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The present study investigates the equivalent bulk modulus and density of square frame underwater acoustic
metafluid (AMF) cells with four distinct frame forms. It is observed that, besides frame thickness, a certain
degree of shrinkage at the center of the frame also influences the equivalent parameters of cells. Specifically, this
shrinkage leads to a decrease in the equivalent volume modulus and an increase in the equivalent density, ulti-
mately resulting in the slow sound velocity phenomenon of the cell. The frame shrinkage causes part of the air
to be replaced, resulting in an increase in density. At the same time, it makes the cell more prone to “shrink and
expand” type volume deformation, resulting in the reduction of volume modulus. Finally, an impedance-matched
slow sound velocity (0.5 times) metafluid cell is designed by frame shrinkage and verified by analyzing the trans-
mission effect of a waveguide containing 20 cells and the sound pressure distribution at different positions in the
waveguide.

1. INTRODUCTION

Over the past few decades, there has been a growing inter-
est in acoustic metamaterials. These materials possess unique
properties that have led to the development of various appli-
cations, such as acoustic focusing, communication, and stealth
capabilities.1–12 As more advanced acoustic cells are proposed,
the potential application range of acoustic metamaterials con-
tinues to expand. In 1968, Veselago introduced the concept of
metamaterials to describe artificially synthesized periodic or
aperiodic composites with properties determined by specially
designed material cells,13 offering the possibility of controlling
material properties through cell design. Acoustic metamateri-
als can be classified into resonant and non-resonant types. Res-
onant metamaterials often utilize resonance phenomena like
local, helmholtz, and thin film resonance to achieve extraor-
dinary dynamic equivalent parameters such as negative mass
density, negative volume modulus, negative refractive index,
zero refractive index, etc.14–19 However, due to limitations
imposed by resonance principles, these extraordinary param-
eters typically exhibit narrow frequency bands.20–22 To real-
ize wideband acoustic metamaterial, researchers have turned
their attention toward pentamode acoustic metamaterials.23–30

Pentamode materials (PM) are unique solid acoustic metama-
terials characterized by a high ratio of equivalent bulk modu-
lus to equivalent shear modulus, resulting in significant shear
deformation relative to volume deformation. Some scholars
also refer to PM as acoustic metafluid.31, 32 In 2011, Norris
designed a two-dimensional pentamode unit cell featuring a
regular hexagonal frame and a rectangular counterweight at
six vertices to adjust the density.33 Subsequently, numerous
scholars have modified this structure and developed various
wideband cells based on pentamode metamaterials. In 2015,
Tian et al. utilized a pentamode unit cell to design a hydroa-

coustic metasurface. By leveraging the excellent broadband
characteristics of the pentamode material and its impedance-
matching properties with the environmental medium, eight dif-
ferent pentamode unit cells were designed following the gen-
eralized Snell law, resulting in the realization of a dispersion-
free design that operates over a wide frequency range. Chen et
al., through simulation and experimentation, designed a lay-
ered ring acoustic cloak that demonstrated its effectiveness
across a broad band range.34 In 2019, Chen et al. success-
fully created and produced pentamode materials that verified
broadband conversion from underwater cylindrical waves to
plane waves through experimental validation.35 Cushing et
al. devised an aluminum-based metal gradient refractive index
acoustic lens, which showed improvement in reducing aber-
rations through underwater experiments.36 Zhang et al., uti-
lizing the generalized Snell law, developed a wideband reflec-
tive metasurface based on pentamode materials capable of re-
flecting and deflecting vertically incident sound waves by 15◦

within the frequency range of 6−18 kHz.37

For a pentamode unit cell, the thickness of the frame pri-
marily influences the equivalent volume modulus of the cell,
with a smaller thickness resulting in a lower volume mod-
ulus. The various counterweights within a unit cell mainly
impact its equivalent mass density. In traditional pentamode
cells, the frame and counterweight are made from the same
material, leading to significant coupling between their equiv-
alent density and volume modulus. This limitation hinders
the design and processing of such unit cells. Subsequently,
some scholars proposed an improved pentamode unit cell in-
corporating two/three phases by introducing a soft connect-
ing layer between the frame and counterweight to reduce this
coupling effect.38 This improvement reduces manufacturing
costs and minimizes the processing time consumed to con-
struct these pentamode cells. Overall, although static design
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allows for a gradual approximation of fluid behavior in penta-
mode unit cells, it remains challenging to eliminate their small
shear modulus. Consequently, ensuring dynamic performance
similar to water becomes difficult and affects the broadband
capabilities of these cells.23 In 2022, Zhou et al. designed
an underwater carpet cloak using a three-component metafluid
composed of syntactic foam, steel, and water that works well
under both normal and oblique incidences for broadband fre-
quencies.39 Jun Yang et al. recently designed a metamaterial
cell consisting of a solid metal frame immersed in water to
eliminate shear wave components within this metamaterial sys-
tem. Their findings indicate that occupancy primarily affects
its equivalent density while the number of sides and thickness
of the frame influence its equivalent bulk modulus. By adjust-
ing parameters such as the number of sides, materials used, and
filling rate within the frame structure itself, independent con-
trol over both equivalent density and equivalent volume mod-
ulus can be achieved for underwater metafluids.40

Therefore, whether in the design of pentamode metamateri-
als or underwater metafluids, the thickness of the frame plays
a crucial role in determining the equivalent volume modulus of
a unit cell. A smaller frame thickness results in a lower equiv-
alent volume modulus. By adjusting the equivalent density,
achieving a higher equivalent refractive index for impedance
matching metamaterials is possible, which can significantly
enhance the performance of cells.34 However, achieving a thin
frame thickness is often challenging during production due to
expensive and time-consuming WEDM-LS (Low-Speed Wire
Electrical Discharge Machining), water-jet cutting techniques,
and the lattice structure cut from a whole massive block.38 On
the basis of keeping the frame thickness unchanged or thick-
ened, how to make the equivalent volume modulus of a sin-
gle cell lower or unchanged has become a difficult problem in
the design of acoustic metamaterials for low-cost manufactur-
ing. In this paper, through analyzing four different parameter-
ized metafluid unit cells’ equivalent parameters, it is discov-
ered that introducing some amount of shrinkage into unit cell
frames may provide insights towards solving this challenging
problem.

2. MAIN RESULTS

The cell depicted in Fig. 1(a) was initially proposed by Bi40

and is referred to as a metafluid unit cell. Based on this de-
sign, this study establishes four distinct unit cells, and their
structural forms are illustrated in Figs. 1(a)–1(d). The unit
cell shown in Fig. 1(a) corresponds to the minimum volume
modulus design described in the literature.40 The remaining
unit cells are derived from modifications made to the form
of it. The overall shape of the unit cell is square, with wa-
ter occupying the outer blue area, a metal frame material con-
stituting the inner gray area, and air filling up the innermost
white region. The unit cell has a side length of a = 13.5 mm,
with the distance between the center of the cell and the cor-
ner of the frame being r = 7.1 mm and the frame thickness
of h = 0.5 mm. The frame is made of aluminum, with ma-
terial parameters ρ = 2700 kg/m3, E = 70 GPa, µ = 0.33.
In Fig. 1(b), the frame thickness of the unit cell is increased
to h = 0.65 mm while keeping other parameters unchanged
from Fig. 1(a). Figure 1(c) is obtained by shrinking the center
of the outer side of the frame based on Fig. 1(a). A new vari-

able called shrinkage factor s = (x − xs)/x is defined here,
which represents the ratio of the difference between the hori-
zontal distance from the center of the point on the right side
of the square before (x) and after (xs) shrinkage to before (x).
When s is equal to 1/3, we obtain Fig. 1(c). Furthermore, in
Fig. 1(d), an increase in frame thickness to h = 0.65 mm is
applied based on Fig. 1(c). In this paper, Figs. 1(a)–1(d) are
referred to as AMF1-AMF4 respectively, for convenience pur-
poses, and their structural parameters are listed in Table 1.

The low-frequency equivalent parameters of the cell are fo-
cused mainly here. In the long wavelength condition, accord-
ing to the equivalent medium theory, the equivalent mass den-
sity of a unit cell is the average area density of the material
constituting the unit cell, expressed as ρeff . The equivalent
bulk modulus is obtained according to the formula Beff =
ρeff ∗ c2eff , where Beff is the equivalent bulk modulus of the
metafluid and ceff is the equivalent sound velocity. The ceff
of a cell can be determined by calculating the slope of its band
curve at a low-frequency range.23 In order to obtain the band
curves, the geometric model of the cell is established by us-
ing COMSOL Multiphysics software. The solid mechanical
physical field was set as the frame structure, while the pres-
sure acoustic physical field represented water and air areas.
The boundary between these two fields served as an acoustic-
solid coupling boundary. The Floquet boundary condition is
set on the opposite side of a unit cell, and the band curves of
AMF1-AMF4 can be obtained by parametric scanning along
the boundary of the irreducible Brillouin zone of a unit cell
(M-Γ-X-M in the lower left corner of Fig. 1(a)), as illustrated
in Fig. 2.

The band curve of AMF1 in Fig. 2(a) demonstrates the con-
sistent stability of the sound velocity within the frequency
range of 0−10 kHz. However, a notable “segmentation” effect
is observed on this initially stable curve between 5−8 kHz.
To investigate this phenomenon further, we have specifically
chosen to analyze three characteristic frequencies located at
position 0.1ΓX; these specific frequencies are represented by
points A, B, and C as shown in Fig. 2(a). Correspondingly
illustrated in Figs. 3(a)–3(c) are vibrational modes associated
with these points. As shown by the arrows in Fig. 3(a), the
vibration form of the unit cell corresponds to the translational
motion of the frame combined with contract expansion defor-
mation, representing the compression wave mode as its lowest-
order vibration form along the ΓX direction. This distinguishes
it from traditional solid phase pentamode metamaterials dom-
inated by shear wave modes due to their inherent shear modu-
lus, which is challenging to eliminate. However, with water
serving as its outer layer, our designed unit cell effectively
eliminates any presence of shear wave modes. Moving on
to Fig. 3(b), we observe a similar vibration form for the unit
cell resembling a local resonance mode known as quadrupole
described in literature references.14, 16, 17, 19 Specifically, it in-
volves relative motion between an opposite straight rod “mass”
and an opposite vibration phase for adjacent straight rods. The
vibration pattern shown in Fig. 3(c) exhibits similarities to that
depicted in Fig. 3(b), except for the fact that the “mass” trans-
forms into a curved bar with right angles. As a result, B and
C represent local resonance modes, while A means a compres-
sion wave mode.

In comparison to AMF1, the band of the AMF3 is illustrated
in Fig. 2(c). The first three orders at position 0.1ΓX are se-
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Figure 1. Four unit cells with varying structural parameters. (a) A primary unit cell features a hollow square frame immersed in water and exhibiting a square
shape. The illustration depicts the first Brillouin zone (marked by the dashed lines) and the irreducible Brillouin zone M-Γ-X-M (denoted by the shaded region)
of the square lattice; (b) Increasing the thickness of the frame by 30% based on cell (a); (c) Introducing shrinkage factor s = (x − xs)/x to (a), where x
represents the horizontal coordinate of the point before shrinkage, and xs represents the horizontal coordinate after shrinkage; (d) Increasing the thickness of the
frame by 30% based on (c). The four unit cells corresponding to (a)-(d) are denoted as AMF1-AMF4, respectively.

lected for analysis, corresponding to intersection points D, E,
and F on the black dotted line intersecting with the band curve
in Fig. 2(c). The vibration modes are displayed in Figs. 3(d)–
3(f). It can be observed that the first characteristic mode of
AMF3 resembles that of AMF1 as a compression wave vibra-
tion mode; however, its corresponding frequency is lower. The
second characteristic mode corresponds to the third vibrational
pattern in AMF1 and possesses a comparable frequency. The
third distinct mode corresponds to the second vibrational pat-
tern identified in AMF1 but displays an upward shift in its
frequency. Therefore, for the AMF cells in this paper, the
first vibration mode of its band curve is the compression wave
mode. Some narrow frequency bands with quadrupole local
resonance modes often appear in the wide band compression
wave. Then, we focus on the compression wave mode of the
band curve and ignore the local resonance mode in the narrow
band. So, two compression wave curves starting from Γ were
observed on each band curve with different slopes at low fre-
quencies indicated by red dashed lines in Fig. 2; their slope
represents ceff for the cell. By comparing the slope of AMF3
and AMF1, it can be seen that the equivalent ompression wave
sound velocity of AMF3 is smaller than that of AMF1.

Through the previous analysis, we can obtain the equivalent
sound velocity and equivalent density of a cell. The obtained
equivalent parameters of AMF1-AMF4 are summarized in Ta-
ble 1. Firstly, a comparative analysis is conducted from the
equivalent density. The frame thickness of AMF2 is greater
than that of AMF1, resulting in a higher equivalent density.
Compared with AMF1, the presence of a certain shrinkage fac-

Table 1. Parameters related to the four unit cell.

Frame Shrinkage Relative Relative Relative
thickness factor equivalent equivalent equivalent

h s density sound volume
(mm) velocity modulus

AMF1 0.5 0 0.73 0.46 0.15
AMF2 0.65 0 0.79 0.61 0.29
AMF3 0.5 0.33 0.89 0.27 0.07
AMF4 0.65 0.33 0.96 0.37 0.13

tor leads to an increase in density for AMF3 as it replaces air
with metal and water. Formed by shrinkage based on AMF2,
AMF4 exhibits an even higher equivalent density than both
AMF2 and greater than AMF1. Therefore, the relative equiv-
alent density is arranged in increasing order: AMF1, AMF2,
AMF3, and AMF4.

Next, the analysis focuses on the relative equivalent volume
modulus. For a two-dimensional unit cell, the effective bulk
modulus Beff of the cell can be expressed as:

1

Beff
=

1

a2

(
Sw

Bw
+

dSsolid

dP

)
; (1)

where a is the side length of the cell, Sw and Bw are the area
fraction of water and the bulk modulus of water. dSsolid/dP
is the relative decrease of the area from the solid frame under
isotropic pressure. According to the analysis in reference,40

the reduction of unit cell area under pressure dP can be at-
tributed to two factors: firstly, an overall decrease in the polyg-
onal frame; secondly, a reduction in area caused by bending
deformation of each beam of the frame. dSsolid/dP increases

330 International Journal of Acoustics and Vibration, Vol. 29, No. 3, 2024



D. Pei, et al.: SLOW SOUND PHENOMENA CAUSED BY FRAME SHRINKAGE IN SQUARE FRAME ACOUSTIC METAFLUID

Figure 2. The band curves and related characteristics of the four cells. (a) The band curve of AMF1. The position corresponding to the black dashed line
represents a wave vector position of 0.1ΓX, and the first three intersections between this line and the band curve are defined as points A, B, and C, respectively.
The red dashed line represents a unit cell’s compression wave sound velocity curve. (b) The band curve of AMF2. (c) The band curve of AMF3. The position
corresponding to the black dashed line represents a wave vector position of 0.1ΓX, and the first three intersections between this line and the band curve are
defined as points D, E, and F, respectively. (d) The band curve of AMF4.

Figure 3. The vibration modes of unit cells at specific characteristic frequencies. Panels (a)-(f) depict the vibration displacement distribution at six positions
A-F, as indicated in Fig. 2. The arrows show the direction of movement of the cell. In the legend, blue represents small displacement, while red indicates large
displacement.

International Journal of Acoustics and Vibration, Vol. 29, No. 3, 2024 331



D. Pei, et al.: SLOW SOUND PHENOMENA CAUSED BY FRAME SHRINKAGE IN SQUARE FRAME ACOUSTIC METAFLUID

Figure 4. (a) Variation curves of different equivalent parameters of the cell are depicted concerning the shrinkage factor. The cell exhibits a gradual impedance-
matching effect when s = 0.245. (b) Cell of the slow cell when s = 0.245. (c) The band curve is presented, where the red dotted line represents an equivalent
sound speed of 750 m/s.

with the decrease of h and the increase of beam length. Con-
sequently, the equivalent volume modulus Beff of a cell in-
creases with increasing h but decreases with increasing beam
length and Sw.

The frame thickness of AMF2 surpasses that of AMF1,
thus yielding a larger relative equivalent volume modulus. As
shown in Table 1, the frame thickness of AMF2 (AMF1) is
0.65 mm (0.5 mm) and the relative bulk modulus of AMF2
is about 2 times of AMF1. Then we compare AMF3 with
AMF1. Due to a certain shrinkage factor (s = 0.33), the beam
length and the area fraction of water Sw of AMF3 is larger than
AMF1, so the volume modulus for AMF3 should be smaller
than AMF1. It can be seen from Table 1 that the relative bulk
modulus of AMF3 is 0.07 and AMF1 is 0.15. The bulk mod-
ulus of AMF3 is less than half of that exhibited by AMF1.
A similar trend can be observed when comparing AMF4 and
AMF2 due to the shrinkage factor. In addition, the density of
AMF3 is higher than that of AMF1, so its compression wave
velocity must be smaller (0.27 versus 0.46). Finally, by com-
paring the structural characteristics and equivalent parameters
of AMF1 and AMF4 from Table 1, it can be observed that
while AMF4 possesses a thicker frame thickness, its relative
equivalent bulk modulus and relative equivalent sound velocity
remains slightly lower than that of AMF1 due to frame shrink-
age. Therefore, the frame shrinkage of the AMF cell makes it
more prone to shrinkage-expansion deformation, resulting in
a decrease in both equivalent volume modulus and equivalent
sound velocity.

As frame thickness increases, the cell’s equivalent density
and volume modulus rise concurrently. Introducing a shrink-
age factor elevates cell density while diminishing its volume
modulus. Shrinkage factor and frame thickness similarly affect
cell density but have opposing impacts on its volume modulus.
Therefore, for underwater metafluid cell design purposes, em-
ploying a shrinkage factor to reduce or maintain an equalized
volume modulus while increasing frame thickness would facil-
itate easier fabrication of acoustic metamaterials. By augment-
ing frame thickness in thin metamaterial cells close to machin-
ing limits, comparable acoustic performance can be achieved
without compromising machining accuracy or encountering is-
sues with unmachinability.

Finally, an impedance-matched metafluid unit cell with
sound velocity 0.5 times that of water is designed by exploit-
ing the phenomenon of reduced bulk modulus caused by frame

shrinkage, as shown in Fig. 4(b). The selected frame mate-
rial, in this case, is a copper alloy (density ρ = 8900 kg/m3,
Young’s modulus E = 136 GPa, and Poisson’s ratio µ = 0.2).
When the cell remains unshrunk, the structural parameter is
r = 6.18 mm, and the thickness is h = 0.75 mm. At this
stage, the cell exhibits a relative equivalent density of 1.81 and
a relative equivalent volume modulus of 0.82. Based on previ-
ous analysis, it can be concluded that the shrinkage factor en-
hances the equivalent density of the cell and reduces its equiv-
alent volume modulus, thereby providing favorable conditions
for constructing impedance-matched slow sound materials.

The shrinkage factor’s impact on the cell’s equivalent pa-
rameters is thoroughly analyzed in Fig. 4(a). The gray dotted
line represents its influence on the equivalent density, while the
red dotted line represents its effect on the equivalent sound ve-
locity. Additionally, the blue dotted line signifies its impact on
the equivalent volume modulus, and the green dotted line in-
dicates its effect on the equivalent impedance. As depicted in
Fig. 4(a), as the shrinkage factor s gradually increases from
0 to 0.31, several changes occur: firstly, there is a gradual
increase in the equivalent density; secondly, there is a grad-
ual decrease in both the equivalent volume modulus and sound
velocity; lastly, there is also a gradual decrease in impedance
from approximately 1.25. When s reaches around 0.245, spe-
cific values are observed: an equivalence density of exactly 2
for cells, an equivalence sound velocity of precisely 0.5, water-
matching impedance, and an equivalence volume modulus of
exactly 0.5. Figure 5(b) illustrates their structural form at this
point while Fig. 4(c) displays their corresponding band curve.
It reveals the presence of a resonance mode in the cell around
8 kHz, while the low-frequency band preceding 8 kHz exhibits
a stable and broad slow sound speed effect.

To validate the dynamic characteristics of impedance-
matched slow sound cells, an acoustic waveguide comprising
20 cells was constructed using COMSOL Multiphysics soft-
ware (as illustrated in Fig. 5(a)). The dimensions of the waveg-
uide are 13.5 mm × 880 mm. The plane wave is incident from
the left side of the waveguide, then propagates through the cell
array, and exits from the right side. Radiation boundaries are
implemented at both ends to prevent acoustic reflection, while
periodic boundaries are set for upper and lower boundaries.
By evaluating the cell arrays’ reflected and transmitted sound
pressure and comparing them with the incident waves, we can
determine the reflection and transmission coefficients of the
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Figure 5. The acoustic waveguide and sound pressure. (a) Sound waves are generated from the left side of the waveguide, traverse through an array consisting of
20 cells, and emerge from the right side. (b) The location and magnification of the observed line within the cell array. (c) The specific position and magnification
of the observation line in the water region. (d) The total sound pressure distribution in the acoustic waveguide at 3 kHz. (e) The sound intensity transmission
coefficient and reflection coefficient of the cell array. (f) Sound pressure distribution on two observation lines.

cells (depicted as black and red dots in Fig. 5(e)). It illus-
trates that within the frequency range of 500−7500 Hz, the
array demonstrates minimal sound wave reflection, indicating
impedance matching with water. However, transmission grad-
ually decreases in the range of 7500−15000 Hz, suggesting a
gradual mismatch between the array’s impedance and water.
This observation aligns with the local resonance location on
the cell’s band curve (Fig. 4(c)). Moreover, it corresponds to
the progressive deviation of the band curve slope as frequency
increases. Additionally, to validate the slow speed effect, an
analysis of sound pressure distribution inside and outside the
array in the waveguide using a 3 kHz sound wave as an exam-
ple was conducted. The wavelength of a 3 kHz sound wave in
the water is 0.5 m, while the wavelength of the same frequency
in the cell may be 0.25 m. Consequently, an observation line
labeled as Line 1 is selected 0.25 mm above the lower bound-
ary of the cell array with a length of 0.25 m, as depicted by
the red line in Fig. 5(b). Similarly, an observation line named
Line 2 with an equal length is chosen within the water area, il-
lustrated by the red line shown in Fig. 5(c). The overall sound
pressure distribution throughout the entire waveguide at 3 kHz
can be observed in Fig. 5(d), indicating distinct variations be-
tween sound pressure distributions within the array and those
within the water area. The sound pressure distributions along
both observation lines are displayed in Fig. 5(f). It can be ob-
served that Line 2 corresponds to half a wavelength within the

water area, whereas Line 1 corresponds to one full wavelength
of a sound wave within the array. Therefore, it can be con-
cluded that the speed of sound within a single cell is half that
of the speed of sound within water. By combining this trans-
mission curve with observations made along these two lines
regarding sound pressure distribution, it can be proven that the
aforementioned unit cell design exhibits impedance matching
effect and half the speed of sound in water.

3. CONCLUSIONS
The present study introduces four types of square lattice

underwater acoustic metafluid cells, namely AMF1-AMF4,
which share the same geometrical parameters but differ in
frame thickness and shrinkage factors. Analyzing the band
curves, the resonance mode in the low-energy region was de-
fined, and the compression wave mode of the lowest order was
examined. The slope of the compression wave mode curve
provided an equivalent compression wave velocity for a unit
cell, revealing that cells with shrinkage factors generally ex-
hibit lower sound velocities. Considering the obtained equiv-
alent mass density, we also calculated the equivalent volume
modulus for the AMF cells. Therefore, it can be seen that the
cells containing shrinkage factor generally have lower equiva-
lent volume modulus and sound velocity. Surprisingly, despite
having a thicker framework due to its shrinkage factor com-
pared to AMF1 without such a factor, AMF4 still exhibited
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a lower volume module. Therefore, the frame shrinkage of an
AMF cell made it more prone to shrinkage-expansion deforma-
tion, resulting in a decrease in both equivalent volume modulus
and equivalent sound velocity and an increase in the equivalent
density. Then, we investigated how shrinkage factors affected
equivalent parameters through parametric scanning analysis. It
was observed that as the shrinkage factor increased, there was
a gradual increase in the equivalent density of the cell while
the equivalent sound velocity and bulk modulus progressively
decreased. Finally, an impedance-matched element was de-
signed, and the sound velocity was 0.5 times that of water by
using the low bulk modulus effect caused by the frame shrink-
age. By analyzing the transmission and reflection coefficients
of the acoustic waveguide containing 20 cells, we have suc-
cessfully verified the impedance-matching effect of the cell.
Additionally, through an analysis of the sound pressure distri-
bution within and outside the cells in the waveguide, it has been
confirmed that the cell exhibits a sound velocity equivalent to
0.5 times that of water.

The introduction of the proposed shrinkage frame architec-
ture, which engenders the slow sound phenomenon, augments
the structural diversity of acoustic metafluid cells. As a re-
sult of this study, there are anticipated reductions in the frame
thickness of these cells, enhancements in the fabricability of
slow sound entities, and advancements towards the broader ap-
plication of acoustic metafluid in practice.
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