. Four pairs of carrots ~7 mm in lateral width were embedded
in the same tissue to make Sample 7 (S7, Fig. 6a). The pairs were
spaced such that the neighboring boundaries had an average
separation of 4 mm (1.441), 3 mm (1.081), 2 mm (0.731), and 1
mm (0.361). The lens was swept over the sample and the reflected
signal recorded identical to the techniques used for S5 and S6.

The results show the ML able to clearly discern the presence of
two masses down to a 2 mm gap (Fig. 6b-d) with relatively weak

indication of two objects at 1 mm spacing (Fig. 6e). For the pairs
20.73) apart, the average width of the individual carrot biomasses
was found to be 7 + 1 mm. At 1 mm, overlaying the recorded data
with the image and known position of the biomasses shows the
ML distinguishing two objects. However, the low contrast in the
signal alone would only lead to positive detection of the two
biomasses if the criteria were relaxed for evaluating objects widths
using FWHM.

Direct comparison with focused transducer. Ultrasound detec-
tion or imaging commonly uses emission sources that can focus.
Focusing is achieved using phase-delay pulsing in phased/linear
array transducers, curved emission surfaces, or lenses. All even-
tually result in narrowing of the beam-waist, thus improving
lateral resolution. However, as focusing serves to reduce the
distance between the emission sources and the Fresnel transition
zone, resolving power at depth is sacrificed for absolute resolu-
tion, where peak resolving power occurs in the focal zone®.
Minimum beam width is achieved when the focal length is a
minimum for an aperture size.
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Fig. 4 Bistatic detection of objects in gelatin phantom using ML. a Spherical plastic beads of 5, 5, and 7 mm in a gelatin tissue phantom spaced 5, 5, and 7
mm apart at a depth of 30 mm. b Recorded scan of the beads with the transducer and lens in a bistatic arrangement overlayed with the known position of
the beads in the tissue-approximating phantom. ¢ Biomasses of celery, carrot, Yaupon berry, and apple seed to simulated masses in tissue. d Scan of
biomasses overlayed with known position of masses at frequency of collimation.

To this point, evaluation and comparison have centered on
comparison between the ML and the planar TA at the Fresnel
zone limit, demonstrating resolution at depth. Sample S8 was
synthesized in likeness to Sample S5, where five carrots tissues are
placed 15 mm into a 22-mm thick gelatin tissue phantom spaced
27 mm apart on average (Fig. 7a). Carrot widths are 1.5mm
(0.581), 2mm (0.731), 3 mm (1.071), 4 mm (1.441), and 6 mm
(2.33)1). It should serve as note that the smallest carrot shifted
position in synthesis such that it was only 5mm into the tissue
phantom, instead of 15 mm.

An Olympus 17, 0.5 MHz V301-SU focused transducer with a
focal length of 31.75mm was then used to evaluate acuity in
comparison with the ML. FWHM of the focused beam was
calculated as 3.31 mm (1.281) in the tissue-like phantom from the
equipment manufacture standard calibration technical notes on
the transducer. The FWHM is the minimum achievable with the
single-element focused transducer and maintains the shortest
focal length. Unlike the ML, the focusing with the transducer is
conical versus two-dimensional. Measurements were taken such
that the scattering tissues were in the focal zone of the transducer,
where maximum lateral resolution is achieved, and outside the
focal zone, within the unfocused near-field limit.

At the focal length, the carrot masses are 30 mm (11.61) from
the focused transducer and the ML. The calculated minimum

beam waist for the focused transducer only occurs for a
concentrated region, but is comparable to the FWHM of the
ML. Figure 7 shows the results. In the focal zone (Fig. 7b, c), the
transducer detects all but the smallest carrot mass. FWHM finds
each carrot to be 4.5, 6, 6, and 8 mm, with CTC distances of 27
mm on average. Here it is interesting to note that the 1.5 mm
wide carrot is not detected or resolved as the shift in its position
by 10 mm places it outside of the focal zone (Fig. 7b). However,
when the sample is displaced by 30 mm, the acuity of the focused
transducer is sufficient to detect the 1.5 mm carrot, while being
insufficient to detect any other masses (Fig. 7d, e). When the
smallest mass is detected, its FWHM is found to be 2.5 mm by the
focused transducer. Conversely, in all cases the ML is able to
resolve all masses, with FWHM for the masses of 1.5, 1.75, 3.75,
5.25, and 7 mm and CTC average of 24 mm. All dimensions are
improvements over the focused transducer to varying degrees
with some limitations due to data being acquired every 0.5 mm.

Discussion

Spatial collimation is a feature of the Fresnel zone of the trans-
ducer. The ML significantly reduces the beam-width while
maintaining a narrow, weakly diverging beam significantly longer
than the Rayleigh length. This effect was termed funneled
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Fig. 5 Monostatic scan of organic masses in gelatin tissue phantom for acuity and lateral resolution. a Carrot tissue masses with lateral widths of 1-4
mm in Tmm intervals. b ML lateral scan of biomasses overlayed with image of the sample. Samples larger than 0.724 are detected. € 6 mm and 4 mm
rectangular masses in tissue phantom with lateral size and spacing >14. d Lateral scan of clearly shows the objects when overlayed with an image of the

sample as known in the measurements.

focusing in3¢, where the ML was first proposed in a numerical
model. The experimentally measured low divergence of the ML
beam as compared with the Rayleigh length combined with the
extension of the beam beyond the acoustic near-field length of the
emitter lead to our conclusion of revising the term to funneled
collimation.

In agreement with3®, the funneled collimation achieved by the
ML only occurs for a small set of frequencies in the second
transmission band of the base phononic crystal. The low lateral
beam width and spatial dispersion serve as ideal properties to
demonstrate enhanced lateral resolution beyond the acoustic
near-field of the emitter. In prior works, the design of the lens was
discussed, but never demonstrated in practice’®. Here, the low
lateral beam width and lack of spatial dispersion was confirmed
with measurements of the sound field. At frequencies where
collimation occurred, FWHM beam widths of 1.281 were
achieved and persisted with minimal beam spreading (~4.5%) for
the extent of the examined area (281). Unlike beamforming
techniques, the ML did not exhibit strong side-lobes at the fre-
quencies of funneled collimation. As compared with the TA, both
in water and in tissue phantoms, the ML demonstrated sig-
nificantly improved acuity and lateral resolution without addi-
tional signal processing techniques.

The acuity of an imaging systems determines the extent to
which an object’s size can be determined. In the present work, we
examined both acuity and lateral resolution without the aid of
additional signal processing, instead focusing on the raw FWHM
transmission characteristics to derive information. Water served
as a baseline from which the ideal limitations of the ML and TA
could be associatively analyzed and compared to other techni-
ques. FWHM and MSD are metrics used for standard signal

8

processing in ultrasonic imaging. DAS beamforming is the pri-
mary method used for ultrasonic imaging systems, with a mini-
mum MSD of 2.1 and a FWHM of roughly 4.61. Though acuity
isn’t explicitly mentioned, here its importance is discussed due to
the need for ultrasonic imaging modalities to distinguish material
defects or tissue masses from surrounding material.

For water, the reduction of the FWHM from the measured
4.27) for the emitter at the near-field limit to 1.281 at and beyond
the same point strongly impacts the acuity and MSD in water. For
the plastic rods examined in S1 and S2, the TA was not able to
detect any independent objects for either due to the large FWHM
of the TA beam. In S1, the scattering cross-section of the rods
decreases with rod diameter resulting in the continuously
decreasing signal associated with the TA (Fig. 2a). For S2, the
overall scattering cross-section slightly increases as the rods
decrease in proximity while maintaining a constant diameter
(Fig. 2b). Regardless, the TA cannot resolve the rods due to the
large beam-waist. The maximum CTC distance between objects
was 6mm (2.171) with boundaries between the rods lower.
Though DAS beamforming has not demonstrated the ability to
resolve similarly sized objects in other works, other advanced
beamforming techniques such as MV and PBB have FWHM and
MSD that indicate they would suffice under ideal conditions!1,

The lower FWHM of the ML in water was measured to extend
from the end of the lens past the acoustic near-field limit. This
collimation enhances resolution over the TA without additional
signal processing in water. For S1, each of the rods were clearly
able to be resolved and correctly located in its position in water.
Though the acuity shows maximum errors exceeding 30% of the
known size (4 mm measured vs. 3 mm actual), the ML still
maintained the acuity to detect the smallest rod of S1 which was
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Fig. 6 Examination of minimum separable distance of tissue masses. a Four pairs of 7 mm wide carrot tissue masses spaced 4, 3, 2mm, and 1 mm apart.
The scanned results are overlayed for each gap of 1.45\ (b), 1.09A (¢), 0.72\ (d), and 0.36\ (e).

3mm (1.091). As the scattering, cylindrical rods both maintain
spacing and dimension comparable with the incident wavelength,
the FWHM used to determine size is subject to Rayleigh dif-
fraction introducing errors. However, whereas the dimensions
of each object are dependent on the recorded intensity profile,
CTC distances are taken from central maximum. Here, the CTC
for sample one was of greater accuracy with maximum error
of £1 mm.

For the lateral spatial resolution, correlated with the MSD, the
decreased lateral beamwidth and apparent collimation of the ML
also greatly improves detection of the pairs of rods in S2. For S2,
the 5mm diameter rods were spaced more than 1A, the lateral
diameters were found within 2 mm of their known size and CTC
distance. For the S2 pairs spaced below 1A, the ML was able to
clearly detect the presence of two distinct objects, but did not
accurately find the size or separation using the same standards as
other samples. Despite this shortcoming, the ML was able to
resolve two objects with a gap of 0.41A without any additional
signal processing in a monostatic arrangement. These results
compare favorably with all the beamforming techniques except
MYV, though MV lacks resiliency to less than ideal applications.
Unlike other techniques, however, sub-wavelength detection
occurred beyond the acoustic near-field. The authors are unaware

of any other techniques that have achieved such detection cap-
abilities beyond the Fresnel-zone limit, particularly without
advanced post-processing.

Both S2 (Fig. 2b-f) and S7 (Fig. 6) were used to examine the
lateral resolving capabilities of the ML. However, the thrust of S2
was to establish a likely upper bound of resolution of the ML by
using ideal conditions. Both contain pairs of objects at the edge of
the Fresnel-zone with decreasing gap spacing between the paired
objects. For S2, the objects are inorganic, hard, well-defined in
shape, and in DI water, an ideal medium. For S7, the vegetable
tissue masses are cut rectangularly, but maintain some irregularity
in shape due primarily to heat deformation from the gelatin
synthesis process. The presence of vegetative masses in the gelatin
phantom approximates organic foreign bodies in soft tissue.
Ultrasound is particularly suited for detection of organic foreign
bodies in practice as detection with other modalities remains
challenging3”-3%. Frequencies near 10 MHz, roughly 20x that of
the present work, have been utilized to sonographically detect
organic foreign bodies down to 2.5 mm?’. The evaluation of S7
with ML provides direct reference to capabilities of the ML in a
setting which ultrasound is of increased importance.

In both water and gelatin tissue, sub-wavelength detection of
the gap is demonstrated with varying degrees of accuracy on the
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Fig. 7 Comparison between a focused transducer and the ML both at and beyond the focal zone. a Samples of carrot tissue ranging from 1.5 mm (left) to
6 mm (right) in width. Scan with carrot tissue at the focal length of the focused transducer for the ML (b) and focused transducer (c). Scan with carrot
tissue in the Fresnel transition zone of the unfocused transducer for the ML (d) and focused transducer (e). Comparative acuity of ML vs. focused

transducer at (b, ¢) and beyond (d, e) the transducer focal length. Scans were performed monostatically with carrots at average depth of 15 mm in the

tissue.

object sizes and gap widths. Though both water and the tissue-
approximating phantom have nearly identical measured speed of
sound, they do have contrast in elastic properties. S2 shows
slightly higher resolution than S7 primarily due to the presence of
hard objects in water ambient, which have a larger impedance
mismatch with water than vegetable tissue masses and gelatin
tissue phantom. In S7, the lower elastic contrast between the
carrot tissue and gelatin along with the slight irregularities in
shape impact the back scattering from the edges of the sample
objects, essentially blurring boundary edges of the masses.
Similar behavior is observed in S3 and S4, where plastic beads

are more accurately characterized than the various organic
masses of S4.

Though metamaterials have been proposed for ultrasonic bio-
imaging, it has not been demonstrated in practice. Prior works
concerning imaging with phononic metamaterials, specifically
those with subwavelength resolution, require coupling to the
evanescent near-field of the phononic crystal?3239. Coupled
bound modes allow for the reconstruction of subwavelength point
sources>240-42, or the detection of scattered evanescent waves30.
Though these metamaterials demonstrate resolution beyond the
Rayleigh diffraction limit, and indeed, beyond that of the ML, the
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necessity of coupling to the evanescent near-field means objects
must be within a few A of the phononic metamaterials to be
imaged. The demonstrations of subwavelength imaging have,
thus far, only been achieved using a bistatic arrangement with a
separate emission source and detector3’, or only reconstruction of
point sources. The limitations of such systems make application
of each in practice challenging. The ML is distinct in that the
lateral resolution is achieved beyond the evanescent near-field of
the lens, extends pass the Fresnel zone of the transducer, and is
applied in a practical, non-ideal setting.

Here, the ML was applied to a gelatin tissue phantom com-
monly used for approximating healthy human tissue for both
ultrasonic characterization and ballistics amongst others. In the
samples, both inorganic and organic objects of various sizes were
placed into the phantoms to approximate masses. The samples
sizes and depths into the tissue phantoms were synthesized such
that they accommodated available evaluation equipment in water
ambient. In addition, unlike commercial ultrasound imaging
systems that combine advanced signal processing with handheld
application, the ML and sample were setup such that signal vs.
position data were recorded with position controlled by a
motorized translation stage. The tissue phantoms with various
inclusions were made not with the motivation to be ideal, but to
be equivalent comparisons between the ML and TA.

Bistatic measurements are not regularly used in practical
application of ultrasonic imaging, but provide valuable additional
information about the capabilities of the presented ML. Transit
based imaging techniques are based on thru-transmission and
lack the back-scattered reflections that cause additional errors in
monostatic imaging arrangements. The bistatic arrangement was
used to evaluate both hard objects and biomasses in tissue
phantoms in samples S3 and S4. Both S3 and S4 were 30 mm into
a 60 mm tissue phantom, but overall were near the Fresnel-zone
limit of ~60 mm from the emitter.

The TA detected the presence of objects both in S3 and S4.
However, the number, size, and positions of the objects, both for
the biomass and hard objects was inaccurate. For the beads, the
two 5 mm beads exhibited a strong overlap, making determina-
tion of the presence of two separate objects uncertain. The last 7
mm bead was clearly able to be detected, but the presence of all
the objects did not align with the known positions of the objects
during the measurements. For S4, the spectrum for TA strongly
indicates the presence of more than 5 biomasses with the lateral
positions of the objects shifted from their known position. All
objects in S3 and S4 were >IA and CTC and gap spacing
exceeding 1.

For the ML, both the size, positions, and relative CTC are
much more accurately recovered in the results. For $4, the sizes
and positions of the beads were recovered within 1 mm of their
known sizes and spacing. Though none of the objects were sub-
wavelength in either spacing or size, the 5 mm objects were below
the MSD limit of standard DAS beamforming. In other works,
SA, MV, and PBB showed little practical improvement in reso-
lution over DAS beamforming in tissue samples. DAS beam-
forming is ideally restricted to the near-field, with FWHM and
MSD only reaching maximum effectiveness where focusing is
achieved. For $4, the objects were at the near-field limit of the
unfocused transducer, showing that the ML provides superior
resolution at depth as compared to existing beamforming
techniques.

Of particular interest is the application of ML to detect or
image tissue masses in otherwise healthy tissue. This was explored
in a bistatic arrangement in S4. The authors are not aware of any
known works where metamaterials were applied to image or
detect masses in biocomposites. Whereas the number, size, and
position of the masses at the near-field limit were not accurately

recovered by the TA, the ML shows a strong correlation to the
position and size of the masses. For all biomasses, the gap and size
of the fruit and vegetable tissues exceeded 2A. The presence of
each is clearly represented in Fig. 4. Our results found the sizes of
regularly shaped masses of celery and carrots to be relatively
accurate, within 1.5mm of their known widths without any
additional signal processing.

Ultrasound is primarily utilized with an emitter that also serves
as a detector, a monostatic arrangement. Examination of samples
with thru-transmission techniques often presents difficulties due
to the size, shape, arrangement or location of the samples to be
examined. Pulse-echo ultrasound spectroscopy forms the under-
pinnings of nearly all practically applied ultrasonic imaging
modalities. The ability to accurately detect the size and positions
of masses was further explored for the ML in the monostatic
setup for samples S5 and Sé6.

In these samples, carrots were used as masses, where both
samples concern the limitations of acuity. In S5, mass widths
ranged from 1 to 4 mm in 1 mm intervals. The ML was not able
to detect the 1 mm mass. However, it was able to clearly detect the
2-4 mm masses at their correct locations. For S5, subwavelength
acuity is demonstrated in a practical settings as the width of the
organic object is 0.72A. In S6, both masses are longer than 1A with
widths that are within 0.5 mm of the known values. The smallest
object in S6 was 4 mm (1.451) and was still accurately resolved in
tissue phantom.

The S7 sample focused on the limitations on lateral resolution
or MSD for organic masses in tissue-approximating phantoms.
For gaps >14, the ML correctly detects the size of the objects and
CTC distance between them. However, similar to the case for
closely spaced objects in water ambient, though the ML is able to
detect the presence of two distance objects with gaps sub-
wavelength, the size and CTC distance of the objects are not
accurately recovered using the uniform FWHM standards of the
transmission dips. Still, without advanced signal processing
techniques, the collimation at nearly 580 kHz can distinguish two
separate objects down to 0.361, far below any known DAS
beamforming works. In addition, the ML has comparable reso-
lution to the most advanced signal processing techniques in
samples with masses and objects that are less than ideal.

This work was performed at ~580 kHz, far below the 2+ MHz
used in standard ultrasound imaging in practice. However, the
use of phononic crystals allows for scaling to higher frequencies if
the geometry of the setup is maintained. Where Q = 3me 18 the
reduced frequency that is referenced for periodic phononic
structures'®, and the collimation frequency is Q= 0.75, collima-
tion occurs only at this reduced frequency for the present geo-
metry and is proportional to the acoustic near-field. The
dependence of the collimation frequency on the geometry results
in an emission source aperture that is also dependent on the
collimation frequency. Where the location of the minimum beam
waist, (, iio 2considered the effective focal length of the ML,

{[mm] ~ i An effective f-stop of ~1.25 results from the ratio

of { to the aperture. However, the collimation results in a depth of
field of nearly 27A.

Though axial resolution is not a focus of this work, it is a
subject of interest due to the temporal distortion caused by use of
phononic crystals. A complete ultrasound image requires beam-
forming to account for diffraction and focusing in the elevation
plane in addition to the pulse-echo delays necessary to accurately
reconstruct depth to a scattering event. The presence of strong
frequency dispersion in phononic crystals causes the transient
pulse to be temporally distorted as it passes through the lens.
Distortion in the pulse shape decreases temporal fidelity and thus
the axial resolution without additional signal processing. For
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practical, non-CW monostatic application, temporal distortion
must be adequately addressed in addition to the contrast that is
ideally a function of frequency-dependent backscattering®3.
Deconvolution to abate temporal pulse distortion with specialized
pulse envelopes is left for future work. Here, the focus is the
significant increase in lateral detection capabilities at depth in
practice for both hard and soft material samples.

In conclusion, the application of a metamaterial to ultrasound
imaging beyond the evanescent field and in simulated biosystems
is reported. The lens is composed of a phononic crystal that
combines elements only found in metamaterials to achieve col-
limation at narrow bandwidths of frequencies far above the
homogenization limit of the phononic structure. The collimation-
like effect results in a beam ~1.27A in lateral width with negligible
spatial dispersion from the end of the lens past the acoustic
nearfield of the emitter. Both the acuity and lateral resolution of
the ML were experimentally evaluated and compared to both a
focused and planar transducer at the focal zone and end of the
Fresnel zone in water ambient and gelatin tissue phantoms.

Compared with existing beamforming techniques, the azi-
muthal resolution and minimum separable distance is superior to
the beamforming techniques of DAS, SA, and pixel-based beam-
forming. Though the ML does not exceed the FWHM of the
beamforming technique of MV, the ML improvements in reso-
lution is realized in less than ideal settings with no advanced signal
processing. In addition, the measured results presented here are at
the edge of the Fresnel zone for the utilized transducer. Focusing
with transducers can ideally produce regions with similar beam-
widths to the ML. However, achieving these minimum beam-
widths comes at a cost of depth as focusing is a function of
bringing the Fresnel-Fraunhofer transition zone closer to the
emission source. The significant impact being that the ML
maintains subwavelength azimuthal resolution at depth and along
an extended depth of field that has not been achieved with existing
beamforming techniques. Collimation from the ML results in is 8x
better resolution than the TA at the Fresnel zone limit.

Methods

Metamaterial lens. The ML is a 2D phononic crystal shaped in a convex-
triangular geometry operating in water ambient. The square lattice phononic
crystal contains stainless steel rod scatterers with a radius, r, of 0.8 mm, and lattice
constant, a, of 1.96 mm. The incident side of the lens is convex-plano, attached
directly to a triangle shape with a base of 17a and height 9a. Details on the
development of the design are given in other works3®. However, the design is
summarized as a combination of lens geometry, non-linear dispersion, and effec-
tive negative index of refraction for some angles of incidence to produce a spatially
collimated beam. Collimation was only found for select frequency ranges using a
collimation scoring algorithm3®. The selection of the triangular design was based
on it producing the narrowest beam waist with collimation over distance. The lack
of beam spreading over distance grants the ML an advantage over conventional
ultrasonic equipment for lateral resolving capabilities, particularly at depth.

Bistatic measurements. We examined the lateral resolving capabilities of the lens
in water ambient and tissue phantoms in both a bistatic and monostatic
arrangement. A 1”7 Panametrics V301, single element, unfocused immersion
transducer was used as the emitter in both arrangements. Bistatic measurements
consisted of continuous wave sweeps from 510 to 590 kHz using a 2012 WaveS-
tation function generator. For bistatic measurements, a Muéller-Platte 0.5 mm
Needle Probe hydrophone served as the detector. For lateral scans, the hydrophone
was aligned with the optical axis of the lens. Samples were then placed on a
translating stage and swept the sample between the lens and hydrophone. Mea-
surements were taken both with and without the lens for comparison.

Monostatic measurements. Monostatic pulse-echo reflection spectroscopy mea-
surements were performed with an Imaginant DPR300 Pulser-Receiver connected
to the emitter. Data were acquired with the lens fixed, and the examined samples
swept in front of the lens using a laterally translating stage. All measurements were
performed in water ambient at room temperature. All data were collected on a

Tektronix MDO3024b Spectrum Analyzer. Pulsing data consisting of 512 averaged
signal samples with frequency information derived from a fast-Fourier transform

(FFT) using a Hanning window. The sample was swept in front of the lens and the
reflected signal recorded.

Plastic rods (S1, S2). 3D printing was used to fabricate various ABS rods to
evaluate ML acuity and lateral resolution. The rods were printed using a Poly-
printer 229 and Hatchbox Acrylonitrile butadiene styrene (ABS) filament with a
0.2 mm diameter printing nozzle under 100% infilled setting. Sample 1 (S1, Fig. 2a)
consisted of four rods spaced 6 mm apart with diameters ranging from 3 to 6 mm
at 1 mm intervals. Sample 2 (S2, Fig 2b—f) was five pairs of 5 mm diameter rods
with gaps of 5 mm, 4 mm, 1.90 mm (0.74A), 1.30 mm (0.50A), and 1.13 mm (0.44A).
Both S1 and S2 were in water ambient. For each measurement, the emitter and lens
were fixed and the samples swept in front of the lens 60 mm from the emitter. The
reflection was measured versus sample position and plotted. Figures 2a, b illustrate
S1 and S2.

Tissue-like phantoms (S3-56). Gelatin tissue phantoms were made following®3.
The gelatin was made using 1700 ml of water, in which 21 small bags (147 g) of
KNOX were dissolved with a magnetic stirrer. Six boxes were added to the water
while heating (before reach 50 °C) and then, the rest of the boxes were gradually
added until it was perfectly mixed and achieved a viscous and homogeneous
solution; the procedure took 90 min. After that, the gelatin solution was placed in a
container and cooled for 24 h in a refrigerator. For measurements without objects
inside, the gelatin was extracted from the container and cut in pieces of 55 mm
high, 60 mm wide and 12 mm long. Speed of sound measurements for tissue
phantoms and water were nearly identical at 1490 m/s in water, and 1494 m/s
respectively. The dynamic bulk modulus and attenuation were found to be 2.775
GPa and 2.75 dB/cm for our samples.

Sample 3 (S3, Fig. 4a) consisted of hard objects in a tissue phantom. Three
spherical plastic beads 5, 5, and 7 mm in diameter were placed into a tissue
phantom of 55 mm high, 60 mm wide and 12 mm long during the synthesis
process. The beads were spaced 5 mm between the two 5 mm beads, and 7 mm
between the 5 and 7 mm beads in the pre-gelatinized solution. The objects were
held by a 0.3 mm wires in order to keep those well attached in the gelatin and the
solution was allowed to harden around the objects. Figure 4a is an image of S3.

Sample 4 (S4, Fig. 4c) was made by embedding a 7 mm x 6 mm x 16 mm
rectangular prism of baby carrot (Daucus carota), a 6.5mm x 6 mm x 16 mm
rectangular prism of celery (Apium graveolens), three stacked, tear-drop shaped,
red apple seeds (Pyrus malus L.), and an 8 mm diameter Yaupon berry (Ilex
vomitoria) in a tissue phantom (During the synthesis process the biomasses were
set with a CTC distance of 13 mm between neighboring objects. An image of 4 is
given in Fig. 4c.

Sample 5 (S5) consisted of four carrot mass slivers cut to widths of 1, 2, 3, and 4
mm prior to placement in the pre-gelatinized tissue phantom solution (Fig. 5a).
The samples were placed at a depth of 25 mm in a 180 mm x 80 mm x 28 mm
phantom tissue block ~30 mm apart. Sample 6 (S6) consisted of two carrot masses
6 mm X 4 mm x 4 mm and 4 mm x 4 mm x 4 mm placed 25 mm into the tissue
phantom separated by 8 mm CTC (Fig. 5c¢).

To evaluate the spatial separation resolving capabilities of the ML in a
monostatic arrangement, four pairs of carrots, ~7 mm in width were placed with in
the same tissue phantom (Sample 7, S7, Fig. 6a). The masses were placed at 30 mm
depth in the tissue phantom, and the gap between the paired biomasses set to 4 mm
(1.441), 3 mm (1.081), 2 mm (0.721), and 1 mm (0.361).

Comparison of the ML to a focused transducer was performed using Sample 8
(S8, Fig. 7a). Carrot tissue masses were prepared using the same preparation as S5.
However, masses are cut 1.5, 2, 3, 4, and 6 mm in width prior to placement 15-mm
deep into the tissue phantom. Average separation between masses is 27 mm. It
should be noted that the 1.5 mm masses was displaced by 10 mm during synthesis
so that its depth is only 5mm into the tissue phantom. It is still presented for
reference as both the ML and focused transducer were applied equally.

Data availability

Data available upon request from either corresponding author.

Code availability

Code available upon request from either corresponding author.

Received: 10 February 2020; Accepted: 16 October 2020;
Published online: 24 November 2020

References

1. Gao, L. et al. The impact of presence of Hashimoto’s throiditis on diagnostic
accuracy of ultrasound-guided fine-need aspiration biopsy in subcentimeter
throid nodules: a retrospective study from FUSCC. Cancer Med. 6, 1014-1022
(2017).

12 NATURE COMMUNICATIONS | (2020)11:5967 | https://doi.org/10.1038/s41467-020-19591-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19591-2

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ng, A. & Swanevelder, J. Resolution in ultrasound imaging. Continuing Educ.
Anaesth., Crit. Care Pain. 11, 186-192 (2011).

Fujita, H. & Hasegawa, H. Effect of frequency characteristic of excitation pulse
on lateral spatial resolution in coded ultrasound imaging. Jpn. J. Appl. Phys.
86, 07JF16 (2017).

Rodriguez-Morales, A., Fatemi, A., Lovstakken, L. & Torp, H. Specular
beamforming. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 64, 1285-1297
(2017).

Diamantis, K., Greenaway, A., Anderson, T., Jensen, J. & Sboros, V.
Experimental performance assessment of the sub-band minimum variance
beamformer for ultrasound imaging. Ultrasonics 79, 87-95 (2017).

Liu, J., He, Q. & Luo, J. A compressed sensing strategy for synthetic transmit
aperture ultrasound imaging. IEEE Transact. Med. Imaging 36, 878-891 (2017).
Chen, S. & Parker, K. Enhanced axial and lateral resolution using stabilized
pulses. J. Med. Imaging 4, 027001 (2017).

Chen, S. & Parker, K. Enhanced resolution pulse-echo imaging with stabilized
pulses. J. Med. Imaging 3, 027003 (2016).

Lu, J.-Y,, Zou, H. & Greenleaf, J. Biomedical ultrasound beam forming.
Ultrasound Med. Biol. 20, 403-428 (1994).

Diamantis, K., Anderson, T., Butler, M., Villagomez-Hoyos, C. & Jensen, J.
Resolving ultrasound contrast microbubbles using minimum variance
beamforming. IEEE Transact. Med. Imaging 38, 194-204 (2019).

Kim, C. et al. Evaluation of ultrasound synthetic aperture imaging using
bidirectional pixel-based focusing: preliminary phantom and in vivo breast
study. IEEE Transact. Biomed. Eng. 60, 2716-2724 (2013).

Bottenus, N. et al. Feasibility of swept synthetic aperture ultrasound imaging.
IEEE Transact. Med. Imaging 35, 1676-1685 (2016).

Chillara, V., Pantea, C. & Sinha, D. Low-frequency ultrasonic Bessel-like
collimated beam generation from radial modes of piezoelectric transducers.
Appl. Phys. Lett. 110, 064101 (2017).

Almualimi, M., Al-Qahtani, S., Wille, M.-L. & Langton, C. Improvement of B-
scan spatial resolution by pulse-echo ultrasound transit time spectroscopy.
Appl. Acoust. 145, 193-204 (2019).

Nguyen, N. & Prager, R. Ultrasound pixel-based beamforming with phase
alignments of focused beams. IEEE Transact. Ultrasonics, Ferroelectr.
Frequency Control 64, 937-946 (2017).

Wu, Y. & Zhang, Z.-Q. Dispersion relations and their symmetry properties of
electromagnetic and elastic metamaterials in two dimensions. Phys. Rev. B 79,
195111 (2009).

Shen, C. et al. Broadband acoustic hyperbolic metamaterial. Phys. Rev. Lett.
115, 254301 (2015).

Zhu, X. et al. Implementation of dispersion-free slow acoustic wave
propagation and phase engineering with helical-structured metamaterials.
Nat. Commun. 7, 11731 (2016).

He, H. et al. Topological negative refraction of surface acoustic waves in a
Weyl phononic crystal. Nature 560, 61-64 (2018).

Tol, S., Degertekin, F. & Erturk, A. Gradient-index phononic crystal lens-
based enhancement of elastic wave energy harvesting. Appl. Phys. Lett. 109,
063902 (2016).

Bilal, O., Foehr, A. & Daraio, C. Bistable metamaterial for switching and
cascading elastic vibrations. PNAS 114, 4603-4606 (2017).

Benchabane, S. et al. Guidance of surface waves in a micron-scale phononic
crystal line-defect waveguide. Appl. Phys. Lett. 106, 081903 (2015).

Zen, N., Tuomas, P., Tero, 1., Saumyadip, C. & Ilari, M. Engineering thermal
conductance using a two-dimensional phononic crystal. Nat. Commun. 5,
3435 (2014).

Shan, S. et al. Harnessing multiple folding mechanisms in soft periodic
structures for tunable control of elastic waves. Adv. Funct. Mater. 24, 4935
(2014).

Hai, L. & Zhao, Q. Unfeelable mechanical cloak based on proportional
parameter transform in bimode structures. Adv. Funct. Mater. 28, 1801473
(2018).

Fruchart, M. et al. Soft self-assembly of Weyl materials for light and sound.
Proc. Natl Acad. Sci. USA 115, 3655-3664 (2017).

Collins, D. et al. Acoustic tweezers via sub-time-of-flight regime surface
acoustic waves. Sci. Adv. 2, 1600089 (2016).

Juraschek, D. & Spaldin, N. Sounding out optical phonons. Science 357,
873-874 (2017).

Matlack, K., Bauhofer, A., Krodel, S., Parlermo, A. & Caraio, C. Composite
3D-printed metastructures for low-frequency and broadband vibration
absoprtion. Proc. Natl Acad Sci. USA 113, 8386-8390 (2016).

Zhu, J. et al. A holey-structured metamaterial for acoustic deep-subwavelength
imaging. Nat. Phys. 7, 52-55 (2011).

Kurosu, M., Hatanaka, D., Onomitsu, K. & Yamaguchi, H. On-chip temporal
focusing of elastic waves in a phononic crystal waveguide. Nat. Commun. 9,
1331 (2018).

32. Sukhovich, A. et al. Experimental and theoretical evicence for subwavelength
imaging in phononic crystals. Phys. Rev. Lett. 102, 154301 (2009),

33. Bude, R. & Adler, R. An easily made, low-cost, tissue-like ultrasound phantom
material. J. Clin. Ultrasound 23, 271-273 (1995).

34. Culjat, M., Goldenberg, D., Tewari, P. & Singh, R. A review of tissue
substitutes for ultrasound imaging. Ultrasound Med. Biol. 36, 861-873
(2012).

35. Madore, B., White, P., Thomenius, K. & Clement, G. Accelerated focused
ultrasound imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 56, 2612
(2009).

36. Walker, E., Reyes, D., Rojas, M., Krokhin, A. & Neogi, A. Funneled focusing of
planar acoustic waves utilizing the metamaterial properties of an acoustic lens.
Proc. SPIE 8994, Photonic Phononic Properties Engineered Nanostruct. IV
8994, 89940H (2014).

37. Borgohain, B., Borgohain, N., Handique, A. & Gogoi, P. Case report and brief
review of literature on sonographic detection of accidentally implanted
wooden foreign body causing persistent sinus. Critical Ultrasound J. 4, 10
(2012).

38. Davae, K, Sofka, C., DiCarlo, E. & Adler, R. Value of power Doppler imaging
and the hypoechoic halo in the sonographic detection of foreign bodies. J.
Ultrasound Med. 22, 1309-1313 (2003).

39. Li, J., Fok, L., Yin, X,, Bartal, G. & Zhang, X. Experimental demonstration of
an acoustic magnifying hyperlens. Nat. Mater. 8, 931-934 (2009).

40. Ao, X. & Chan, C. T. Far-field magnification for acoustic waves using
anisotropic acoustic metamaterials. Phys. Rev. E 77, 025601(R) (2008).

41. Robillard, J.-F. et al. Resolution limit of a phononic crystal superlens. Phys.
Rev. B 83, 224301 (2011).

42. Yang, S. et al. Focusing of sound in a 3D phononic crystal. Phys. Rev. Lett. 93,
0024301 (2004).

43. Lavarello, R,, Ghoshal, G. & Oelze, M. On the estimation of backscatter
coefficients using single-element focused transducers. J. Acoust. Soc. Am. 129,
2903-2911 (2011).

Acknowledgements

This work is supported by an Emerging Frontiers in Research and Innovation grant
from the National Science Foundation (Grant No. 1741677) and AMMPI 2019 SEED
grants.

Author contributions

E.W. performed the project planning, experiment design, and data analysis. Y.J. per-
formed all monostatic experiments. D.R. performed all bistatic experiments and mapped
sound field of ML in water. A.N. aided with project planning and analysis, and provided
necessary tools, equipment, and facilities.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.L.W. or A.N.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:5967 | https://doi.org/10.1038/s41467-020-19591-2 | www.nature.com/naturecommunications 13


http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Sub-wavelength lateral detection of tissue-approximating masses using an ultrasonic metamaterial lens
	Results
	Water ambient
	Gelatin tissue-approximating phantoms
	Direct comparison with focused transducer

	Discussion
	Methods
	Metamaterial lens
	Bistatic measurements
	Monostatic measurements
	Plastic rods (S1, S2)
	Tissue-like phantoms (S3–nobreakS6)

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


