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ABSTRACT
Ultrasound is widely used in medical imaging and therapy. Yet its performance is limited by layers such as the skull or calcified

tissue that exhibit an impedance mismatch with the background medium. As a result, wave energy scatters, phase distorts, and

overall transmission decrease. To address this, we explore a space-coiling metamaterial that can enhance transmission through

aberration layers. The coiled-path design is optimized based on geometric parameters. Finite element simulations demonstrate

enhanced transmission through an aberration layer near 4MHz with water as the background medium. Further analysis shows

negative effective properties, which could serve as a complementary layer. To validate this design, a scaled-up prototype was

fabricated using fused-silica microfabrication and experimentally tested in a water tank. The measured transmission spectrum

shows an enhancement around 450 kHz, matching the expected frequency shift due to geometric scaling. The experimental results

exhibit agreement with the numerical predictions, confirming that the enhancement mechanisms, resonant tunneling, and

impedance compensation remain effective across different scales. These findings show the potential of space-coiling metama-

terials to improve ultrasound transmission through impedance-mismatched layers and support practical implementation.

Future work will focus on further experimental validation and integration of such structures into ultrasound systems, including

linear-array probes.

1 | Introduction

Ultrasound waves are widely used in different biomedical
applications, ranging from ultrasound imaging and treatment
to on-chip particle and cell manipulations [1–3]. Compared with
other approaches such as optical and magnetic methods, the
acoustic waves carry much less energy and are therefore safer,
with better biocompatibility while maintaining good penetration
depth [4–6]. As such, they have been established as an indispens-
able tool in medicine and widely adopted in diverse applications.
On the other hand, the performance of ultrasound imaging and
treatment relies on efficiently delivering the acoustic energy
through heterogeneous biological media. In many scenarios,
however, the transmission efficiency is compromised due to

the existence of aberration layers, which not only distort the
phases of the waves but also reduce the overall transmitted
energy through them because of backscattering and impedance
mismatch [6–9]. For example, transcranial ultrasound imaging
of cerebral blood vessels is often limited by the skull’s strong
attenuation and wavefront distortion [10, 11]. Similarly,
therapeutic and diagnostic applications, such as targeted neuro-
modulation or real-time brain monitoring, are hindered by
the skull’s high acoustic impedance, which results in poor
ultrasound transmission and compromised energy focusing
[1]. In addition to challenges posed by skull aberration,
recent blood-flow imaging techniques, such as echoPIV, also
suffer from the shadow artifacts caused by highly calcified
plaques [12, 13].
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Several methods have been proposed to overcome the distortion
imposed by aberration layers. One widely reported method is to
use holographic plates, which can be designed and evaluated
efficiently using projection techniques that reconstruct 3D
acoustic fields with high accuracy and reduced aberrations.
However, this method only corrects the phase and does not
fundamentally enhance the transmission [14–16]. Another
approach is to utilize impedance-matching layers to eliminate
resonance shifts and broaden the transmission bandwidth
[17–20]. Additionally, impedance-matching layers can signifi-
cantly enhance radiation efficiency by mitigating power
reflection at the boundary between the human skin and the
surrounding air, thereby improving the overall transmission
performance [21]. While effective, these matching layers typically
do not exhibit high adjustability and are difficult to be tailored to
accommodate different scenarios [22].

Another emerging tool is acoustic metamaterials, which are
artificially engineered materials that exhibit exotic properties
not found in nature such as negative density and bulk modulus
[23, 24]. In this way, acoustic metamaterials enable unique
interactions with waves, which have been shown to enhance
transmission through the layers [4, 25, 26]. For instance, one
approach involves using complementary acoustic metamaterials
composed of unit cells made from membranes and open-ended
side branches. These structures exhibit negative material
parameters, enabling them to cancel out aberrating layers and
significantly reduce acoustic field distortion [27]. Various
resonant and phase-engineered acoustic metamaterial strategies
have been explored to enhance ultrasound transmission, improve
absorption, broaden bandwidth, and achieve advanced wavefront
control [5, 6, 28–32]. While these approaches demonstrate clear
benefits for acoustic propagation through complex media, their
practical use remains constrained by the fabrication complexity
required for precise structural control.

Among the various approaches to metamaterial design, the
concept of space-coiling metamaterials has garnered significant
attention [33, 34]. Space-coiling metamaterials exploit the
concept of folding the propagation path of sound waves within
a compact structure, effectively increasing the acoustic path
length without increasing the physical dimensions of the
material [35, 36]. This coiled design allows for tuning of the
operational frequency and acoustic properties, offering greater
flexibility in performance. Moreover, since the channels are of
uniform size and do not involve curved geometries, they help
reduce fabrication complexity, making them more practical for
real-world applications [37]. Compared with other metamate-
rial-based techniques such as membrane metamaterials, the
properties of space-coiling metamaterials primarily rely on their
geometric configurations. This strong dependence on geometry
results in more consistent acoustic performance, as the uniform
structural design enhances reproducibility and stability. In
contrast, membrane metamaterials often suffer from nonuniform
boundary conditions, which can lead to unpredictable behavior.
Recent advancements in space-coiling metamaterials have
demonstrated that systematic design strategies can be employed
to tailor broadband transmission characteristics by optimizing
the geometry and arrangement of coiled pathways, enabling effi-
cient manipulation of wave propagation over a wide frequency
range [17].

Acoustic metamaterials allow us to steer sound waves by
carefully designing their internal structures, essentially
endowing them with custom properties such as effective density
or bulk modulus. Several architectures have been proposed, from
space-coiling paths that delay sound to structures that act like the
opposite of a perfect mirror, helping waves pass through barriers.
Nevertheless, applying these techniques in realistic biomedical
setups remains challenging. This is especially true when the
sound needs to travel through complex layers, such as the human
skull, with minimum distortion at MHz frequencies [38–40].

In this study, we propose a space-coiling metamaterial to
enhance ultrasound transmission through an aberration layer,
effectively enhancing the overall transmission and eliminating
wave distortions caused by the aberrating layer. It is shown that
these metamaterials exhibit negative effective properties within
specific bands, and higher transmission is achieved through the
interaction between layers with negative and positive properties.
These results are further improved through iterative optimization
of the space-coiling structure. This improvement is expected to
significantly boost both imaging clarity and therapeutic precision
where ultrasound waves need to propagate through aberration
layers. Compared with previous works, our design incorporates
realistic material properties and boundary conditions, bringing it
a step closer to real-world applications. Through a systematic
design approach, our metamaterial exhibits a compact profile
and can operate at a higher frequency range by relaxing the
fabrication challenges, making it better suited for practical
use. The effectiveness of the proposed metamaterial is demon-
strated through numerical simulations based on finite element
analysis. In addition, the feasibility of the design is further
validated through experimental measurements on a scaled-up
prototype fabricated using fused silica. It is hoped that our
proposed metamaterial will facilitate ultrasound imaging and
treatment applications in the MHz range, where aberration
layers, such as skull and calcified plaque, are present. To provide
a broader context, a detailed comparison of existing approaches is
shown in Table S1.

2 | Results

2.1 | Transmission Characterization

To begin with, we consider 1D ultrasound wave propagation
through the aberrating layer, allowing for the analysis of pressure
distributions and wave interactions within the modeled domain.

Figure 1 illustrates the configurations used to analyze acoustic
wave propagation through the aberration layer and the proposed
space-coiling metamaterial. Without loss of generality, aberra-
tion layer is considered to be Yellow 20, which is commonly
used as an ultrasound phantom to mimic human skulls
[6, 20]. The aberration layer is immersed in water, and the
acoustic impedance of the Yellow 20 is four times larger than
the background medium, which indicates strong reflection
and potential for significant aberration of acoustic waves at
the interface, as shown in Figure 1a left. In contrast,
Figure 1a right shows the configuration where a space-coiling
metamaterial is placed adjacent to the aberration layer, with both
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components immersed in water. In this work, the seven-wall
configuration shown in Figure 1b serves as a single metamaterial
unit cell. The number of walls was chosen to balance extending
the wave path for enhanced wave–structure interaction, while
maintaining sufficient channel width for manufacturability.
The structure is made of steel, which provides high acoustic
impedance and structural rigidity necessary for efficient wave
guidance and reflection. The space-coiling configuration enables
acoustic waves to pass through the thin channels formed by the
steel plates, creating controlled resonant behavior that can help
enhance acoustic transmission, which will be shown later. The
sound attenuation effect of the aberration layer, adjacent to
the space-coiled metamaterial, is numerically investigated using
the pressure acoustics module in COMSOL Multiphysics. A
frequency-domain study has been set up to examine transmission
through the proposed space-coiled metamaterial. The simulation
geometry includes a coiled internal channel within a rectangular
waveguide with a cross-sectional size of 2 × 0.06 mm. Waves are
incident from the left side, and the coefficient is extracted by
taking the average absolute pressure on the outlet boundary at
the right end of the waveguide. The upper and lower boundaries
of the waveguide domain are sound-hard walls to ensure plane
wave propagation. The unit cell walls are modeled as interior
sound-hard boundaries to mimic rigid walls. The propagation
medium is filled with water of density ρ= 1000 kg/m3 and speed
of sound c= 1500m/s. Acoustic material properties are assigned
to the aberration layer and metamaterial domains in COMSOL
Multiphysics.

The computational domain is discretized using a triangular finite
element mesh with a maximum element size of λ/6, ensuring a
sufficient number of elements per wavelength in the acoustic
medium. Convergence analysis confirmed that the transmission
results remained unchanged with further mesh refinements,
indicating numerical stability. The metamaterial exhibits high
transmission owing to resonant tunneling effects that compen-
sate for aberrations introduced by the layer, thereby enhancing
its overall transmission characteristics.

The geometric configuration of the space-coiling metamaterial is
parameterized by the segment height sh, the segment width sw,
and the separation between adjacent segments sp as shown in the
zoom-in view of the metamaterial unit cell in Figure 1b. To
determine how the geometry of the space-coiling metamaterial
influences its acoustic behavior, an iterative process is conducted
by varying three key design variables: segment width sw, segment
spacing sp, and segment height sh, while an aberration layer
made of yellow 20, equal in size to the metamaterial, is placed
next to it. The corresponding transmission spectra are shown
in Figure 2, showing evident resonance peaks within the
frequency range between 1 and 6MHz under different values
of sw, sp, and sh, respectively. As shown in Figure 2a, the
transmission behavior is periodic with respect to the channel
width sw. Within each frequency range (e.g., 1–3MHz or
3–5MHz), increasing sw from 0.0025 to 0.009 mm shifts the
resonance peaks toward lower frequencies, while simultaneously
narrowing the bandwidth of each transmission maximum. This
trend indicates that larger sw values enhance the impedance
mismatch and scattering efficiency, leading to more pronounced
attenuation bands.

Figure 2b depicts the effect of altering the sp from 0.006 to
0.04mm. It is evident that increasing sp tends to broaden the band-
widths of the attenuation regions and introduces more complex
transmission behavior. The unit cells are tightly coupled at lower
sp values, leading to narrower bandgaps. In contrast, larger spac-
ings producemore distributed and overlapping resonance features.
In Figure 2c, the segment height sh varies across a broad range
from 0.01 to 0.58mm. A decrease in sh corresponds to increased
transmission at low frequencies and weaker resonance behavior,
while increasing sh intensifies the attenuation and shifts the reso-
nance peaks toward higher frequencies. This suggests that sh
mainly affects the vertical confinement of the acoustic field and
contributes to mode shaping within the metamaterial unit.
Overall, these results demonstrate that the acoustic transmission
properties of the space-coilingmetamaterial can be precisely tuned
through careful adjustment of its geometric parameters.

FIGURE 1 | (a) Conceptual illustration of the space-coiling metamaterial for enhanced ultrasound transmission through the aberration layer. When

the metamaterial is absent, the transmission is low due to a strong impedance mismatch (left). When the metamaterial is placed adjacent to the aberra-

tion layer, the transmission is increased by harnessing the interactions between them (right). (b) Zoom-in view of themetamaterial unit cell, highlighting

the geometric parameters, segment width sw, spacing sp, and height sh.
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On the other hand, the resonance behavior persists across
different thickness ratios between the aberration layer and the
metamaterial. This property facilitates practical design and
implementation, as a relatively thin metamaterial layer can be
employed to enhance transmission through a much thicker
aberration layer. To investigate the influence of aberration-layer
thickness on wave transmission, numerical simulations are
conducted for configurations consisting of a single metamaterial
unit cell paired with aberration layers of varying lengths. The
aberration layer is assigned lengths equal to 0.5×, 1×, 2×, and
3× the length of the metamaterial structure, as shown in
Figure 3a–d. As shown in Figure 3, despite the different thickness
ratios, resonance peaks are observed in all the cases. On the other
hand, more well-defined and pronounced peaks are observed
with a smaller ratio, and decreased transmission is observed with
a larger ratio. While changing the thickness of the layers shifts
the transmission patterns, the underlying mechanism, i.e., the
resonance phenomenon, remains. In real-world scenarios
such as ultrasound imaging or therapy through the skull, the
aberration layer may exhibit variations in its profile and is
patient-specific. To accommodate this, the detailed property of
the skull could be first obtained via appropriate imaging techni-
ques such as CT scans. The thickness as well as the number of the
metamaterial unit cell can then be adjusted to form a conformal
profile to ensure high transmission through the skull, specific for
each case [41].

2.2 | Design and Analysis of the Metamaterial
Unit Cell

The mathematical model of the space-coiling metamaterial can
be understood based on how waves travel within each small
channel. Due to the geometry of the structure, the effective
acoustic path length is significantly larger than the physical
thickness of the unit cell. As a result, the accumulated phase
delay can be expressed as

ϕ = kLeff (1)

where ϕ is the phase delay, k is the acoustic wavenumber,
and Leff is the effective propagation length inside the coiled
channel. This increased phase accumulation enables strong
control over wave propagation within a compact structure.
Furthermore, the transmission characteristics of the metama-
terial are governed by resonance effects associated with
the coiled paths. The resonance frequencies can be approxi-
mated by

f n ≈
nc
2Leff

(2)

where fn is the resonance frequency of order n, c is the speed of
sound in the medium, and Leff is the effective acoustic path
length [42, 43].

FIGURE 2 | Transmission spectra of the space-coiling metamaterial under different geometric configurations: (a) effect of segment width sw,

(b) effect of segment spacing, and (c) effect of segment height sh.
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However, directly applying these models in the present study
is challenging because of the geometric complexity involved in
the parametric design of the coiled-space structure. In addition,
this work operates in the resonant regime of space-coiling
metamaterials, which is highly sensitive and deviates from the
assumptions underlying the analytical models developed for
nonresonant conditions. Therefore, a numerical modeling
approach was adopted and systematically optimized through
iterative variation of the geometric parameters.

The optimization of the space-coiling metamaterial is
carried out by systematically varying three structural
parameters: sw, sp, and sh. This is done by the Live Link with
MATLAB module of COMSOL Multiphysics that allows
parametric studies by changing geometric features in one or
multiple for loops. To this aim, a base COMSOL simulation
file was set up with a coiled space geometry and parametrized
sw, sp, and sh. In three nested loops, these parameters varied
over the ranges shown in Table 1, ensuring that the structure
is physically realizable.

Where λMHz denotes the wavelength at the target frequency
4 MHz, which is a typical frequency used in diagnostic
applications, especially for tissue and blood flow imaging. A
total of 350 parameter combinations were evaluated, and
among these configurations, the structure consisting of a single
unit cell with parameters sw = 0.004 mm, sp = 0.016 mm, and
sh = 0.035 mm exhibits a pronounced enhancement in acoustic
transmission at 4 MHz. As shown in Figure 4a, the presence of
only the aberration layer yields a transmission amplitude of
≈0.52 at 4 MHz. However, when a space-coiling metamaterial
is introduced adjacent to the aberration layer whose thickness
is 2.5 times that of the metamaterial, the transmission increases
remarkably, reaching a value of 0.97, as shown in Figure 4b.
The bandwidth of the transmission peak in the optimal coiled
space is also desirable at a value of 4 MHz, avoiding a sharp
peak that could make the design highly sensitive to fabrication
errors.

To gain further insight into the resonance behavior of the
metamaterial, its effective properties are analyzed. It should be
noted that the retrieval of effective acoustic parameters, including
the effective mass density and bulk modulus, is based on the
homogenization assumption that the acoustic wavelength is
sufficiently larger than the characteristic dimensions of the meta-
material unit cell. Under this condition, the structured medium
can be approximated as an equivalent homogeneous material with
frequency-dependent effective properties. The dimension of our
designed metamaterial unit cell is 0.1mm, well below the corre-
sponding wavelength at around 4MHz. The effective refractive
index n and the normalized acoustic impedance ξ are retrieved
from the simulated reflection (R) and transmission (T ) coefficients
using the standard inversion method, where k is the wavenumber,
d is the slab thickness, and m is the branch index [36, 44, 45].

TABLE 1 | Parameter sweep ranges are used in the optimization

study. All geometric parameters are normalized by the wavelength at

the target frequency of 4MHz.

Parameter
Range (normalized

by λ4MHz)
Step (normalized

by λ4MHz)

sw [0.0080, 0.0186] 0.00266

sh [0.0266, 0.1466] 0.0133

sp [0.0161, 0.0960] 0.0133

FIGURE 3 | Transmission spectra of the metamaterial structure consisting of a single unit cell combined with aberration layers of varying lengths:

(a) aberration layer length = 0.5× metamaterial length, (b) aberration layer length = 1× metamaterial length, (c) aberration layer length = 2×
metamaterial length, and (d) aberration layer length = 3× metamaterial length.

Advanced Engineering Materials, 2026 5 of 11

 15272648, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.71164, W
iley O

nline L
ibrary on [02/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



n =
− i
kd

ln xð Þ + 2πm
kd

(3)

ξ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1 + RÞ2 −T2

ð1−RÞ2 −T2

s

(4)

where

x =
1−R2 + T2 + r

2T
, r =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR2 −T2 − 1Þ2 − 4T2
q

(5)

Finally, the equivalent effective mass density and bulk modulus
are expressed as

ρeff = ξn (6)

Beff =
ξ

n
(7)

As shown in Figure 5, the effective mass density (ρeff ) and the
effective bulk modulus (Beff ) are negative values within the
frequency ranges [2.74, 5.44] MHz and [2.8, 5.24] MHz, respec-
tively. The emergence of such negative effective properties
at these frequency ranges indicates that the space-coiling
metamaterial functions as a complementary medium to the
aberration layer. Consequently, the aberration effects are effec-
tively compensated, resulting in a pronounced enhancement of
acoustic transmission [4, 46, 47].

As previously demonstrated, changing the thickness ratio
between the aberration layer and the metamaterial provides a
way to precisely control the frequency at which enhanced acous-
tic transmission occurs. In the updated design, the thickness of
the aberration layer was set equal to that of the metamaterial to
reestablish the transmission enhancement at 4MHz. In this step,
the space-coiling metamaterial was redesigned by adjusting the
geometric parameters, such as sw, sp, and sh, to achieve maximum
transmission at the target frequency. To further understand the
interaction between the metamaterial and the propagating acous-
tic waves, the simulated pressure fields were examined at 1.5, 2.5,
3.5, and 4MHz, as shown in Figure 6. Notably, the configuration
with a single unit cell (sw = 0.007 mm, sp = 0.036 mm, and sh =
0.055 mm) exhibited a pronounced improvement in acoustic
transmission, reaching T= 0.99 at 4MHz. At the lowest
frequency (1.5 MHz), the acoustic field propagated almost
unaffected, indicating negligible interaction with the structure.
At 2.5MHz, the field pattern began to distort, and interference
effects emerged, signifying the onset of coupling between
the incident wave and the coiling geometry. At 3.5 MHz, the
transmitted field weakened due to increased scattering and phase
accumulation. The behavior became much more prominent at
4MHz, where energy was strongly confined within the coiling
paths. This condition corresponds to a resonance state, charac-
terized by energy localization inside the structure, enabling
more efficient wave manipulation and a marked increase in
transmission through the aberrating layer.

FIGURE 4 | Transmission spectra of the layered structures: (a) background medium with an embedded aberration layer, and (b) configuration in

which a space-coiling metamaterial is introduced adjacent to the aberration layer. The frequency for the pressure plots is 4MHz.

FIGURE 5 | (a) The equivalent mass density ρeff (kg/m
3). (b) The equivalent bulk modulus Beff (Pa) of the space-coiling metamaterial. The highlight

blue shadings indicate the frequency ranges with negative values for effective properties.
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An important feature of the proposed unit cell design is its
scalability. The number of patterned unit cells and the overall
thickness of the metamaterial layer can be tailored to match
different aberration layer thicknesses. This approach demon-
strates not only a parametric flexibility but, more importantly,
confirms that the concept remains effective across a range of
configurations. To assess the impact of unit cell quantity on
the acoustic performance of the space-coiling metamaterial layer,
a parametric study was conducted using configurations with
one-, two-, four-, and ten-unit cells. The corresponding transmis-
sion spectra are shown in Figure 7, where subfigures (a) to (d)
illustrate the frequency response for these four configurations,
respectively. In all configurations, the thickness of the aberration
layer is set equal to the thickness of the metamaterial, maintain-
ing a consistent overall structural length for comparative

analysis. Apart from a minor frequency shift or small design
adjustments, the transmission enhancement is preserved,
indicating that the same design strategy can be readily adapted
to diverse practical scenarios.

As shown in Figure 7a, the metamaterial composed of a single
unit cell exhibits a limited number of distinct transmission dips
corresponding to isolated resonance modes. With the introduc-
tion of two-unit cells (Figure 7b), additional features appear in
the transmission spectrum, reflecting the initial effects of inter-
cell interactions and the emergence of coupled resonant modes.
The resulting attenuation regions broaden slightly, indicating
improved impedance mismatch and localized wave trapping.
Increasing the number of unit cells to four is shown in
Figure 7c, leading to a noticeable change in the transmission

FIGURE 6 | The acoustic pressure fields of the space-coiling metamaterial and aberration layer under different frequencies.

FIGURE 7 | Transmission spectra of the metamaterial structure with varying numbers of unit cells in the metamaterial layer: (a) one-unit cell,

(b) two-unit cells, (c) four-unit cells, and (d) ten-unit cells at 4MHz. The size of the metamaterial is equal to the size of aberration layer. The pressure

plots in (a–d) are shown at 4MHz.
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profile, yielding a denser distribution of sharp resonant notches
across a wider frequency range. This happens due to the
increased periodicity, which strengthens constructive and
destructive interference, resulting in the formation of multiple
stop bands. When the unit cell numbers reach ten (Figure 7d),
the transmission response becomes highly intricate, character-
ized by a quasiperiodic sequence of deep transmission dips
and extended bandgaps. This indicates strong multiple scattering,
effectively suppressing wave propagation over a broad frequency
range. Overall, an increase in the number of unit cells leads to
additional resonance dips, wider attenuation bands, and more
complex transmission behavior. While the design and optimiza-
tion are performed at the unit cell level, the overall thickness of
both the metamaterial and aberration layers can be adjusted by
patterning additional unit cells or modifying the length of the
aberration layer.

3 | Potential Implementation with Realistic
Materials

We conducted a detailed optimization study using a single fused
silica unit cell placed adjacent to an aberration layer with a

thickness 2.5 times greater than that of the metamaterial.
Since fused silica is not acoustically rigid, the model did not
include a sound-hard boundary condition. Such treatment also
relaxes the assumption of acoustically rigid boundaries in many
space-coiling metamaterials and represents one step further
toward their practical implementation. After evaluating 605
parameter combinations, we identified an optimal geometry with
a segment width of sw = 0.003 mm, spacing of sp = 0.026 mm, and
a height of sh = 0.05 mm, achieving a maximum simulated trans-
mission of 0.94 at 4MHz, as shown in Figure 8.

Our simulations show that these space-coiling designs work
effectively by boosting ultrasound transmission through
mismatched barriers. However, their manufacturing could be
difficult because of the small feature size and material availabil-
ity. To demonstrate the potential application of the space-coiling
metamaterial, we showcase the fabrication of a prototype of a
unit cell using fused silica, a material compatible with high-
resolution techniques. The prototype is scaled up ten times larger
than our original model to relax the resolution constraints. By
using a femtosecond laser to write the design and then chemi-
cally etching away the extra parts, we can fine-tune structures
with precise, smooth internal channels [48]. Due to the limita-
tions of current fabrication technologies, minor modifications
were made to the design, including slight adjustments to the wall
thickness and channel layout, to ensure that all key features are
well resolved and that the structure remains mechanically stable
during manufacturing, as shown in Figure 9a.

To show the potential usage of the proposed metamaterial,
we performed measurements in a water tank using a pair of
ultrasonic transducers in a transmission configuration. The
incident acoustic waves passed through the metamaterial, and
the transmitted signal was recorded on the opposite side. The
transmission coefficient was obtained by normalizing the
measured signal with respect to a reference measurement
without the sample, as shown in Figure 9b. A pronounced trans-
mission peak is observed around 450 kHz, indicating a strong
resonance due to the presence of the metamaterial. This shift
to lower frequencies is consistent with geometric scaling, as
the operating frequency is inversely proportional to the

FIGURE 8 | Transmission spectra of the layered structure incorporat-

ing a fused silica space-coiling metamaterial.

FIGURE 9 | (a) 3D-printed models of the fused silica space-coiling structure, and (b) measured transmission spectrum of the layered system

incorporating the fused silica metamaterial.
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characteristic dimensions of the unit cell. Importantly, the
experimental results exhibit the same qualitative behavior as
predicted by numerical simulations, including a desirable
bandwidth around the transmission peak, confirming that the
underlying mechanisms of transmission enhancement, namely,
resonant tunneling and impedance compensation, remain valid
across different scales.

4 | Discussion

The proposed space-coiling metamaterial shows strong potential
for mitigating the impedance mismatch introduced by aberrating
layers such as skull or arterial phantoms. It should also be noted
that these simulations were created with water as the back-
ground medium. In reality, biomedical applications would most
likely use multilayered tissues with different acoustic impedance
and attenuation. This could lead to further reflection and energy
loss and may be mitigated by incorporating a multilayer design
approach, where the metamaterial contains multiple layers that
are each designed with specific parameters to improve the trans-
mission through the corresponding aberration layer. One of the
major challenges, however, lies in fabrication. The design
requires micron-scale features that, within the scope of this work,
could not be realized with available techniques. Approaches,
such as high-resolution 3D printing or laser-based microfabrica-
tion, may offer a path forward. Nevertheless, current fabrication
technologies face two key limitations: achieving the subwave-
length resolution necessary for acoustic metamaterial features
and processing stiff materials with sufficient mechanical rigidity
and acoustic impedance. These challenges highlight the broader
difficulty of translating acoustic metamaterial concepts from
numerical design to experimental realization. Even so, our
simulations substantiate that the space-coiling geometry can
effectively reduce impedance mismatch and enhance transmis-
sion, leading to measurable improvements in acoustic perfor-
mance. The enhancement observed in the MHz range is
particularly promising for ultrasound imaging and therapeutic
applications.

To further demonstrate the feasibility of the proposed concept, a
scaled-up prototype was fabricated and experimentally tested.
The experimental results show a clear transmission peak
around 450 kHz, suggesting the presence of strong resonance.
Although this frequency differs from the MHz regime of the
simulations due to geometric scaling, the observed behavior
is consistent with the predicted transmission mechanism.
This agreement confirms that the underlying physics of
resonant tunneling and impedance compensation remain valid
across different scales, providing experimental support for the
simulation-based findings. Looking ahead, continued progress
in fabrication methods, along with further optimization and
full-scale experimental validation, will be essential for translat-
ing these concepts into practical biomedical devices.

5 | Conclusion

In conclusion, this work demonstrates that space-coiling
metamaterials can significantly enhance ultrasound

transmission through layers that typically block or distort acous-
tic waves. Furthermore, using numerical simulation, fused silica
is shown to be a suitable material to realize such a metamaterial.
A fabricated sample is demonstrated, providing evidence for the
feasibility of this technique in practice. These findings lay the
groundwork for future experimental studies and point toward
eventual applications in medical imaging and therapeutic ultra-
sound treatments by adjusting the structural parameters and
placing an optimally designed metamaterial layer between the
imaging probe and the aberration layer, where correcting
aberrations and improving penetration are critical [49, 50]. In
the future, focus will be on testing the performance of the
full-scale fabricated metamaterials and possible ways by which
such a structure can be implemented in a linear-array probe.
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