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In this paper, a system consisting of two identical meta-cavities that can generate Mie resonances is pro-
posed, aiming to achieve efficient acoustic transmission enhancement and whisper in the deep sub-
wavelength range. Unlike traditional Mie resonators with zigzag channels, the meta-cavity comprises a
central cavity, four straight channels, and eight interconnected side branch cavities. By placing a mono-
pole source in the center or outside of themeta-cavity, acoustic emission and reception enhancement can
be achieved through monopole resonance, respectively. Considering thermo-viscous loss, The simulation
and experimental results show that the acoustic signal detected using the system with the meta-cavity
radius of 30 mm (0.07k) is enhanced by 36 dB. While ensuring the same reception, it can reduce the
ambient sound pressure level (SPL) by 20 dB to achieve whispering. The system is expected to show sig-
nificant potential in practical applications based on the results.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Acoustic transmission enhancement has attracted more and
more attention due to its broad application prospects in many
acoustic technology fields, such as acoustic communication [1],
sonar systems [2], medical imaging, and diagnostics [3]. The radi-
ated sound power of a monopole source is generally low at low fre-
quencies because it is inversely proportional to the square of the
wavelength. Due to geometric expansion, the sound pressure
amplitude diminishes gradually in free space, severely limiting
the strength of the detected signal at the receiver. Therefore, it is
necessary to improve the capabilities of acoustic emission and
reception. In terms of improving acoustic emission, active devices
(speakers) are often used to amplify acoustic signals. The existing
problems are that the sizes are on the order of magnitude of the
wavelength, the operation is cumbersome, and the SPL of the entire
space is improved so that the signal at the receiver has no advan-
tage and is prone to information leakage. Conventional quarter-
wave resonators [4] and Helmholtz resonators [5] can be used to
improve the ability of acoustic reception. However, the applica-
tions at low frequencies are limited by size because the operating
frequency is closely related to the length of the structure, and poor
robustness is also a complex problem to solve.
In the past few decades, phononic crystals [6–8] and acoustic
metamaterials [9–11] have attracted considerable attention
because of the acoustic properties that are nearly impossible to
achieve in natural materials, such as negative mass density [12],
bulk modulus [11], and shear modulus [13], which provide
unprecedented opportunities for the development of acoustic
transmission enhancement technology. For phononic crystals,
Jiang et al. proposed a phononic crystal device with linear defects,
which showed ideal acoustic wave directivity at the resonant fre-
quency and realized enhanced directional acoustic sensing charac-
teristics [14]. Wu et al. implemented and modeled acoustic energy
harvesting generators based on acoustic wave crystals and piezo-
electric materials. Acoustic waves at resonant frequencies can be
localized in the cavity of the acoustic wave crystal [15]. However,
the existing problem is the large lattice constant at low frequen-
cies. To overcome this shortcoming, small-sized acoustic emission
and acoustic receiver devices are realized based on acoustic meta-
materials [16–18]. Anisotropic acoustic metamaterials typically
rely on resonance effects for acoustic emission and reception
enhancement [19,20]. Liu et al. proposed a rigorous analytical
model theory to demonstrate that anisotropic acoustic metamate-
rials can achieve sound multipole emission enhancement [21].
Song et al. proposed a double-walled metamaterial cavity to suc-
cessfully enhance low-frequency acoustic emission using Fabry-
Perot resonance modes [22]. In addition, increasing the equivalent
refractive index through spatial folding can compress the sound
wavelength and concentrate the sound energy. The sound recep-
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tion can be enhanced by detecting this significantly amplified pres-
sure field, such as tapered metamaterial waveguides [23,24].
Space-coiling metamaterials with constant and gradient channels
[25–28]. Acoustic metasurfaces [29–31], as a class of acoustic
metamaterials, can flexibly control the propagation of sound waves
by adjusting the phase distribution of the sound field by using gen-
eralized Snell’s law. Therefore, it can achieve directional emission
and acoustic focusing [32–34]. Chen et al. designed an acoustically
encoded metasurface lens to achieve broadband tunable focusing
in the air [35]. Jahdal et al. fabricated an acoustic lens to focus
acoustic waves based on the principle that stacking two materials
in different orders and different thicknesses would result in differ-
ent effective input impedances and refractive indices [36].
Recently, a high relative refractive index labyrinth unit with abun-
dant Mie resonances has attracted interest for a wide range of
applications, such as acoustic emission enhancement via the
acoustic Purcell effect [37] and directional emission of low-
frequency acoustic waves via monopole resonances [38]. Zhang
et al. achieved an extraordinary transmission effect with wide tun-
ability from unity to near-zero at low frequencies based on effi-
cient coupling between strong localized sound fields of Mie
resonator dimers [39]. Zhang et al. demonstrated efficient non-
radiative sound transfer over distances hundreds times longer than
the radius of the meta-cavities based on the extraordinary scatter-
ing characteristics of a pair of eight zigzag channels Mie resonator
[40]. Therefore, it inspires us to design a newMie resonance unit to
realize efficient sound transmission enhancement and whisper in
the deep sub-wavelength range.

Based on the analysis above, to obtain satisfactory results, a sys-
tem consisting of two identicalmeta-cavities that can generate Mie
resonances is proposed to obtain satisfactory results. The system
can achieve high-efficiency acoustic transmission enhancement
through the cascade processes of acoustic emission and reception
enhancement, which are realized by monopole resonance. Simula-
tion results show that the acoustic transmission can be enhanced
by 36 dB compared to free space, and the experimental results ver-
ify the simulation conclusion. In addition, the simulation results
prove that while ensuring the same reception, the ambient SPL
can be reduced by 20 dB to achieve the effect of whispering.
2. Structure design, simulation, and mechanism

In this section, through finite element analysis, it is demon-
strated that the proposedmeta-cavity can realize acoustic emission
and reception enhancement, respectively. In addition, the sum of
the SPL gains when the meta-cavity at the transmitter and receiver
exists alone and the SPL gain when the system exists are compared,
which aim to observe the process of improving the sound trans-
mission performance of the system more intuitively.

The efficient acoustic transmission enhancement is realized by
two identical sub-wavelength meta-cavities that can generate
Mie resonances, and the schematic illustration established using
COMSOL Multiphysics 5.5 is shown in Fig. 1. In theory, a common
Fig. 1. Schematic illustration of the system composed of two identical meta-
cavities.
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feature of Mie-resonance particles is the high refractive index rel-
ative to the background medium. In addition to the zigzag chan-
nels, a straight channel with side cavities can achieve a high
refractive index [41]. Therefore, the meta-cavity consists of a cen-
tral cavity, four straight channels, and eight interconnected side
branch cavities. The inner and outer radii are r = 10 mm and
R = 30 mm, respectively. The wall thickness is t = 1 mm, the width
of straight channels is w = 3 mm, and the open width of side
branch cavities is h = 3 mm. The distance between two
meta-cavities is d = 1 m. The ‘‘Acoustic-Thermo-viscous Acoustic
Interaction” module in the finite element software (COMSOL
Multiphysics) is used to evaluate the efficient acoustic transmis-
sion enhancement performance of the meta-cavities. Specifically,
the outside of the meta-cavities employs the ‘‘Pressure Acoustics”
module, and the inside is modeled with the ‘‘Thermo-viscous
Acoustics” module. The frameworks of the meta-cavities are set
as acoustically rigid. The background air parameters are mass den-
sity q = 1.21 kg/m3 and sound velocity c = 343 m/s. A monopole
source with a fixed surface velocity v0 = 1 m/s is placed in the cen-
ter of the meta-cavity (subscript A), and the sound is detected in
another meta-cavity (subscript B) center. Besides, a perfectly
matched layer is added to the outermost layer to eliminate the
effects of reflections.

Fig. 2 demonstrates the mechanism for improving the acoustic
emission and reception efficiencies using the proposed meta-
cavities, and the system can significantly improve the acoustic
transmission efficiency through the cascade processes of acoustic
emission and reception enhancements. Where SPL0, SPL1, SPL2,
and SPL3 respectively represent the SPLs of the receiving end in
four cases (in the free space, in the presence ofmeta-cavities alone,
and simultaneously). SPL1-0, SPL2-0, and SPL3-0 are used as indica-
tors to measure the enhancement of acoustic transmission, repre-
senting the SPL gains in the presence of meta-cavities alone and
simultaneously, respectively. Fig. 2(a) shows the SPL at the receiver
in free space.

When the meta-cavity is placed at the transmitter, the SPL1-0
measured at the receiver is shown in Fig. 2(b). It can be seen that
the enhancement peak appears at 794 Hz, and the SPL1-0 is
18.1 dB, which illustrates that the meta-cavity can improve the
emissivity of the monopole source. It can be seen from the normal-
ized pressure and phase functions that the enhancement peak at
794 Hz corresponds to the first monopole resonance because of
the same acoustic pressure phases in all directions. In acoustic the-
ory, for a monopole source with a given surface velocity U, the
radiated sound power P is determined only by the radiation resis-
tance Re(Z) because of P = U2Re(Z)/2. Therefore, the mechanism of
the improved acoustic emissivity through the meta-cavity is
obtained, that is, increasing the radiation resistance of the mono-
pole source through monopole resonance. To verify the above con-
clusion, the acoustic radiation resistances Re(Z1) and Re(Z0) are
calculated from the ratio of the acoustic pressure on the surface
of the monopole source to the normal velocity, and the results
are shown in Fig. 2(c), which show an order of magnitude improve-
ment in radiation resistance in the presence of meta-cavity com-
pared to free space. In addition, the peak appeared in Re(Z1) at
794 Hz, which is consistent with the frequency at the enhanced
peak in Fig. 2(b). The simulation results further confirm the mech-
anism of using the meta-cavity to improve acoustic emission effi-
ciency. When the meta-cavity is placed at the receiver, the SPL2-0
is shown in Fig. 2(d), the enhancement peak also corresponds to
796 Hz, and the SPL2-0 is 18.1 dB. To analyze the reason for the for-
mation of the enhancement peak, we investigate the pressure and
phase functions in the meta-cavity at 796 Hz, which show the fea-
tures of Mie resonance. The equally distributed phase along all
directions indicates the generation of the first monopole
resonance, which concentrates the acoustic energy in the



Fig. 2. (a) SPL at receiver in free space. (b) SPL gain in the presence of meta-cavity at the transmitter compared to free space. (c) Radiation resistance of the monopole source
with or without metamaterial at the transmitter. (d) SPL gain in the presence of meta-cavity at the receiver compared to free space. (e) The SPL gain in the presence of the
system and the sums of SPL gains in the presence of meta-cavities alone. (f) The relationship of SPL3-0 /(SPL1-0 + SPL2-0)and d/k.
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meta-cavity. The following conclusion is drawn from the above
analysis: Placing the monopole sound source in the center and out-
side of the meta-cavity can achieve acoustic emission and recep-
tion enhancement through monopole resonances. In addition,
further studies of eigenstates show other resonant modes of the
proposed meta-cavity (Supplementary Note 1).

Next, to observe the process of improving the sound transmis-
sion efficiency of the system more intuitively, we compare the
SPL3-0 in the presence of the system and the sums of SPL1-0 and
SPL2-0, and the results are plotted in Fig. 2(e), where the red and
black curves represent SPL3-0 and SPL1-0 + SPL2-0, respectively, it
can be seen that the two curves are almost completely fitted,
which shows that the operation of the system can be regarded as
the cascaded processes of acoustic emission and acoustic
reception.

When the sound wave is incident on the metamaterial at the
receiver, scattering will inevitably occur, and the scattered waves
generated by different parameters d may have different effects
on the SPL gain generated by the system. To avoid the system
can only exhibit such performance when the parameter d takes a
specific value, in Fig. 2(f), we calculate the relationship between
SPL3-0 /(SPL1-0 + SPL2-0) and d/k to evaluate the effect of distance
on the cascaded processes. It can be seen that SPL3-0 /
(SPL1-0 + SPL2-0) oscillates near 1, but the maximum oscillation
Fig. 3. The relationship between the SPL gain of the s
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amplitude is only 0.06 and becomes smaller as d/k increases. The
result further shows that the cascaded processes are not limited
by the distance between the transmitter and the receiver, which
can significantly broaden the application field.

3. Effect of the key parameters on the acoustic transmission
performance

In this section, the effects of the critical parameters of
meta-cavity on acoustic transmission performance are investigated
thoroughly through finite element simulation, aiming to provide
general rules for the design of meta-cavity in practical application.

First, the relationship between the parameter h and the SPL gain
in the presence of the system is investigated. Fig. 3(a) shows the
simulated SPL gain of different m. The black, red, blue, and green
lines represent the SPL gain when h = 2 mm, 3 mm, 4 mm, and
5 mm. The other parameters r = 10 mm, T = 1 mm, R = 30 mm
and w = 3 mm remain unchanged. It can be seen that with the
increase of h, the frequency corresponding to the enhancement
peak increases and the peak value gradually decreases. This behav-
ior can be explained from a superficial perspective: themeta-cavity
can be equivalent to a spring-mass system, where the channel is
equivalent to mass, respectively, and the cavity is equivalent to
spring with stiffness k. When h increases, the equivalent mass
ystem and the parameters h (a), w (b), and R (c).
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and quality factor of the system decrease so that the resonant fre-
quency increases and the peak value decreases. Fig. 3(b) shows the
SPL gain with different w, where the parameter w is chosen as
2 mm, 3 mm, 4 mm, and 5 mm, and the other parameters
r = 10 mm, T = 1 mm, R = 30 mm, and h = 3 mm remain unchanged.
It can be found that with the increase of w, the frequency corre-
sponding to the enhancement peak gradually increases, the ampli-
tude of the increase gradually decreases, and the corresponding
peak value gradually decreases. The result is also caused by the
reduction of the equivalent quality and quality factor of the
system.

Fig. 3(c) shows the SPL gain with different R, where the param-
eter R varies from 20 mm to 35 mm, and the other parameters
remain unchanged. Obviously, with the increase of R, the fre-
quency corresponding to the enhancement peak decreases, the
magnitude of the decrease decreases, and the corresponding peak
value increases. The reasons for the above are that the increased
R increases the structure size, and the resonance frequency
decreases from the inverse relationship between wavelength and
frequency. The above discussion has important guiding signifi-
cance for choosing appropriate parameters in practical
applications.
Fig. 4. (a) Sound pressure field in free space when the monopole source has a fixed surfa
when the monopole source has a fixed surface velocity of v1 = v0/61. (c) Sound pressure fi
(d) The SPL along the x-direction when y = 0 in the above three cases.
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4. Realization of private transmission of acoustic signals by
whisper

In terms of the monopole source, due to the geometric expan-
sion and loss, the sound pressure in the circle with the monopole
source as the center and the parameter d as the radius is greater
than that at the receiver. Therefore, it is easy to leak during the sig-
nal transmission process, and private sound transmission cannot
be performed. In this section, we demonstrate the private trans-
mission of acoustic signals through the system by whisper.

The whispering process refers to focusing a highly amplified
sound signal from a sound source to a specific location and reduc-
ing the sound pressure of the surrounding environment. Next, we
will demonstrate how the meta-cavities system achieves the pro-
cess. As shown in Fig. 4(a), in free space, when the fixed surface
velocity of the monopole source is v0 = 1 m/s, the SPL at the recei-
ver at a distance of one meter is 96.8 dB. It can be seen that the SPL
within one meter of the transmitter is higher than the receiver,
which means we can steal the signal from somewhere else and
the result might be better. When we place a sound source with a
fixed surface velocity of v1 = v0/61 at the center of one meta-
cavity, the SPL we detect at the center of the other meta-cavity is
ce velocity of v0 = 1 m/s. (b) The sound pressure field in the presence of the system
eld in free space when the monopole source has a fixed surface velocity of v1 = v0/61.
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also 96.8 dB. The result is shown in Fig. 4(b). It can be seen that the
SPL in the surrounding space is much lower than that of the trans-
mitter and the receiver so that the signal can be prevented from
being stolen while ensuring that the information transmission is
not affected. When the sound source with a fixed surface velocity
of v1 = v0/61 is in free space, the SPL at the receiving end is only
60.8 dB, and the result is shown in Fig. 3(c). Next, the SPL profiles
of the straight-line path from the transmitter to the receiver are
plotted in Fig. 3(d). The red, the blue, and the black lines are
respectively the results of the following three cases: a monopole
source with a surface velocity of v = 1 m/s in free space, a mono-
pole source with a surface velocity of v1 = v0/61 in the system,
and a monopole source with a surface velocity of v1 = v0/61 in free
space. It can be seen from the red and blue lines that the SPL of the
surrounding environment is reduced by an average of 20 dB under
the condition that the received signal is not affected, thereby, the
concealment of signal transmission is improved, and the signal is
Fig. 5. (a) Photograph of the experimental setup. (b)-(d) Experimental and simulatio
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prevented from being stolen. It can be seen from the blue and black
lines that the SPL at the receiver is increased by 36 dB when the
system is present. By comparing with Fig. 2(e), we find that effi-
cient and stable acoustic transmission enhancement can be
achieved at a specified location, no matter which monopole source
is used.

5. Experiments

In this section, we experimentally measure the SPL gains at the
receiver in the presence ofmeta-cavities alone and simultaneously,
respectively, and compare it with the simulation results. The high-
efficiency acoustic transmission enhancement performance of the
system is further verified. The experimental setup is shown in
Fig. 5(a). Through 3D printing technology, the meta-cavities are
precisely fabricated using epoxy resin. Due to the significant
acoustic impedance mismatch between the air and epoxy resin,
n measured SPL gain in the presence of meta-cavities alone and simultaneously.
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the samples can satisfy the hard acoustic field boundary conditions
used for the simulation, which are sandwiched between two-
dimensional waveguides composed of two parallel acrylic plates.
The height of the two experimental samples is 10 mm, and the dis-
tance between them is 1 m. The monopole source and microphone
are separately placed in the center of the samples and sealed, and
the sound-absorbing sponge is placed at the boundary of the
waveguide. The sound pressure amplitudes are measured by a dig-
Fig. 6. (a) SPL gain compared to free space at the receiver in the presence of the system a
free space (b), the large obstacle exists (c), the system exists (d), and the large obstacle an
in the presence of the system and 28 randomly distributed scatterers. The sound pressur
exist (g), and the 28 randomly distributed scatterers and the system exist simultaneous
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itizer with a frequency range of 500–1200 Hz. The results are
shown in Fig. 5(b)-(d), where the blue line and red dot represent
the SPL gain obtained by simulation and experiment, respectively.
The experimental and simulation results have the same trend,
which confirms that placing a monopole source in the center or
outside of the meta-cavity can achieve acoustic emission and
reception enhancement through monopole resonance, respec-
tively. Furthermore, the system is demonstrated to achieve effi-
nd a large obstacle. The sound pressure field at 794 Hz for the following four cases:
d system exist simultaneously (e). (f) SPL gain compared to free space at the receiver
e field at 794 Hz for the following two cases: the 28 randomly distributed scatterers
ly (h).
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cient acoustic transmission enhancement through a cascade pro-
cess of acoustic emission and reception enhancement. The devia-
tion between the experimentally measured SPL gain and the
simulation results can be attributed to the instability of the mono-
pole source and the roughness of the sample surface caused by the
3D printing error.
6. Robustness of the system and extended applications

In this section, a larger obstacle or randomly distributed scatter-
ers are placed between the transmitter and receiver to verify the
robustness of the system. Furthermore, we demonstrate the
extended applications of the system. Such as placing meta-
cavities on multiple receivers can enhance multi-target acoustic
transmission and underwater acoustic transmission enhancement.

First, we discuss in detail the performance of the system with a
large obstacle or randomly distributed scatterers placed between
the transmitter and receiver. The results show that the system
has good robustness. In the presence of the system, when a large
obstacle with a length of 500 mm and a width of 10 mm is placed
at a distance of 130 mm from the receiver, the SPL gain of the recei-
ver is plotted in Fig. 6(a). It can be seen that the peak value of the
enhancement peak is 33.2 dB, and the corresponding frequency is
794 Hz. In the absence of the obstacle, the peak value of the
enhancement peak is 36.0 dB, and the corresponding frequency
is 794 Hz. Next, for comparison, we calculated the sound pressure
field at 794 Hz for the following four cases: free space, the system
Fig. 7. (a) Schematic illustration of system setup for multi-target acoustic transmission e
field in the presence of the system when the monopole source has a fixed surface veloc

Fig. 8. (a) SPL gain in the presence of the system at the receiver compared to underwater
respectively.
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and the obstacle exist separately and simultaneously, the results
are shown in Fig. 6(b)-(e). It can be found that, compared with
the free space, the SPL at the receiver is significantly lower when
the obstacle exists alone. Compared with the existence of the sys-
tem alone, the SPL at the receiver is slightly reduced when the
obstacle and the system exist at the same time, but there is a sig-
nificant gain in the SPL compared with the free space.

In the presence of the system, when 28 scatterers with a radius
of 3 mm and an acoustically rigid boundary are randomly placed
between the transmitter and receiver, the SPL gain of the receiver
is shown in Fig. 6(f). It can be seen that the peak value of the
enhancement peak is 37.4 dB, and the corresponding frequency
is 790 Hz. Compared to the case without the scatterers, the peak
value of the enhancement peak is even higher, and the correspond-
ing frequency is slightly decreased, indicating that the system still
has an excellent performance in the very complex sound propaga-
tion situation in the presence of the scatterers. The sound pressure
field diagrams for the following two cases are plotted in Fig. 6(g)-
(h), respectively: the scatterers exist alone, and the scatterers and
the system exist simultaneously. In conclusion, the above analysis
demonstrates that the system has excellent robustness to various
obstacles.

Next, multi-target acoustic transmission enhancement is
achieved by placing meta-cavities on multiple receivers, and the
specific setup is shown in Fig. 7(a). A monopole source with a fixed
surface velocity of 1 m/s is placed in the meta-cavity (subscript A),
and other three meta-cavities for the receiver (subscript B-D) are
nhancement, where d1 = 1000 mm, d2 = 500 mm, d3 = 800 mm. (b) Sound pressure
ity of v0 = 1 m/s.

free space. Sound pressure fields in the presence of the system (b) and free space (c),
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scattered around A with the distances of 1000 mm, 500 mm, and
800 mm, respectively. The sound pressure field for multi-target
acoustic transmission enhancement is plotted in Fig. 7(b). It can
be seen that the SPLs at the three receivers are 134.2 dB,
137.5 dB, and 131.5 dB, which are significantly higher than that
at other surrounding locations. The results show that acoustic
transmission enhancement can be realized at multiple specified
locations by placing meta-cavities on multiple receivers.

Finally, the underwater high-efficiency acoustic transmission
enhancement is investigated by full-wave numerical simulation.
To avoid thin-wall vibration, the parameters of the meta-cavity
are set as R = 100 mm, r = 20 mm, d = 4 m, and t = w = h = 10 m
m. The simulation results are shown in Fig. 8(a). It can be seen that
the frequency corresponding to the enhancement peak is 1194 Hz,
and the SPL gain is 39.6 dB. The sound pressure fields are plotted in
Fig. 8(b)-(c) for the following two cases: in free space and the pres-
ence of the system. It can be seen that in free space, the SPL of the
receiver is 183.4 dB and the sound pressure within 4 m of the
transmitter is higher than that of the receiver. However, when
the system exists, the SPL at the receiver is 223.0 dB, and the sound
pressure in the surrounding space is much lower than that of the
transmitter and receiver. The above analysis shows that the system
can still be used for efficient sound transmission enhancement and
whisper underwater. Moreover, we further demonstrate the excel-
lent performance of the proposed system by comparing it with
classic Helmholtz resonators (Supplementary Note 2).
7. Conclusion

In conclusion, a system consisting of two identicalmeta-cavities
is proposed to achieve efficient sound transmission enhancement
and whisper. The meta-cavity is composed of a central cavity, four
straight channels, and eight interconnected side branch cavities,
which can improve the radiation resistance by changing the exter-
nal environment of the monopole source through monopole reso-
nance to achieve acoustic emission enhancement. In addition,
acoustic reception enhancement can be achieved by concentrating
acoustic energy through monopole resonance. The system can
achieve high-efficiency acoustic transmission enhancement
through the cascade processes of acoustic emission and reception
enhancement. The dependence of acoustic transmission enhance-
ment on the meta-cavity parameters is investigated thoroughly.
By increasing h and w and decreasing R, the frequency correspond-
ing to the enhancement peak gradually increases, and the corre-
sponding peak value gradually decreases. The simulation and
experimental results show that compared with free space, the
sound transmission can be enhanced by up to 36 dB, and we can
also perform multi-target acoustic transmission enhancement. In
addition, the simulation results prove that the ambient SPL can
be reduced by 20 dB under the condition of ensuring the same
reception to achieve whispering. Moreover, the filling rate
(14.4 %) of the proposed meta-cavity is much lower than that of
conventional zigzag channels Mie resonator. The study provides
new guidance for the realization of acoustic transmission enhance-
ment and whispering. The system has good robustness and great
potential for practical applications, such as the detection of weak
signals and underwater long-distance acoustic communication.
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