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ABSTRACT

Calcified plaques strongly reflect ultrasound waves, limiting visualization of structures iocated behind them. This proof-of-con-
cept work presents one of the first demonstrations of a directly 3D-printed meta-inatching layer (MML) designed for medical
ultrasound frequencies (4 MHz) to improve transmission through calcified plague-iike structures. The MML employs subwave-
length microstructures to create a gradient acoustic impedance, reducing reflections and enhancing acoustic transmission.
Numerical optimization and experimental validation demonstrated strong agreement. At 4 MHz, the optimized 10-pm-resolution
MML increased relative transmission by approximately 192% and reduced relative reflection by approximately 77% compared
with the aberrating layer alone. Ultrasound imaging confirinea improved signal penetration into the vessel lumen and preser-
vation of downstream vessel visibility. Although image artifacts introduced by the structured interface currently limit robust
flow quantification, this proof-of-concept study demoristrates the feasibility of patient-specific, add-on metamaterial layers for
enhancing ultrasound transmission through highly refiective vascular structures.

Introduction

Acoustic metamaterials—artificially structured media engineered at sub-wavelength scales—have greatly expanded control over
sound waves, enabling phenomena such as negative refraction, focusing beyond the diffraction limit, cloaking, and acoustic
sensing!™. Over the past two decades, acoustic metamaterials have made significant contributions to the fields of sound
absorption and noise reduction®, as well as underwater acoustic energy manipulation’. Additionally, acoustic metamaterials have
gradually evolved into lightweight and compact metasurface structures, thereby laying a solid foundation for extending their
applications to the medical ultrasound frequency range. In medical ultrasound, where operational frequencies typically range
from 1 to 10 MHz, the subwavelength requirement translates to feature sizes of tens of micrometers—an order of magnitude
smaller than most conventional airborne acoustic metamaterial applications. Thus, despite proof-of-concept demonstrations in
other fields, translating metamaterials to MHz ultrasound remains challenging due to fabrication constraints at micrometer
scale®?. This fabrication bottleneck represents a critical gap in the deployment of ultrasound metamaterials for clinical imaging
and therapy. For medical imaging, going through highly reflective or aberrating layers such as bone or calcified plaques is of
hight interest.

There are many innovative solutions to enhance transmission and reduce reflection in ultrasound applications. For example,
gradient acoustic-impedance matching layers are effective in minimizing reflections at material interfaces. Continuously
varying impedance matching layers have been shown to reduce reflections through smooth acoustic transitions between
dissimilar media'®. A prime example is the cone-structured metamaterial layer developed for ultrasound probes, which creates
a continuous impedance gradient across the layer by etching silica fibers into tapering cones'!. This study demonstrated
over 100% fractional bandwidth gain in a MHz-range transducer by bridging piezoelectric and tissue impedances. More
recently, metamaterial-integrated bioadhesive hydrogel transducers have employed a gradient impedance transition between
piezoelectric elements and tissue to improve acoustic transmission and bandwidth, further highlighting the potential of metama-



terial-based impedance engineering in biomedical ultrasound'?. Complementary approaches include phononic-crystal-based
gradient layers for broadband matching!3, Helmholtz resonator architectures for phase-corrected beam shaping'# and enhanced
transmission’, and acoustic holography'>, which have potential for the MHz regime as well. In addition, iterative angular
spectrum-based holography has been introduced from Fourier optics into ultrasound holograms'®. Bifocal acoustic holograms
have demonstrated potential in bilateral blood-brain barrier opening as one typical example of aberration layers!”. However,
their fundamental limitation lies in the introduction of resonant metamaterials, where the emission response is maximized
only at specific frequencies. This often makes it challenging to cover the bandwidth range of the impulse response of medical
imaging probes.

As such, additive manufacturing of metamaterial matching layers remains an open area of exploration, with complementary
acoustic metamaterials and gradient impedance matching layers applied to medical problems such as transcranial ultrasound
focusing!® 1%, In one study, a multi-layer metamaterial was 3D-printed to correct skull-induced aberrations'®, while another
used a 3D-printed mold to fabricate a powder-based gradient matching layer to improve transmission through the skull'®. These
studies are constrained by the precision limits of traditional 3D printing techniques operating in the MHz frequency range.
Achieving sub-100 um resolution to accommodate MHz-range ultrasonic devices imposes fundamental limitations on the
design of meta-matching layers using conventional 3D printing technologies.

Among different applications that could benefit from transmission-enhancing metamaterials, vascular imaging is a partic-
ularly interesting case. In vascular ultrasound imaging, calcified plaques introduce strong acoustic impedance mismatches
causing reflection and attenuation, creating dark acoustic shadows in downstream regions”>?!. Shadow artifacts impede
accurate blood-flow quantification using ultrasound velocimetry??. Active compensation methods like ISAAC (“Iterative
Scheme for Active Attenuation Correction’) by Plomp et al. iteratively boost transmitted power locally, successfully recovering
signal strength in echo-PIV datasets>>. However, these techniques tend to increase reflection from highly calcified tissues,
limiting their efficacy when plaques are strongly reflective>*. Passive, gradient, subwavelength-microstructured meta-matching
layers (MMLs), by contrast, may offer potential to enhance forward transmission without amplifying back-reflections.

From a theoretical perspective, such graded matching layers can be described using the framework of wave propagation in
media with continuously varying acoustic impedance. In this approach. the structure is treated as an equivalent transmission
line with a spatially dependent impedance Z(x) along the propagation direction x € [0,L], where L is the thickness of the
matching layer. For sufficiently smooth impedance variations (i.e., in the slowly varying or WKB approximation), the reflection
coefficient can be approximated as>> 20

1L 1 dzZ(x)
Rre=- | — JBx 1
2/0 Z(x) dx ¢ 4, M

where 8 = @/c is the wavenumber in the mediuin, @ is the angular frequency, ¢ is the wave speed, and j is the imaginary unit.
This expression shows that reflections are governed by the spatial rate of change of impedance, dZ/dx, such that smoother
transitions reduce back-reflections conipared to abrupt interfaces. This principle forms the basis of tapered transmission line
theory and optimal matching profiles such as the Klopfenstein taper and the matching layer in the present study. Conventional
implementations of such graded matching typically rely on material layering or fabrication-specific designs with limited
tunability>”-?%; in contrast, the present work aims to employ a subwavelength microstructured approach in which the effective
impedance profile is governed by geometry, enabling continuous gradients and systematic design within a single printable
material.

In Fig. 1-(a) an in-vitro model of an artery (printed in Flexible 80-A, Formlabs, USA) and a highly reflective plaque (printed
in Clear V4, Formlabs, USA) is shown. As observed in Fig. 1-(b), in the plaque-free model, the image of contrast agents
(microbubbles) is clear and can be processed into a vector field after high-frame-rate ultrasound acquisition. However, a dark
shadow is present in the image of the model with the plaque, as Fig. 1-(c) depicts, impeding correct ultrasound velocimetry,
leading to an erroneous velocity field and an upward displacement.

This work introduces an add-on, directly 3D-printed meta-matching layer (MML) with a gradient impedance engineered
to improve ultrasound transmission through calcified plaques. The triangular structures in gradient matching layers act as
a structured impedance-transition interface that improves acoustic transmission through highly reflective layers. The use
of triangular unit cells results in an approximately linear variation of the effective impedance, corresponding to a constant
impedance gradient dZ/dx. Such linear tapers are widely used as practical approximations of continuously graded matching
layers, offering a balance between broadband reflection reduction and fabrication simplicity. The term “meta” is used here
as the features of the designed matching layer are sub-wavelength and the optimization process is performed on a unit-cell
basis. In Fig. 1-(d), a schematic of a carotid artery is displayed, with a calcified plaque highlighted in Fig. 1-(e). This motivates
the central research question: can a structured, patient-specific MML improve acoustic transmission through highly reflective
plaques?

With this long-term objective in mind, the present work reports a preliminary in-vitro investigation of this concept using
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Figure 1. Shadow behind calcified plaques and a potential solution as the motivation behind this research: (a) Model of an
artery (6 mm in diameter) and a reflective, attenuating plaque around it. Ultrasound image of microbubbles in (b) the
plaque-free artery model and a velocity field as the output of echoPIV and (c) the artery model with the plaque and its
associated velocity field. (d) Schematic of a calcified plaque in the carotid artery and (e) a customized meta-matching layer to
image through the plaque. [Schematic illustration in (d) and (e) created by the authors using Al-generated artwork and icons
from flaticon.com]

arterial phantoms and iterative, simulation-driven designs. The proposed approach is first evaluated numerically to establish
the underlying transmission-enhancement mechanism, followed by experimental validation using additively manufactured
samples. To isolate and investigate the ftundamental transmission-enhancement mechanism of the proposed MML, the design
was performed using a simple aberration layer (SAL) representing a highly reflective calcification-like structure. At first, an
MML is designed and fabricated based on simplified assumptions, such as having no loss and acoustic-solid interactions.
Discrepancies between simulated and measured performance are then analyzed to identify key contributing factors, including
material attenuation and fabrication-induced geometric variations. Using these analyses, an optimized MML is designed,
fabricated, and examined.

The remainder of the paper is organized as follows: the Results section presents the simulation and experimental outcomes
of the MML, followed by a Discussion of the governing mechanisms, limitations, and practical considerations, while the
Methods section provides details of the numerical and experimental procedures.

Results

This section systematically evaluates the proposed meta-matching layer (MML) to establish the underlying transmission-
enhancement mechanism. The details of the design methodology, fabrication, and experimental procedures are provided in
the Methods section. We begin by analyzing an initial, iterative MML design using numerical simulations to assess its ability
to improve acoustic transmission and reduce reflection at a highly mismatched interface. This is followed by experimental
validation using additively manufactured samples, enabling direct comparison between simulated and measured acoustic
performance. Observed discrepancies between the numerical and experimental results are then investigated to identify key
contributing factors, including material attenuation and fabrication-induced geometric variations. Based on these findings, a
refined, optimized MML design is developed and evaluated to improve agreement between simulation and experiment. Together,
these steps provide a comprehensive assessment of the proposed approach, from initial concept to experimentally validated and
refined design, and to assess the MML potential for improving imaging through highly reflective structures.



First MML Performance

Figure 2-(a) shows an schematic geometry of the designed MML (details in Methods), and Fig. 2-(b) shows its wide-band
performance, exhibiting near-one transmission and near-zero reflection coefficients, under ideal conditions. Figure 2-(c) shows
improved transmission through the plaque model into the artery lumen at 3 MHz, while Fig. 2-(d) confirms how the reflections
off the MML are subdued in time domain when compared to a simple aberration layer (SAL) of the same material.

The first effort to fabricate this MML, 3D-printed on top of a 1-mm SAL of the same material, is shown in Fig. 2-(e).
Note the layered structures of the MML as part of the printing process. The attenuation (dB) of ultrasound waves through
the fabricated MML on top of the 1-mm SAL, measured in a two-transducer, water-tank setup, is plotted in Fig. 2-(f). This
attenuation takes into account the effect of both reflection off and loss through the material. Two fabrication trials of the MML
(MML #1 and #2) are compared with two fabrication trials of SALs (SAL #1 and #2). It is clear that unlike the numerical
predictions, the attenuation through the MML-equipped SAL has increased, which requires scrutinization.

Ultrasound images of flowing microbubbles within the lumen of the artery phantom, averaged over 50 frames, are shown in
Fig. 2-(g) for both the SAL (top row) and MML #1 (bottom row). These images, upon first impression, reveal that the shadow
is increased when the MML is added to the SAL, as predicted by Fig. 2-(f). However, clearly, the reflection off the MML
is less than the SAL across all frequency. To quantify the effects, using an image-based approach, the ratio of the average
image intensity in the shadow (orange), non-shadow (yellow), and reflection (red) regions were calculated and the shadow and
reflection averages were divided (normalized) by the non-shadow average, as reference. In the case of no aberration layer or
MML (plaque-free) model, the same regions were considered to calculate the averages. Note that image intensity is directly
proportional to signal intensity. Figure 2-(h) and -(i) respectively show the shadow and reflection ratios. Indeed, the image
intensity under the plaque has decreased in the case of the MML, when compared to the plaque-free or SAL models. Conversely,
the MML outperforms the SAL when it comes to reflection.

To troubleshoot the significant difference between the numerical and experimental results, a series of experiments were
carried out to pinpoint the cause. These experiments and their ensuing results are presented in Supplementary Materials A,
showing clearly that loss is the main reason behind the numerical-experimental gap. This finding informed steps for the second
design, as described in the following subsection.

Optimized MML Performance

Figure 3 shows the optimization process of the MML, taking into account the effect of loss and acoustic-solid interactions
(ASIs). Figure 3-(a) shows the geometry to be optimized for values of the triangular unit cell height (%) and width (w) and the
lines over which transmission and reflection coefficients were calculated. The results of the optimization for 260 combinations
of h and w values, normalized by the wavelength at 4 MHz (target imaging frequency) are shown in Fig. 3-(b), -(c), and (d).
Going from Fig. 3-(b) to (d) the complexity of the numerical model increases: in (b), there is no loss and ASIs; in (c), only
loss in considered, and in (d) both loss and ASIs are modeled. Based on this modeling, the optimal values from the most
comprehensive model are * = 0.3 144577, and w* = 0.5A4p7p;, With Agpsp, being the wavelength at 4 MHz in the MML. These
correspond to optimal numeric values of h =191.25 um and w =318.75 um.

It should be noted that to determine this working frequency, a series of experiments revealed that with the L12-3v transducer
(Verasonics, Kirkland, USA), the lowest frequency that would allow an accurate retrival of the velocity field was 4 MHz. Below
this frequency (e.g., at 3 MHz) the velocity was largely underestimated even after SVD filtering (Supplementary Materials B).

With these values, the optimized MML, on top of a 1-mm SAL, was fabricated, with a precision of 10 um (shown in Fig.
3-(e)). Samples with a resolution of 5 um were also printed. Note the cleaner, non-layered print, due to lower values of the
unit cell height and improved print settings. Figure 3-(f) depicts the attenuation plots of the MML-SAL models (one with 5
micron precision and three replicates with 10 um precision) versus the SALs. One of the first things that catches the attention
is how much the overall attenuation of the MML-equipped models have improved when compared to the non-optimal MML
models in Fig. 2-(f). The other, and more important, observation is the bands (yellow and purple) in which the attenuation of
the MML-equipped SALs is less than the SALs.

The imaging performance of the optimized MMLs are shown in Fig. 4. The images clearly show that the image intensity is
stronger underneath the MML-equipped models when compared to the SAL models. No signficant difference can be detected
between the two fabrication precisions of the MMLs (5 and 10 microns). The insets show how the unit cells of the MML are
visible in the optimized models at certain frequencies. Quantitative results (Fig. 4-(b) and -(c)), similar to those in Fig. 3, reveal
that normalized image intensity is stronger in the “shadow” regions when using the MMLs, and normalized reflection intensity
is weaker than the SAL. At the design frequency of 4 MHz, the optimized 10 um MML increased the relative transmission
by approximately 192% and reduced the relative reflection by approximately 77% compared with the aberrating layer alone.
Similarly, the 5 um MML increased the relative transmission by approximately 150% and reduced the relative reflection by
approximately 73%. These results quantitatively demonstrate the ability of the proposed MML to improve acoustic energy
transmission through highly reflective structures.
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Figure 2. The first MML numerical and experimental performance: (a) The numerical geometry for the MML design, from
top to bottom, assuming perfectly smooth surfaces: a layer of water, the MML, a 1-mm simple aberration layer (SAL), and a
layer of water. (b) The broadband performance of the MML, assuming no attenuation. (c) The frequency domain simulation of
the SAL (left) and the MML (right), showing transmission loss through the SAL and improved transmission through the MML.
(d) The time domain simulation showing high reflection off the SAL and low reflection off the MML. (e) The first fabricated
MML, showing the features of the print against a human finger (left) and the microstructures (right). (f) Experimental
attenuation measurement of two SAL (#1 and #2) and two MML samples (#1 and #2). (g) Ultrasound imaging performance of
the SAL (top row) versus the MML (bottom row), with regions (inset) of non-shadow, shadow, and reflection for quantitative
analysis. (h) The ratio of image intensity in the shadow region to the non-shadow region. (i) The ratio of image intensity in the
reflection region to the non-shadow region.
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Figure 3. MML Numerical Optimization: (a) The optimization settings on the height (#) and width (w) of triangular unit cells
of the MML. A model of the geometry is shown, where the MML is placed on top of a I-mm aberration layer and the dashed
lines T and R show where the transmission and reflection coefficients were measured. Subfigures show the transmission
coefficient at 4 MHz (heat map) for various unit cell width (x axis) and height (y axis) for models with (b) no loss, (c) with loss,
and (d) with loss and acoustic-solid interaction. (e) Fabricated optimal MML from side and top view. (f) Attenuation through
various MML samples versus SAL samples, highlighting the bands where attenuation is notably improved by the MMLs.
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Discussions

This study reports the results of a 3D-printed meta matching layer (MML) for the purpose of improving transmission through
and reflections off simplified models of arterial plaque models. The Discussions focus on understanding the discrepancy
between the initial idealized simulations and experimental observations, highlighting the critical role of material loss and
acoustic—solid interactions in shaping performance. We then relate these findings to the optimized design and its improved
transmission and reflection behavior, while also addressing practical considerations such as fabrication-induced scattering,
imaging artifacts, and model simplifications. Finally, the potential of this approach as a customizable, add-on solution for
ultrasound imaging through highly reflective structures is discussed alongside its current limitations and directions for future
work.

Numerical versus Experimental Results

The first trial of designing and fabricating such MMLs, as shown in Fig. 2, revealed a large gap between numerical predictions
and experimental results. The numerical design assumed idealized triangular structures with smooth sidewalls and nominal
dimensions of 550 um in height and 150 pum in base width. Due to fabrication limitations of the additive manufacturing
process, the printed structures exhibit visible layer steps and slight deviations from the designed geometry. The measured
fabrication error in the final version of the first MML was approximately +10% in height and —5% in base width. In addition,
the non-smooth sidewalls of the printed triangular features are expected to introduce additional acoustic scattering, which is
also observable in the experimental measurements (Fig. 2(g)).

We also explored additional causes to explain difference between the performance of the simulated and 3D-printed MML.
The list of potential causes included: MML in-plane and out-of-plane orientation with respect to the waves, water penetration
into the unit cells, variation due to fabrication repeatability, and attenuation through loss, as discussed in Supplementary
Materials A. Among these possible causes, it turned out that the main reason was neglecting loss in the simulations, as also
confirmed by hydrophone-needle water tank measurements in Supplementary Materials C.

Many designs of acoustic metamaterials neglect intrinsic loss or acoustic-solid interactions to simplify the design process;
however, several studies indicate that including loss can strongly affect both the predicted transmission and the attenuation
bandwidth. For example, viscoelastic loss in locally resonant units alters band-gap positions and attenuation efficiency, so
modelling material damping with appropriate constitutive models yields numerically more representative results?’. Likewise,
metamaterial designs targeting lossy biological barriers (e.g., skull or bone) require complex (real and imaginary) effective
parameters or active compensation strategies to accurately predict transmission and reflection®?. Including loss and acoustic-
solid coupling in our second design iteration therefore brings the numerical model closer to experiments, consistent with prior
work on lossy metamaterials.

Consequentially, in the second effort for the numeral design, more realistic settings were implemented: loss and acoustic-
solid interactions. When compared to the model without loss (Fig. 2-(b)), it can be seen that the numerical values are more
representative of the experimental results. In Fig. 2-(b), transmission coefficient (|7'|) at 4 MHz is predicted to be 1, whereas
the experimental results present a value of |T| = 0.25 (corresponding to an attenuation of ~ 12 dB per thickness of MML
#1). Yet, in the improved model, in Fig. 3-(d), |T| ~ 0.55 at 4 MHz, matching very well with |T'| &2 0.56 (corresponding to an
attenuation of = 5 dB for MML #1, optimal) in Fig. 3-(f). Comparing the results between Models (c) (loss only) and (d) (loss
and ASI), it is clear that the introduction of ASI causes higher variations from one set of # — w to another. Yet, interestingly
enough, the optimal case in both models correspond to w* = 0.544 ygy, and h* = 0.344 pyy.. The fabrication error in w and h
was —5% and —14%, respectively, and there was no layered pattern (Fig. 3-(e)), which was present in the first MML (Fig. 2-(e)).
While the improvement in the optimal MML-equipped SAL was not enough to surpass the attenuation value of the SAL at 4
MHz, Fig. 3-(f) shows that in the bands 1.9-2.3 MHz and 3.1-3.5 MHz, the MML-equipped SAL, despite the added thickness,
outperforms the SAL.

Minor variations in attenuation observed among samples with the same nominal print resolution (Fig. 3(f)) are likely
due to minor differences in sample alignment during measurements and fabrication-related inconsistencies, including small
deviations in unit-cell geometry, surface roughness, and resin curing, which can affect effective acoustic properties and
scattering. Interestingly, in the 1.8-2.3 MHz frequency band, the finer-resolution MML exhibits higher attenuation than the
coarser counterpart. This behavior is mainly attributed to differences in the realized microstructure rather than resolution alone.
The finer print more accurately reproduces sharp features and narrow gaps, which can enhance viscous and scattering-related
losses, whereas the coarser print may effectively smooth or partially fill these features, resulting in lower effective attenuation
in this band. In addition, small variations in curing conditions, resin distribution, and potential partial filling or trapping within
microstructures may further increase local dissipation and contribute to the observed difference.” Overall, the optimized MML
achieves a transmission coefficient of |T| = 0.56 at 4 MHz, in close agreement with loss-informed simulations, and exhibits
lower attenuation than the baseline SAL in the 1.9-2.3 MHz and 3.1-3.5 MHz frequency bands, despite the added structural
thickness.




The ultrasound imaging results of the optimized MML were also promising. Referring to Fig. 3-(g) to (i) for the non-
optimized MML, one can observe that the non-optimized MML-equipped SAL does not outperform the SAL in terms of
transmission, in agreement with the high attenuation values in Fig. 3-(f). However, the reflection off the MML is lower than
the SAL. This is likely due to increased scattering caused by the small features (unit cells) of the MML that dissipate the
energy in various angles rather than the perpendicular direction back to the ultrasound transducer. Thus, beyond conventional
impedance matching, the microstructured geometry of the MML introduces additional wave phenomena that contribute to its
performance. While the gradual impedance variation reduces reflections by minimizing abrupt interfaces, the subwavelength
unit-cell features are also expected to redistribute a portion of the reflected energy into non-specular directions. This reduces
coherent back-reflection toward the transducer, effectively lowering the measured reflection intensity. At the same time, this
redistribution is accompanied by increased scattering within the structure, which can contribute to the observed image artifacts.

The optimized MML maintains this low-reflection advantage while increasing the transmission through the SAL, as shown
in Fig. 4-(a) to (c). This is clear not only by looking at the quantitative results, but also noticing the high intensity of the image
in the shadow region and the fact that the lower wall of the artery is visible underneath the optimized MMLs, whereas it is
faded underneath the non-optimized MML (Fig. 3-(g)).

Practical Considerations and Limitations

Clinical Relevance. Clinical vascular ultrasound is commonly performed using linear-array transducers operating in the
approximate range of 4-12 MHz, where increasing frequency improves spatial resolution but reduces penetration depth >'-31-33
In the present study, 4 MHz was selected as the lowest frequency that still enabled reliable imaging of contrast agents and
maximized penetration through highly reflective structures. This frequency is also consistent with previous clinical vascular
flow-imaging studies employing contrast-enhanced ultrasound particle image velocimetry>'. Although a direct comparison
with commercial vascular imaging systems or probes is beyond the scope of this proof-of-concept study, the optimized MML
increased relative transmission by approximately 192% and reduced relative reflection by approximately 77% compared with
the aberrating layer alone, using the same probe (LL12-3v). These improvements directly target acoustic shadowing caused by
calcified plaques, a recognized limitation of conventional vascular ultrasouncd im2ging. Furthermore, the measured attenuation of
the tissue-mimicking aberration layer (2—6 dB over a thickness of 1-2 mm) falls within the range reported for calcified vascular
tissues®*°. Consequently, the phantom provides a clinically relevant te.t environment for evaluating transmission-enhancement
strategies in the presence of strong acoustic attenuation and redleci.on.

Clinical Translation and Patient-Specific Design. Tle principal contribution of this work is the proposed design framework
that can be used to design MMLs for various cases. Because the optimal structural parameters depend on the acoustic properties
and morphology of the targeted structure, future implementations will likely require application-specific or patient-specific
designs. In clinical practice, heavily cuicified nlaques are routinely characterized using imaging modalities such as computed
tomography angiography (CTA), which provide detailed anatomical information regarding plaque location, geometry, and
extent, and ultrasonography, wiich provides attenuation and acoustic information. In principle, such information could be
incorporated into the numerical optimization framework presented here to automatically generate customized MML designs
tailored to the local acoustic environment. The resulting structure could then be fabricated using additive manufacturing and
applied as a detachable acoustic interface between the tissue and the probe during ultrasound examinations. Although such a
workflow remains to be validated experimentally and clinically, the present study demonstrates the feasibility of the underlying
transmission-enhancement mechanism on which such patient-specific implementations could be built. Eventually, the proposed
framework provides a pathway toward future adaptive or actively tunable acoustic metamaterials in patient-specific cases.

Imaging Artifacts and Flow. The ultrasound images (Fig. 4-(a)) demonstrate that the optimized MML increases acoustic
energy transmission into the artery lumen and improves visualization of downstream vessel structures. Nevertheless, image
artifacts generated by the microstructured metamaterial architecture still impede reliable EchoPIV analysis of the flowing
microbubbles. In particular, the high-intensity inclined and cross-shaped patterns beneath the optimized MML, together with
the apparent upward displacement of the vessel walls caused by the aberrating layer, remain visible. These artifacts are likely
caused by a combination of scattering and phase aberration introduced by the metamaterial structure, whereas sound-speed
mismatch is not expected to be the dominant factor due to the gradient impedance matching of the MML. Consequently,
enhanced acoustic transmission does not automatically translate into proportional improvements in image quality or flow
quantification. Future optimization efforts should therefore consider image-quality and flow-estimation metrics in addition
to transmission performance. Practical considerations further include fabrication tolerances of the microstructured geometry,
alignment between the acoustic beam and the structured interface, and the mechanical stability of the layer during probe
contact, all of which may influence the intended impedance-matching effect. Previous work has demonstrated improved
transmission behind moderately attenuating layers using iterative attenuation-correction schemes based on apodization and
transmit-power modulation’?. However, for highly reflective interfaces such as those considered here, increasing transmit



power alone would also increase reflections and associated artifacts. Combining metamaterial-based transmission enhancement
with advanced beamforming, aberration-correction, and image-processing approaches may therefore provide a promising route
toward improved flow quantification in the presence of highly reflective vascular lesions.

Morphological Variability. An additional consideration for practical applications is the variability in plaque morphology and
acoustic properties observed in vivo. Calcified plaques often exhibit heterogeneous composition, irregular surface roughness,
and curved interfaces, which may influence the acoustic interaction with the proposed MML. In the present study, simplified ge-
ometries and material parameters were intentionally used to isolate and demonstrate the fundamental transmission-enhancement
mechanism of the structured interface. In principle, however, the optimization framework can be extended to heterogeneous
acoustic environments by adapting the structural parameters to the local anatomy and material properties. Furthermore, the
current design is intended for relatively superficial vascular targets, where the MML can be positioned close to the aberrating
structure. Extending the concept to deeper targets and more complex propagation paths remains an important topic for future
investigation.

Broader Scope. Beyond calcified vascular plaques, the presented framework may be applicable to a broader range of ultra-
sound challenges involving highly reflective or aberrating structures, including bone-associated interfaces, implanted materials,
and other heterogeneous tissues that limit acoustic penetration. More generally, the demonstrated ability to engineer acoustic
transmission using additively manufactured microstructures establishes a foundation for customized metamaterial-assisted
ultrasound imaging. While the present work focuses on passive structures, the proposed framework may also provide a pathway
toward future adaptive or actively tunable acoustic metamaterials capable of combining transmission enhancement, aberration
correction, and beam shaping within a single platform. Although such systems remain technologically challenging, the present
study demonstrates that patient-specific acoustic interfaces can be systematically designed and fabricated for clinically relevant
ultrasound frequencies, thereby opening new opportunities for metamaterial-assisted medical imaging.

Methods

This section describes the numerical, fabrication, and experimental pirocedures used to design, implement, and evaluate the
proposed meta-matching layer (MML). The overall methodology follows a simulation-driven design framework, in which the
structural parameters of the MML are optimized using numerical modeling and subsequently validated through experimental
measurements. Numerical simulations were performed to analyze acoustic wave propagation and to guide the design of the
triangular impedance-transition structures. The optimized designs were then fabricated using additive manufacturing techniques,
and their acoustic performance was evaluated vsing controlled experimental setups, including pressure field measurements and
ultrasound imaging in arterial phantoms. Additional details regarding the simulation framework, optimization procedure, and
experimental configurations are provided to ensure consistency between the numerical and experimental investigations. The
methods, alongside with the Supplementary Materials, are described in sufficient detail to enable reproducibility of the results
and to allow independent validation by other researchers.

First MML Design

The first MML design is based on the concept of a graded acoustic impedance layer, achieved by gradually varying the solid fill
fraction along the ultrasound propagation direction!, as briefly explained in the Introduction section. Such graded structures are
commonly used to reduce reflections at interfaces with strong impedance mismatch by providing a smooth effective transition
between materials. In a simplified one-dimensional description, this transition can be represented by a spatially varying acoustic
impedance profile Z(x) across the layer thickness L, for example using a linear taper:

X
T

Z(x)=Z1+(Z —Z1)L

@)
where Z; and Z, are the acoustic impedances of the incident and transmission media, respectively, x € [0, L] is the spatial
coordinate along the propagation direction, and L is the total thickness of the matching layer. This formulation illustrates how a
gradual impedance transition can reduce reflections compared to an abrupt interface.

In this work, the gradient is implemented using a periodic array of triangular unit cells (a 2D version of 3D cones), with the
apex of each triangle facing the incident ultrasound wave and the base facing the aberrating layer. This geometry produces a
monotonic increase in the effective acoustic impedance through the layer.

The first meta-matching layer (MML, Fig. 2-(a)) was designed in COMSOL Multiphysics and its performance was assessed
by frequency- and time-domain numerical simulations using material properties corresponding to the materials later used for
fabrication. In these initial simulations it was assumed that the material of the MML and the plaque were loss free, and the
main mechanism responsible for shadow artifacts was the impedance mismatch leading to energy loss due to reflection.



The geometric parameters of the unit cell were determined through an iterative parametric exploration guided by numerical
transmission performance. As an initial guess, the value of & was fixed at 550 pm (a value smaller than the wavelength at 4
MHz), and w was varied at subwavelength values until a desirable transmission profile was achieved. Due to idealized conditions
(no loss and no ASI), the Grid Search yielded near-unity transmission after only a few iterations, reaching transmission values
close to 1 across the considered frequency band (1-4 MHz). This process resulted in unit cell dimensions of 47 = 550 um and
w =150 um.

As mentioned, in this initial design stage, attenuation and acoustic—solid interactions were not considered. These assumptions
led to high attenuation values in the first fabricated MML. Subsequent analysis that incorporated these effects, together with a
systematic parameter sweep, led to different values of & and w (see Fig. 3). Note also that in the 2D design investigated in this
paper, the unit cells are triangular with a base and height that fully characterize the geometry, assuming zero distance between
neighboring unit cells.

MML Fabrication

The meta-matching layers (MMLs) were fabricated using a high-resolution micro-stereolithography (uSLA) 3D printer
(MicroArch S240, Boston Micro Fabrication, USA), which enables additive manufacturing of complex microstructures with
feature sizes down to 10 um. This system utilizes a layer-by-layer projection printing technique based on digital light processing
(DLP), wherein a digital micromirror device (DMD) selectively cures photopolymer resin at each layer by projecting spatially
modulated ultraviolet light. The platform offers a build resolution of 10 um or 5 pm depending on the resin and mode used,
making it suitable for printing subwavelength structures tailored to MHz-range ultrasound?’.

Two main versions of the MML were fabricated for this study. The non-optimized MML was printed using Yellow 20 resin,
a rigid photopolymer compatible with a 10 um resolution setting. The optimized MMLs were printed using both Yellow 20 and
Yellow 10 resins, with the latter enabling 5 um resolution to capture finer details in the triangular ridges designed for improved
acoustic performance. In both cases, the printer’s exposure time, layer thickness, and shrinkage compensation parameters
were fine-tuned to ensure dimensional fidelity of the high-aspect-ratio ridged structures. Under ideal conditions, the triangular
structure was designed to have a height of 550 um and a unit width of 150 pm. However, the initial printing parameters were set
to a height of 860 um, accounting for shrinkage, and a width of 150 um. The initial fabricated superstructure was measured to
have an actual height of only 400 um, with a 150 um discrepancy with respect to the intended value, attributed to improper
settings of the printer’s exposure energy and exposure time. To address this, we adjusted the printing parameters by reducing
the exposure energy by 40 compared to the initial printing conditions and shortening the exposure time from 1.3 seconds to 0.8
seconds, improving the accuracy of the print. The piinting precision for the conical superstructure was set at 10 um per slice
layer. For the distorted layers, the printing precision was set at 40 um per layer across 25 layers. The optimal MML was printed
with even better accuracy, with fabricated height and width close to the design values.

Following printing, the samples were rinsed in isopropyl alcohol to remove uncured resin. No post-curing under UV light
was performed, as this would increase the stiftness of the material and consequently its acoustic impedance, potentially affecting
wave transmission characteristics. The printed MMLs were examined under a bright-field microscope to verify structural
integrity and dimensional accuracy. All MMLs were printed as monolithic parts and attached directly to the flat surface of the
plaque model (SAL) to minimize air gaps and ensure good acoustic coupling in subsequent experiments.

Material Property Measurements
Attenuation and Speed of Sound Measurements
To characterize the acoustic properties of the 3D-printed samples, we used a through-transmission setup in a water tank,
following the configuration described by in Ref.*®. Two broadband ultrasound transducers (V307 SU as transmitter, V304 SU
as receiver, both Olympus, USA) were positioned coaxially at a fixed distance, one acting as a transmitter and the other as a
receiver (Fig. 5-(a)). Each sample was secured with a custom holder designed to ensure perpendicular alignment and minimize
tilt. Two holders were available, as shown in Fig. 5-(a), but to prevent the holder from influencing the measurement of the
samples, the black holder shown in the inset was used for all the MMLs (and repeat measurements of the SALs). This holder
was glued to the top of each sample and were manually coded with a marker at their bottom. The experiment technical details
are summarized in Table 1.

The speed of sound (SoS) in each sample was determined by comparing the time-of-flight (TOF) through the material with
that in water. Let d denote the thickness of the sample, #; the measured time-of-flight with the sample present, and #,, the TOF
over the same distance in water. The SOS in the sample, ¢, was calculated as:

d
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where c,, is the speed of sound in water, assumed to be 1480 m/s at room temperature’”.



Table 1. Two-transducer attenuation measurement setup

Category Detail

Setup type Through-transmission in water tank
Transducers Olympus V307 SU (Tx), V304 SU (Rx)
Configuration Coaxial alignment

Medium Water at room temperature

Sample mounting  Custom holder containing a small window
Alignment Perpendicular to propagation
Frequency range = 1-5 MHz

Repetitions 50

Outputs Speed of sound, attenuation

Water SoS 1480 m/s

Table 2. Acoustic properties of materials used in simulations. Impedance Z = p - ¢ expressed in MPa-s/m (=MRayl).

Material c(m/s) p (kg/m3) Z (MRayl) Reference

Water 1480 1000 1.478 Ref.%?

Flexible 80A 1800 1130 2.034 Our measurement
Clear V4 (Formlabs) 2590 1178 3.051 Ref.*0

Yellow-20 (BMF-HTL) 2550 1280 3.264 Our measurement

To determine attenuation, we used a frequency-domain approach by comparing the aniplitude spectra of the received signals
with and without the sample. Let A;(f) and A, (f) denote the spectral amplitndes at frequency f with and without the sample,
respectively. The frequency-dependent attenuation coefficient o/(f) was computed as:

a(f) =20log,, (IZT((;))) 4)

Measurements were conducted across the 1--5 MHz {requency range, covering the operational bandwidth of the receiving
transducer and the target frequency of 4 MHz. Each measurement was programmed to be repeated 50 times to ensure
repeatability and reduce noise. This characterizaiion enabled direct comparison of acoustic performance across MML and SAL
samples, isolating the effect of trangular patterning on wave propagation.

After obtaining the performance results of the first MML, a methodic study was carried out to single out the reasons why
the MML did not perform as expected. The factors included: (1) the lateral displacement with respect to the single-element
transducer (focus effect), (2) the angle of the MML with respect to the ultrasound waves, measured relative to the axis parallel
to the groves, (3) the angle of the MML with respect to the ultrasound waves, measured relative to the axis perpendicular to
smooth, back-surface of the MML, (4) fabrication effect across multiple rounds of fabrication, (5) water penetration into the
groves. The results of this study are presented in Supplementary Materials A, showing that the single most influential factor
was the inherently high attenuation of the MML.

Table 2 summarizes the key acoustic properties (speed of sound, density, and acoustic impedance) of the materials used in
our simulations. We initially used Clear V4 (Formlabs) for the plaque models (as in Fig. 1) but later switched to Yellow-20
(BMF-HTL resin), as it allowed fabrication of both the simple aberration layer (SAL) and the meta-matching layer (MML)
together with sufficient resolution. As in the table, the acoustic impedance difference between Clear V4 and Yellow-20 is small,
justifying the material change without significantly affecting impedance matching. As a side note, our initial effort at printing
the MML using Clear V4 on Form 3 did not succeed due to insufficient resolution.

Compared to physiological values, we note that in the case of highly calcified plaques, the acoustic impedance may reach
up to ~2.5 MRayl*!"*2. Yellow-20 exhibits an impedance of ~3.3 MRayl, exceeding the value reported for highly calcified
plaques, approaching values for more severely calcified cases. This greater impedance implies that ultrasound compensation
across such a material was more challenging than in vivo, effectively representing a worse aberration scenario.

Flexible 80-A has an impedance of ~2.03 MRayl—closely matching the fibrous (collagen-rich) regions of arterial wall
tissue, which have been measured via scanning acoustic microscopy in human carotid plaques to fall between 1.85 and 2.10
MRayl*3. This supports the use of Flexible 80-A as a suitable surrogate for native arterial tissue in acoustic terms. We
note that the referenced tissue measurements were obtained at high frequencies (e.g., 80 MHz in*?), while our experimental
measurements were conducted at 4 MHz. Although speed of sound may exhibit mild dispersion for tissue, the difference is
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Figure 5. Material property measurements: (a) The attenuation and speed-of-sound measurement setup including two single
element transducers, a sample holder, and water tank. (b) The loss factor retrieval method where a complex speed-of-sound
model is used to find the loss factor that would lead to a transmission coefficient of 0.54 at 4 MHz. Thermo-viscous models
enable defining a viscosity value associated with the amount of attenuation for time-domain simulations. (¢) The ultrasound
imaging setup including a probe holder, a water tank where the artery and plaque model are immersed and flow circuit (not
shown) that circulates water and microbubbles through the artery model.

expected to be small. It is important to note that tissue density (p) is essentially frequency-independent, so dispersion primarily
affects the speed of sound. Human tissue data—such as measuirements on excised human myometrium and uterine fibroid
tumors—show speed of sound varying by only about 4 to 14 m/s over the 1-3 MHz range**. Extrapolating conservatively to the
4 MHz vs. 80 MHz case (Af ~ 76 MHz), one might predict a maximum SoS shift on the order of < 50-60 m/s. Since Z = pc
and p stays constant, this corresponds to a change in impedance of < 3—4 %. Therefore, despite the frequency difference
between literature (80 MHz) and our measurements (4 MHz), the impedance comparisons remain robust between tissue and the
photopolymers used.

Retrieval of the Loss Factor
To simulate the attenuation behavior of Yellow-20 in COMSOL Multiphysics, we used a frequency-domain approach where the
material loss is introduced via the imaginary component of the speed of sound. The methodology included four key steps:

1. Calculating the Transmission Coefficient from Experimental Data Attenuation measurements (in dB) were converted
into transmission coefficients using the standard relation:

& = —20-log,o(|T]) (5)

where ¢ is the attenuation in decibels and |T'| is the amplitude of the transmission coefficient. For example, an attenuation of
5.34 dB through 1 mm of Yellow-20 at 4 MHz corresponds to a transmission coefficient of |T| = 0.54.

2. Frequency-Domain Simulation Using a Complex Speed of Sound To replicate this transmission in simulation, we
modeled the speed of sound ¢ in Yellow-20 as:

c=co(l+i-m) ©

where cg is the measured speed of sound in Yellow-20 and 7 is a dimensionless loss factor. A sweep over the loss factor was
performed, and the resulting absolute total acoustic pressure was recorded (Fig. 5-(b)). This approach enabled fitting the
simulation response to the experimental transmission value.

3. Loss Factor Retrieval By identifying where the total acoustic pressure becomes equal to the measured |T'|, as shown by a
small arrow in Fig. 5-(b)), we retrieved a loss factor of 0.05, which accurately reproduces the experimental attenuation behavior.
This loss factor was used in frequency-domain simulations to represent attenuation in Yellow-20.



4. Frequency-Domain Simulation with Thermal and Viscous Losses In a complementary simulation, we used COMSOL’s
thermo-viscous acoustics module to model attenuation through physical mechanisms. The dynamic viscosity of Yellow-20 was
varied to match the transmission coefficient obtained experimentally. As shown in Fig. 5-(b), increasing the viscosity decreased
the absolute total pressure. At a dynamic viscosity of 30 Pa-s, the simulated transmission coefficient matched the measured
value of |T| = 0.54. This method can be used for time-domain simulations in COMSOL Multiphyiscs, where a complex speed
of sound cannot be defined.

Estimation of Shear Speed of Sound in Solid Materials

To accurately simulate acoustic-solid coupling, both the longitudinal and shear speeds of sound in the solid medium must be
known. While the longitudinal wave speed c; can be measured directly via time-of-flight methods, the shear wave speed cg
can be calculated if the Young’s modulus E, Poisson’s ratio v, and material density p are known. The relation between these
quantities is given by the standard elasticity expression for longitudinal wave speed in an isotropic solid*’:

E(1—v)
CL:\/p(lJrv)(lZv) ™

Rearranging this equation leads to a quadratic form in v:

2pciv?+(pe; —E)V+(E—pcz) =0 ®)

Solving this quadratic yields two possible roots:
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Using the positive root (as the Poisson’s ratio must be between 0 and 0.5 for most solids), we obtain the value of v, which can
then be substituted into the shear wave speed formula:

E

= 2p(1+v)

(10)

In our case, for the HTL Yellow 20 phiotopolymer, the Young’s modulus was taken as £ = 2.4 GPa according to the material
datasheet*®, and the density p = 1280 kg/m* and longitudinal speed of sound ¢; = 2550 m/s were measured experimentally.
Substituting these values into Equation (2) and solving for v gave v = 0.45. Plugging in this result in Equation (4), we
calculated the shear wave speed o be cg = 798.6 m/s. These parameters were then used in the Yellow-20 domains of our
acoustic-solid interaction simulations in COMSOL Multiphysics.

Numerical Modeling

All simulations were performed using COMSOL Multiphysics 6.2, employing both the Pressure Acoustics, Frequency Domain
module and the Acoustic-Solid Interaction multiphysics interface. The simulation domain consisted of a homogeneous
background medium (water), with the meta-matching layer (MML) structure embedded between the acoustic source and the
target interface (simple aberration layer (SAL), the same material as the MML). To account for physical losses, we incorporated
acoustic attenuation into the model by defining the speed of sound as a complex quantity, where the imaginary component
governs the frequency-dependent energy dissipation, as described in the previous subsection.

The computational domain was truncated using absorbing boundaries at the top and bottom boundaries and periodic
conditions at the sides to eliminate spurious reflections. A plane-wave pressure field was launched toward the MML at a target
frequency of 4 MHz, corresponding to the same frequency used in downstream experimental validation. Mesh refinement
analysis was performed to ensure convergence. The output of interest was the transmission coefficient through the MML and
the SAL underneath it, measured at the dashed line in Fig. 3-(a).

Optimization of the MML Features

The unit cell of the MML was defined as an isosceles triangular structure extruded in the out-of-plane direction (by a value
exceeding 5 times the wavelength), approximating a locally invariant geometry along the propagation axis. Each unit cell was
parameterized by its base width w and height 4, normalized by the wavelength A in the MML at 4 MHz, yielding n,, = w/A
andn, =h/A.



Table 3. COMSOL simulation and optimization details

Category Detail

Software COMSOL Multiphysics 6.2

Modules Pressure Acoustics (FD), Acoustic-Solid Interaction (ASI)
Excitation Plane wave

Target Frequency 4 MHz

Boundary conditions Absorbing (top/bottom), periodic (sides)
Loss modeling c=co(l+in)

Loss factor n =0.05

Output Transmission coefficient |T |
Optimization goal Maximize |T |

Parameters w,h

Normalization e =w/A, ny=h/A

Range ny, = 0.2-3, n;, = 0.2-1

Step size for n,, and ny,
Optimization type
Model levels

Mesh

0.1

Parametric sweep (grid search)
Lossless, loss, loss + ASI
Fine, Convergence-tested

The optimization objective was to maximize the magnitude of the transmission coefficient |T| at 4 MHz through the
MML-plaque interface. For each parameter combination, the transmission and reflection coefficients were computed and
compared to identify the configuration yielding the highest transmission.

A grid-based parametric sweep (Grid Search) was implemented using COMSOL Multiphysics coupled with MATLAB
LiveLink, where n,, and nj, were systematically varied over the ranges 7, = 0.2-3 and n;, = 0.2-1, with step sizes of 0.1,
resulting in 260 design configurations. The lower bound of 0.2 was imposed by fabrication constraints, specifically the
resolution limits of the 3D printing process. The height parameter was restricted to subwavelength values (n;, < 1) to maintain
a compact structured layer, while the width parameter was explored beyond the subwavelength regime to assess the impact of
larger feature sizes (which turned out to lead to underperformance in transmission).

To assess the influence of physical effects on the optimal design, three progressively refined models were evaluated for each
configuration: (1) a lossless pressure acoustics modei, (2) a lossy acoustic model incorporating material attenuation, and (3) a
fully coupled acoustic—solid interaction model 1iicluding both fluid and solid domains. In the latter, the solid domain represents
the 3D-printed Yellow 20 resin, with shear wave speeds obtained from the solid mechanics formulation described previously,
enabling accurate modeling of mode conversion at fluid—solid interfaces.

The optimal MML geometry was selected based on the maximum transmission coefficient across all evaluated configurations.
The numerical model, optimization workflow, and implementation details are provided in Supplementary Materials D and E.
The key simulation parameters and optimization settings are summarized in Table 3.

Ultrasound Imaging and Flow Phantom Setup

Ultrasound imaging was performed using a Verasonics Vantage 128 system (Verasonics Inc., Kirkland, USA) equipped with
an L12-3v linear array transducer (nominal center frequency of 7.5 MHz). Plane-wave imaging at various frequencies and
speed of 2000 frames/s was used to acquire high-frame-rate ultrasound data. The selected transmit frequencies (3—6 MHz) lie
within its broadband response, and the effective bandwidth is determined by the probe characteristics. Image reconstruction
was performed assuming a constant speed of sound of 1540 m/s, consistent with standard clinical ultrasound settings. No
sound-speed correction was applied to maintain clinically relevant imaging conditions.

In contrast to our previous setup*’, where a Vivitro flow pump was used, flow was driven here using a Masterflex peristaltic
pump, alongside with a pulsation dampener (Cole-Parmer, USA), offering compact control and minimizing pulsatility during
image acquisition. A total of 50 frames were acquired per measurement and were averaged to produce a single high-quality
image for intensity-based analysis, reducing the influence of temporal fluctuations and noise.

As shown in Fig. 5-(c), the flow phantom consisted of a tissue-mimicking vessel, made of Flexible-80A (Formlabs, USA)
embedded in a water tank, oriented for lateral scanning. To facilitate the precise placement of the meta matching layer (MML),
the vessel cross section was changed to be square rather than the conventional circular shape. This geometry ensured direct
contact between the MML and the phantom surface while preserving acoustic accessibility. In-house microbubbles (by Physics
of Fluid Group, University of Twente) were circulated through the phantom to create backscatter for image intensity analysis,
and all experiments were conducted at room temperature under constant flow conditions. The ultrasound imaging and flow



Table 4. Ultrasound imaging experiment setup

Category Detail

System Verasonics Vantage 128
Transducer L12-3v linear array
Imaging mode Plane-wave imaging

Frame rate 2000 frames/s

Frequencies 3-6 MHz

Number of frames 50

Medium Water at room temperature
Phantom Flexible 80A vessel model
Flow system Masterflex peristaltic pump
Flow control Pulsation dampener
Contrast agent In-house microbubbles from PoF

experiment details are summarized in Table 4.

Conclusion

In this proof-of-concept study, we introduced and experimentally validated one of the first additively manufactured meta-
matching layer (MML) designed for MHz-range ultrasound, specifically targeting transmission improvement through calcified
vascular plaques. Through a two-stage design process—starting with idealized lossless models and progressing to more realistic
simulations including acoustic-solid interactions and material attenuation—we demonstrated that high-resolution 3D printing
can realize subwavelength gradient-impedance structures that meaningfully affect wave propagation at 4 MHz. Experimental
results confirmed enhanced forward transmission and reduced reflection coinpared to simple aberration layers, although some
limitations such as increased structural artifacts and the inability to fully restore shadowed regions remain. Nonetheless,
this work establishes the viability of customizable, passive metamaterial add-ons for clinical ultrasound systems, potentially
enabling patient-specific imaging enhancement in plaque-heavy regions, as well as in other medical imaging applications.
Future directions include exploring a broader range of printable materials, integrating artifact-suppression algorithms, and
extending the design framework to account for lateral and depth-dependent tissue heterogeneity. These findings lay the
groundwork for a new class of 3D-printed acoustic metamaterials in medical imaging applications.
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