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Efficient acoustic communication across the water-air interface remains a great challenge owing to the extreme acoustic
impedance mismatch. Few present acoustic metamaterials can be constructed on the free air-water interface for enhancing the
acoustic transmission because of the interface instability. Previous strategies overcoming this difficulty were limited in practical
usage, as well as the wide-angle and multifrequency acoustic transmission. Here, we report a simple and practical way to
obtain the wide-angle and multifrequency water-air acoustic transmission with a tunable fluid-type acoustic metasurface (FAM).
The FAM has a transmission enhancement of acoustic energy over 200 times, with a thickness less than the wavelength in water by
three orders of magnitude. The FAM can work at an almost arbitrary water-to-air incident angle, and the operating frequencies
can be flexibly adjusted. Multifrequency transmissions can be obtained with multilayer FAMs. In experiments, the FAM is
demonstrated to be stable enough for practical applications and has the transmission enhancement of over 20dB for wide
frequencies. The transmission enhancement of music signal across the water-air interface was performed to demonstrate the
applications in acoustic communications. The FAM will benefit various applications in hydroacoustics and oceanography.

1. Introduction

Efficient communication across the water-air interface that
covers over 70% of the Earth’s surface has wide applications
such as developing ocean networks [1], studying marine life
[2–4], geological survey [5, 6], and remote sensing [7, 8].
Although both electromagnetic and acoustic waves can be
used for communication in the air, acoustic waves are
usually the only practical way to transmit information

underwater because electromagnetic waves are rapidly atten-
uated [9]. Thereby, acoustic waves are an effective tool to
connect the ocean, atmosphere, and land. However, when
a sound impinges on the water-air interface, only 0.1% of
the acoustic energy can be transmitted (namely, 30 dB loss)
due to a large ratio of about 3600 in the acoustic impedances
[10]. Acoustic metamaterials are promising to solve this
challenge owe to the significant advantages in subwavelength
manipulation of sound waves [11–13], whereas current

AAAS
Research
Volume 2021, Article ID 9757943, 14 pages
https://doi.org/10.34133/2021/9757943

https://orcid.org/0000-0001-8729-5240
https://orcid.org/0000-0001-8460-2110
https://orcid.org/0000-0001-6963-9230
https://orcid.org/0000-0002-4894-1892
https://orcid.org/0000-0002-0267-3917
https://orcid.org/0000-0002-7545-4213
https://doi.org/10.34133/2021/9757943


acoustic metamaterials are usually used in a homogenous
media such as air and water [14–16]. Their resonant elements
such as tensioned membranes [15, 17, 18], elastic plates [19],
Helmholtz resonators [16, 20], coiling-up space structure
[21], and Mie resonators [22] are difficult to be constructed
on the free water-air interface for acoustic transmission due
to the interface instability, especially when metamaterials have
a density larger than that of water. Although some efforts were
made to achieve the water-air acoustic transmission, for exam-
ple, utilization of evanescent plane waves [23, 24], membrane-
type metasurface [10], and coupled resonant bubbles [25–27],
there are no simple and practical methods yet to realize effi-
cient water-air acoustic transmission, especially enabling the
wide-angle and multifrequency transmission.

Here, we report a simple method to achieve the wide-angle
and multifrequency water-air acoustic transmission by locking
an air layer underwater using a hydrophobic solid substrate
consisting of many hollow cells. The air in each cell and the
upper water form a meta-atom of the fluid-type acoustic
metasurface (FAM). The FAM has a thickness of less than a
thousandth of the wavelength of sound in water, with the oper-
ating frequency range of 10Hz~4000Hz and energy transmis-
sion enhancement of over 200 times. We demonstrate that the
FAM is robust and tunable, namely, a single FAM can work
at different frequencies just by changing the immersion depth
of the solid substrate. The mechanism is that the operating fre-
quency is sensitive to the immersion depth while the energy
transmission coefficient is not. The FAM can also apply to the
water-to-air wide-angle incidence, which benefits from the
small critical angle of total reflection at the water-air interface.
Besides, the multifrequency transmission can be achieved by
multilayer FAMs, and the supertransmission frequencies can
be predicted analytically. For practical applications, the FAM
exhibits good disturbance resistance and over four months’ sta-
bility. Experiments and simulations reveal the FAM has a trans-
mission enhancement of over 20dB for wide frequencies and an
incident angle of 0~80°. By exhibiting the transmission
enhancement of the music signal, we demonstrated that FAM
has practical applications in acoustic communications and
sensing.

2. Results

2.1. Design of the FAM. A poem said that the furthest distance
in the world is that of fish and birds. Actually, the “remote dis-
tance” is not only from their entirely different habitats but also
from the difficult acoustic communication across the air-water
interface [28]. Here, we construct a FAM that enables an effi-
cient sound transmission across the air-water interface
(Figure 1(a)). Detailed design of the FAM is shown in
Figures 1(b) and 1(c). An air layer with a thickness of d is
trapped into the hydrophobic solid structure that contains
arrays of hollow cells. The cuboid cells have the height of d

and side length of a, and solid walls among cells have the thick-
ness of w. Four square prisms were added at side edges to pre-
cisely control the immersion depth of h by balancing gravity
and buoyancy force (Note S1). The air bubbles in the cells
and the upper water serve as meta-atoms of the FAM [10].
The frequencies of enhanced transmission are determined by
h, d, a, and w (Figure 1(d)). Once the solid structure is
immersed into water, the air layer will be automatically located
at a certain immersion depth, and the frequencies of
enhanced transmission are decided. Besides, the operating
frequency of the FAM is tunable [29]. By changing the
immersion depth manually, the FAM can work at various
frequencies (Figure 1(e)). It suggests that the FAM can enhance
the sound transmission over 20dB over a large range of fre-
quencies. Moreover, the transmission enhancing effect still
exists for the oblique incidence from 0 to 75° (Figure 1(f)).

2.2. Principle of the FAM. To explain the anomalous
transmission above, we first consider the ideal case that a flat
air layer is inserted into water (Figure 2(a)). For simplification,
the thermoviscous loss is not considered at this stage until dis-
cussing acoustic experiments. When the sound from air
impinges on the structure in Figure 2(a), the water layer will
oscillate integrally because the thickness of h is much less than
the wavelength, and the air is compressed or expanded with
the water layer. Namely, the water serves as a mass and the
air as a spring. Consequently, the propagation of sound in the
water layer can be neglected. The assumption above is similar
to that of Helmholtz resonators [16] and hybrid resonance of
membrane-type acoustic metamaterials [10, 18]. The acoustic
impedance of the mass-spring system (Zd) can be represented
by the impedance at x = −d with the equation [10] (Note S2),

Zd =
Zw
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w/Z2

a − 1
� �

sin2 kadð Þ
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kahρwca
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−
Za

2
Z2
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where Za = ρaca/S and Zw = ρwcw/S are the acoustic impen-
dence of air and water, respectively, ρa, ca and ρw, cw are the
mass density and phase velocity of air and water, respectively.
ka is the wavenumber of sound traveling in air, and S is the
cross-sectional area of the air and water layer. With the imped-
ance matching condition (IMC) that Zd = Za, and the con-
straints that Zw > >Za and kad < <1, the frequency of unity
transmission (f u) can be obtained as f u = ca/2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρa/hdρw

p
,

with the precondition that h/d = cw/ca. The f u also equals the
natural resonant frequency of the water-air mass-spring system
(Note S2). The relation of h, d, and f u is plotted in Figure 2(b).
For the general case, an analytical model (Note S3) was made to
calculate the energy transmission coefficient (τ) for other
frequencies,

τ = 4Zw/Za

1 + Zw/Zað Þð Þ cos kad − ωρwhZw/SZ2
a

� �
sin kad

� �2 + 1 + Zw/Zað Þð Þ sin kad + ωρwh/SZað Þ cos kad½ �2
, ð2Þ
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where ω is the angular frequency of the sound. The analyti-
cal model agrees well with the IMC and FEM calculations
(Figure S1). By taking the first derivative of equation (2)
with respect to frequency, we found that the frequency
(f max) of the maximum energy transmission coefficient
(τmax) exactly equals to the f u, and the corresponding τmax

is τmax = 4cw/ca/ðcw/cw
ffiffiffiffiffiffiffi
d/h

p
+

ffiffiffiffiffiffiffi
h/d

p Þ2 (Note S4). The
relation between τmax and h/d is plotted in Figure 2(c), and
τmax reaches 1 when h/d = cw/ca. The results suggest, for
the ideal water-air mass-spring system, the maximum
transmission always occurs at its natural resonant frequency.
The value of hd determines the fmax while h/d decides the
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Figure 1: The design of the fluid-type metasurface for water-air acoustic transmission. (a) The FAM enables the communication between
fish and birds. (b) and (c) The side and top view of the structure of metasurface. (d) The unit of the FAM for finite element method (FEM)
calculations. (e) The transmission enhancement of the FAM vs. frequency is obtained with the FEM calculations. The parameters of d, a, and
w are fixed as 5.11mm, 3mm, and 1.2mm, respectively. The variable h is defined by the different k. (f) The FEM results for the water-to-air
oblique incidence with an angle of θwi. The k is fixed as 1.6, and other parameters are same as in (e). The thermal and viscous losses are
considered in (e) and (f).

3Research



(a) (d)

(b) (e)

(c) (f)

Air Water

0–d
h d

S S

fu (Hz)

h (mm)

d (mm)

h/d = cw/ca≈ 4.3

100 200 300 400 500 600 700 900 1000800

27

24

21

18

15

12

9

6

3

0

(cw/ca)
h/d

𝜏 m
ax

0 1 2 3 4 5 6 8 97 10

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

h/d = cw/ca≈ 4.3

Air Water

h d

0

S Sd

Solid

–d

Frequency (Hz)
𝜏

360 380 400 420 440 460 480 520 540500

No air
No solids
PDMS
Rubber

Hard

Nylon
Steel

Air Solid

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

f
m

ax
 (H

z)

𝛽

h

S

𝛽S
h/4.3𝛽

0.0 0.2 0.4 0.6 0.8 1.0

500

490

480

470

460

450

440

430

420

410

Figure 2: The principle of the FAM. (a) Schematic illustration of the ideal FAM without solid structure. (b) The frequency of unity
transmission (f u) varying with h and d with the IMC calculation. (c) The maximum energy transmission coefficient (τmax) varying with
h/d (Note S4). (d) Schematic illustration of the real FAM. The cross-sectional area changes from S to Sd due to the solid structure.
(e) The effect of solid properties on the f max shift. The parameters are h = 7:91mm and d = 1:84mm for the case without the solid,
and a = 1:5mm and w = 0:3mm are added for the case with the solid. It suggests the effect of solid properties on fmax can be neglected if
the solid is harder than the rubber. The notation “hard” represents the hard boundary condition. (f) The fmax varies with β by the FEM
calculations. When β is small, the vibration of the water layer is confined by the solid structure, hence, fmax decreases as β decreases. This
effect can be negligible when β > 0:64. The parameters are h = 7:91mm, a = 3mm, d = h/4:3β, and w = að1 − ffiffiffi

β
p Þ, while d and w are

variable with β for satisfying h/βd = cw/ca. The analytical model always predicts that fmax (about 500Hz) regardless of β because it does
not consider the solid constraint effect.
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τmax. Only when the IMC of h/d = cw/ca is satisfied, the f u
exists and accordingly, τmax = 1. The curves in Figures 2(b)
and 2(c) also suggest the fmax is sensitive to h and d but τmax
is not. For example, τmax remains over 50% for h/d varying
from 0.3 to 25. Therefore, the FAM is robust and tunable. By
varying the immersion depth h, the FAM can work at
different frequencies with an insignificant influence on τmax
(Figure 1(e)).

2.3. Effect of the Solid Structure. The ideal water-air metasur-
face above is impractical because of the fluid instability from
buoyancy of the air layer. Thus, we use a hydrophobic solid
structure to trap the air layer (Figure 2(d)). The effect of the
solid structure on the acoustic transmission should be firstly
considered. Figure 2(e) suggests the shift of fmax mainly
arises from the volume change of air in the cell because the
cross-sectional area shrinks from S to Sd , while the solid
properties such as elastic modulus contribute little to the
fmax shift. To modify the model, a parameter β = Sd/S is
defined, and the corresponding Zd and τ are modified
accordingly (Note S5). The maximum transmission fre-
quency changes to fmax = ca/2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρa/hdβρw

p
, and the IMC

changes to h/βd = cw/ca. Therefore, the fmax is determined
by hβd, and τmax is decided by h/βd. The predictions above
agree well with the analytical model and FEM calculations
(Figure S2). However, when β is small, the analytical
solution and the IMC calculations in Note S5 will deviate
from the FEM calculations because the former consider
no solid constraint effect. Actually, the vibration of water
is constrained by the solid due to the large change of
the cross-sectional area. Figure 2(f) shows the deviation
will be obvious when β < 0:5. Without regard to this
effect, the analytical solution can be used to predict the
effect of h, d, a,w on the fmax and the corresponding τmax
(Figure S3).

2.4. Multifrequency Acoustic Transmission with Multilayer
FAMs. It has been demonstrated an effective way to use
the multiple resonators for the perfect multifrequency sound
absorption [30]. Here, we demonstrate that it can also be
used for multifrequency water-air acoustic transmission.
As the natural resonant frequency of the water-air mass-
spring system corresponds to the fmax, therefore, fmax can
be predicted by the vibration analysis. We first considered
the hollow cells with different side lengths (marked with a
and c) and the same wall thickness of w (Figure 3(a)). The
equivalent mass-spring model is the parallel mass-spring
system (Figure 3(b)). The natural frequency is the ratio of
the sum of masses and the sum of spring constants [31, 32].
Combining mass and spring constant formula in Note S5
and βi = ðai −wÞðci −wÞ/aici, the effective spring constant
ke = ρac

2
a∑

m
i=1a

2
i c

2
i /dðai −wÞðci −wÞ, and effective mass me =

∑m
i=1haiciρw. The maximum transmission frequency (f e max)

can be obtained as (Figure 3(b))

f e max =
ca
2π

ffiffiffiffiffiffiffiffiffiffiffi
ρa

ρwhd

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
m

i=1

a2i c
2
i / ai −wð Þ ci −wð Þ

∑i=m
i=1 aici

s
, ð3Þ

where m is the total number of cells. Equation (3) agrees
well with the FEM calculations (Figure S4), thus, it can be
used to predict the f e max for cells with various different
parameters. Next, the multilayer FAMs were considered
for achieving the multifrequency supertransmission. The
multilayer FAMs can be treated as the series mass-spring
system (Figures 3(c) and 3(d)). We first considered the
four layers with the analytical model in Note S3, and the
energy transmission coefficient is obtained with iterative
computations. The obtained analytical solution agrees well
with FEM calculations (Figure 3(e)). The four-layer FAMs
have four frequencies of unity transmission, and each of
them corresponds to a mode of vibration (Figure S5).
Assuming the direction of the air spring compression is
positive, four modes of vibration can be marked as ð+, + ,
+ , + Þ, ð+, + , 0, −Þ, ð+, − , − , + Þ, and ð+, − , + , − Þ. To
predict the frequencies of unity transmission for the FAMs
with an arbitrary finite number of n layers, the multidegree
freedom mechanical vibration analysis [31, 32] is conducted
in Note S6. Considering the simplest condition that all
the water and air layers are, respectively, identical, and
ω0 is the angular resonant frequency for one layer (n = 1),
the angular resonant frequencies of unity transmission for
the arbitrary n-layer FAMs can be expressed as

ω = ω0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 − α − α−1

p
, ð4Þ

where α satisfies the equation

α2n+1 + 1
α + 1 = 0: ð5Þ

The n-layer structures have n angular frequencies of
unity transmission, and all of them are between 0 and 2ω0,
namely, 0 < ω ≤ 2ω0 (Note S6). Assuming that frequency of
unity transmission for one layer is 500Hz, by substituting
n = 50 to equations (4) and (5), the 50 frequencies of unity
transmission are obtained, which agree well with the FEM
calculations (Figure 3(f)).

2.5. Preparation and Stability of the FAM. Next, we prepared
the FAM sample and analysed its stability for practical appli-
cations. Nylon material is selected for 3D printing because of
its hydrophobicity, with the contact angle and advancing
angle (θad) on the printed surface of 115 ± 5° and 135 ± 5°,
respectively (Figure S6). The hydrophobicity enables it easy
to trap air bubbles while being immersed in water (Movie
S1). The solid structure is automatically immersed into a
certain depth where the gravity balances the buoyancy
force (Figure 4(a)). The air in each cell forms a closed
bubble (Figure 4(b)), and the detailed formation process is
shown by the FEM simulation (Figure 4(c) and Movie S2).
For trapping the air layer successfully, the solid structure
should obey two principles. First, the bubble size (a −w)
should be smaller than the capillary length (about 2.7mm)
for the surface tension being dominated [33]. Besides, the
maximum Laplace pressure at the bottom air-water interface
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should always exceed the liquid static pressure of ρwðe + d
Þg during the formation process (Figure 4(d)), otherwise,
water will penetrate into the cells [34, 35]. Therefore, the
parameters a, w, and d should satisfy the inequation
(Note S7)

2k−1 sin θad
2 + d

� �
a −wð Þ < −4k−2 cos θad , ð6Þ

where k−1 is the capillary length and equals
ffiffiffiffiffiffiffiffiffiffiffiffiffi
σ/ρwg

p
, σ is

the surface tension of water, and g is gravity acceleration.
Once the bubbles are formed, they can be very stable. The
immersion depth has a large influence during the bubble
formation process because the process is isobaric. At first,
the pressure in the cell is always P0, and if the immersion
depth is large enough, the static pressure will exceed the
maximum Laplace pressure (Figure 4(d)), then, water will

penetrate into the cells. But once the bubbles are formed,
the immersion will change to an isothermal process. The
pressure P in the cell can increase by shrinking bubbles to
resist the static pressure, which greatly weakens the
influence of immersion depth. Actually, the closed bubbles
even can sustain the vertical motion between the solid
and water. The critical state that bubbles depart from the
cells is shown as Figure 4(e). Using the dynamic pressure in
Bernoulli equation [36], the allowed maximum speed vmax can
be expressed as vmax =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8σð1 − cos θadÞ/ρwða −wÞ − 2gd

p
(Note S8). The parameters in Figure 4(a) are a = 3mm,
w = 1:2mm, d = 5:1mm, and θad = 135°. For σ = 72mN/m,
g = 9:8N/kg, ρw = 998 kg/m3, the vmax is 0.67m/s. The
stability of the formed bubbles was demonstrated
experimentally, and none of the shearing motion (Movie
S3), vertical motion (Movie S4), and water wave
disturbance (Movie S5) show obvious influence on the
bubbles. When d is large, satisfying equation (6) will be
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Figure 3: The parallel and series mass-spring model for predicting the f max. (a) Schematic illustration of the FAM with different bubble
sizes. Every bubble in the cells is numbered. The ith bubble has the side lengths of ai and ci, and the wall thickness is w, thus, the
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difficult, and the vertical immersion method can be used
(Figures 4(f) and 4(g)). The corresponding constraint

equation changes to a −w <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−8k−1 cos θad

q
(Note S7).

The advantage of this method is shown in Movie S6.

2.6. Temperature Dependence. In practical applications, the
FAM mainly faces challenges in three aspects, the liquid

pressure, air dissolution, and temperature change. The
FAM is usually close to the water-air interface. The liquid
pressure is consequently very small compared with the
atmospheric pressure, and air is almost saturated in the
water. Therefore, the effect of pressure and dissolution can
be neglected. It was found that bubbles prepared four
months ago were still stable, which confirms this assump-
tion. By considering the effect of temperature on the bubble
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volume, the upper water layer (Figure 4(h)), the density, and
acoustic speed, the temperature dependence of the FAM
has been studied (Note S9). It suggests when the tempera-
ture varies from 60°C to 5°C, the fmax will increase by
about 10%, and the corresponding τmax undergoes little
changes (Figure 4(i)). For simplification, the dependence
of the maximum transmission frequency of fmaxðTÞ on
temperature can be approximately expressed as f maxðTÞ ≈
fmaxðT0Þ

ffiffiffiffiffiffiffiffiffiffi
T0/T

p
, where T < T0. The ultrathin property of

the FAM and its operating frequency range are also impor-
tant for practical applications. The ultrathin property can
be characterized by λw/d, where λw is the wavelength at
fmax in water, and λw/d = 2πcw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρwhβ/ρad

p
/ca. Provided that

h/βd = cw/ca is satisfied, the λwater/d = 1611β. The wave-
length is usually over 1000 times larger than the printed
thickness d, and the value can be larger for other structures
(Figure S7). Considering the wavelength of sound in air
(λair), it shows that λair is also over 200 times larger than d.
Because d is usually at the millimeter scale, the multilayer

FAMs are suitable for achieving multifrequency transmission.
Assuming the height of the structure by 3D printing can be
up to 10cm, and the water layer less than 1mm is
impractical, the operating frequency range is estimated as
10Hz~4000Hz (Figure S8).

2.7. Acoustic Performance of the FAM. Next, we demonstrate
the acoustic performance of the FAM. The setup is shown in
Figure 5(a). The water pool has a size of 20m × 12m × 8m,
surrounding by the absorbing wedges (Figure S9). However,
the setup is still not effective enough for absorbing the sound
at near 450Hz for preventing reflections. Thus, the precise
energy transmission coefficient vs. frequency is hard to be
obtained in experiments. Here, the setup is mainly used to
measure the fmax, and the transmission with and without
the FAM is to qualitatively exhibit the transmission
enhancement. Figure 5(b) is the FEM calculation of the
transmission and absorption coefficient vs. frequency. It
shows τmax decreases from 100% to about 17%, and fmax
decreases from 467Hz to 452Hz due to the thermoviscous
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loss [10]. There are about 36%, and 47% of the sound energy
is dissipated and reflection because the thermoviscous loss
has varied the IMC (Note S10). By varying the immersion
depth, the energy transmission can be about 20%, which
corresponds to the transmission enhancement of 22.5 dB
(Figure 1(e)). Figure 5(c) shows the transmission
enhancement with the FAM, and the fmax agrees well with
the FEM calculation in Figure 5(b). Actually, the fmax still
agrees with the FEM even a small water sink is used
(Movie S7), and the qualitatively transmission comparison
with and without the FAM is also shown (Movie S8). By
varying the immersion depth in Figure 5(a), the fmax can
be varied from 200Hz to 800Hz with the transmission
enhancement of over 20 dB (Figure 5(d)). The noise source
in a small sink was also used to confirm this performance
qualitatively (Movie S9). Besides, the multifrequency
transmission is also demonstrated in Figure 5(e). The
parameters for each layer are the same with Figure 5(c).
There are transmission enhancement of 23 dB and 15 dB at
273Hz and 717Hz, respectively. Equations (4) and (5)
provide that the peaks are at 288Hz and 755Hz, and the
difference between theory and experiments might arise
from the dissipation.

For the oblique incidence, the FAM obeys the traditional
Snell’s law because the abrupt phase discontinuity along the
interface does not change [13, 37]. Similar to the normal
incidence, the IMC for the oblique incidence case is calcu-
lated (Note S11). The maximum transmission frequency
for the oblique incidence (f s max) and the normal incidence
(f max) obey the relation

f s max =
fmax
cos θai

= fmaxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2a sin2 θwi/c2wð Þ

p , ð7Þ

where θwi and θai are the incident and refraction angle
form water to air, respectively. The θai is also the incident
angle from air to water according to Snell’s law. The IMC
changes to

h
βd

= cw cos θai
ca cos θwi

: ð8Þ

The critical angle of total reflection from air to water is
very small, and θai only changes from 0 to 13.4°when θwi var-
ies from 0 to 90°. Therefore, the f s max in equation (7) is
nearly invariable with θwi. However, τ decreases with the
increase of θwi, because the IMC for the normal incidence
(h/βd = cw/ca) does not satisfy equation (8), especially when
θwi is large. The transmission coefficient calculation for the
oblique incidence (Note S12) agrees well with the conclu-
sions above and FEM calculations (Figure S10). After
considering the thermoviscous loss, the results still agree
with the predictions above. Comparing to the case without
FAM, the transmission enhancement for the oblique
incidence is still more than 22 dB (Figure 5(f)) and even
increase with the incident angle (Figure 1(f)). This is
because the transmission for the bare water-air interface

decreases more with the increasing of the incident angle
than that of the case with FAM (Figure 5(f)).

2.8. The Application in Enhancing Acoustic Information
Transmission. The discussion above shows that the FAM
can enhance the transmission of the acoustic energy. Next,
we use the music signal as an example to demonstrate the
acoustic information can also be enhanced. The practical
applications include replacing the expensive underwater
speaker in the swimming pool with a low-cost airborne
speaker [38] (Figure 6(a)) and emitting the music from
water to air with an underwater speaker of a low power
(Figure 6(b)). To demonstrate that, we made a music signal
with the fundamental frequencies from 350Hz to 500Hz
(Figure S11), which is near the operating frequencies
(fmax = 452Hz) of the FAM (Figure 5(c)). The music signal
was emitted in the water sink and received in air with or
without the FAM (Figure 6(c)). The comparison with and
without the FAM is shown in Movie S10. It suggests that
the FAM can obviously enhance the transmission of the
music signal. By analysing the received music signal, we
can find that the fundamental frequency part of the music
is enhanced with the FAM (Figure 6(d)). The comparison
of the received acoustic pressure is shown in Figure 6(e),
conforming that the music signal was enhanced by the
FAM. The results above suggest that the FAM has the
promising applications for the acoustic communications
between ocean and atmosphere.

3. Discussion

There is a transmission loss of about 30 dB when the sound
wave propagates across the water-air interface [28]. Com-
pared with the absorption coefficient of seawater of about
0.025 dB/km at 500Hz [39], the transmission loss of water-
air interface nearly equals the loss from a transmission dis-
tance of 1200 km. Therefore, the water-air is a great barrier
for the sound wave propagation. Here, the FAM was pro-
vided to break this barrier with a transmission enhancement
over 20 dB, which means that it reduces the transmission
loss from a transmission distance of 800 km. The FAM has
many irreplaceable advantages over the traditional acoustic
metasurface [15, 18, 40]. First, compared with the
membrane-type metasurface that is based on the hybrid
resonance of the membrane’s two eigenmodes [10, 18], the
resonance in the FAM is very simple, and the operating fre-
quency can be well predicted. Second, by changing the
immersion depth, the resonant frequency of the FAM can
be flexibly adjusted, thus, a single FAM could operate at
various frequencies, and the operating frequency can be tun-
able. Third, the FAM can achieve multifrequency transmis-
sion with multilayer bubbles, which is hard to achieve with
current metasurface [10]. Last, the fabrication of FAM is
simple and low-cost. It has no strict requirements for the
3D printing technology, and many materials can be used
as long as the surface can be coated with a hydrophobic
substance such as the fluorosilane [41].

In this work, we propose an efficient FAM for wide-angle
and multifrequency water-air sound transmission. The FAM
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opens an acoustic window at the water-air interface for
acoustic transmission, which might enable various applica-
tions that are infeasible so far. For example, it allows to
characterize the underwater sound with airborne sound sen-
soring systems [10], so that the special underwater acoustic
devices could become needless [42]. By using FAMs, air-
borne sound systems can simultaneously detect the sound
both from water and air. Moreover, the measurement will
have a higher signal-to-noise ratio due to the much lower
ambient noise level in the atmosphere than that in the ocean
[43]. Similarly, the FAM can also aid the underwater acous-
tic sensors to detect aircrafts [44]. Furthermore, the FAM
will enhance the communication across the water-air inter-
face, such as remote operation of underwater robots [45],
information exchange between the submarine and aircraft
[46], and remote sensing of sound in the ocean [7, 47].

Finally, the FAM allows the effective energy transmission
from water to air; thus, the underwater acoustic energy can
be harvested and transformed by the airborne piezoelectric
transduction devices [48, 49]. The negative effect from static
pressure and corrosivity of seawater can be avoidable
[50, 51]. Thus, the FAM provides a promising platform for
enhancing acoustic communications and sensing across the
water-air interface and benefits various applications in
marine biology and geology, remote sensing, energy conver-
sion, communication engineering, etc.

4. Materials and Methods

4.1. Acoustic Experiments. The acoustic experiment facilities
include the water pool, 3D printing nylon solid structure,
acoustic source, B&K acoustic testing system, and the
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Figure 6: The application in enhancing the acoustic signal across the water-air interface. (a) The schematic diagram that an in-air
loudspeaker might replace the expensive underwater speaker with the FAM. (b) The underwater speaker might work with a low power
to emit the music from water to air with the FAM. (c) The experiment setup to demonstrate the FAM can enhance the music signal
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auxiliary clamping equipment. The solid structure was
prepared with commercial 3D printing technology, with a
density of about 1020 kg/m3 and the contact angle on the
surface of about 115°. Actually, almost any material can be
used as long as the surface can be coated with a hydrophobic
substance. When being immersed in water, the hydrophobic
surface enabled the nylon structure to trap bubbles in the
hollow cells, and the density slightly higher than water made
it possible to be automatically located at a certain depth by
controlling the gravity and buoyancy force. For the acoustic
experiments in Figures 5(c)–5(e), the water pool has a size of
20m × 12m × 8m, surrounding by the absorbing wedges.
The acoustic source and the power amplifier (NYk5887-
L16) were shown in Figure S8. The transmission was
measured at every two frequency points. The transmission
enhancement was obtained by the difference of the
acoustic transmission with and without the FAM. In
Figure 5(d), the solid structure was controlled at different
immersion depths, and the corresponding acoustic
transmission enhancement and the fmax were measured. The
transmission enhancement was defined by the difference of
the acoustic transmission (dB) with and without the FAM.
For all the acoustic measurements, the signals were averaged
with 100 acquisitions. For the measurement of fmax and
qualitative comparison with and without the FAM (Movie
S7-10), the small water sink (13 cm × 13 cm × 13 cm) was
used for flexibly manipulating the solid structure. The
waterproof loudspeaker as an acoustic source was put into
water. To prevent the vibration energy radiating outward
through the base, the water sink and the acoustic source
water were placed on acoustical sponges, respectively. The
acoustic source signals including single frequency, scanning
frequency, and broadband noise signals were generated by
the signal editor, and the signals were transmitted to the
underwater acoustic source via Bluetooth. The B&K acoustic
testing system consists of a signal acquisition instrument
(type 3160-A-042), a 1/8-inch sound microphone (type
4138-A-015), an acoustic signal analysis software, and the
corresponding connecting wiring. In experimental tests,
the microphone was placed above the water to pick up
the transmitted acoustic signals across the FAM or the bare
water-air interface. The signal acquisition instrument can
collect the time-domain signal from the microphone and
carry out the real-time Fourier transform and finally obtain
the real-time changing transmission spectrum. In the
acoustic experiments in Movie S7, the scanning frequency
from 200Hz to 700Hz was used. In Movie S8, the
transmission performance test with and without the FAM
was conducted with the single frequency single about
450Hz. In Movie S9, the noise source was used, and the
immersion depth was adjusted manually to realize the
operation at different frequencies. In Movie S10, the special
music signal was used.

4.2. Acoustic Calculations. The numerical acoustic calcula-
tions are performed by COMSOL Multiphysics 5.4. For
calculations of the ideal FAM without solid (Figure S1),
the acoustic pressure module was used with the periodic
boundaries and plane wave radiation conditions. The

energy transmission coefficient was calculated by the
ratio of p2/2Z of the incident and transmitted waves,
where p is amplitude of the acoustic pressure and Z is
the characteristic specific acoustic impedance of the
corresponding media. For the real FAM with solid, the
acoustic-solid interaction was additionally taken into
account (Figure 2(e)). The solid part in other models (such
as in Figure 2(f) and Figure S2) was replaced by the hard
boundary conditions in the acoustic pressure module
because the solid part had little influence on the acoustic
transmission. The 2D model was used in Figure 3(f) for
reducing the computational effort. For considering the
thermal and viscous losses in Figures 1(e) and 1(f) and
Figures 5(b), 5(d), and 5(e), the Acoustic-Thermoviscous
Acoustic Interaction Module was used. The boundary
layers were resolved by using the boundary layer mesh, and
the solid wall was assumed to be isothermal and nonslip.
For the water-to-air oblique incidence in Figure 1(f),
Figure 5(f), and Figure S10, the background acoustic field
was used. The incident angle was defined manually, and the
corresponding Floquet periodicity boundary condition was
set up. The energy transmission coefficient (τs) for the
oblique incidence was calculated by τs= τ cos θai/cos θwi,
where τ is the expression of energy transmission coefficient
for the normal incidence above, and θwi ðθaiÞ is the incident
(refraction) angle. The transmission loss in Figure 5(f) was
defined as 10 log10ðτsÞ, where τs is the energy transmission
coefficient above. The transmission enhancement is
determined by the difference in the transmission losses with
and without the FAM (namely, the bare water-air interface).
The Matlab (Mathworks, Natick, MA) was used for plotting
the diagrams in Figure S3, evaluating the analytical solution
with iterative computations for Figure 3(e) and solving the
polynomial equation for Figure 3(f).

4.3. FEM Simulations. The finite element simulations of the
formation process of bubbles were carried out with the
COMSOL Multiphysics 5.4. The Two-Phase Flow, Phase
Field Module was used. The moving mesh was set at a veloc-
ity of 0.5mm/s. The advancing angle of the solid surface was
135°. The 2D model was used for simplifications. The
difference between the 2D and 3D models is that the Laplace
pressure for the 2D model is σ/R, and that for the 3D model
is σ/2R, where σ is the surface tension of water, and R is the
curvature radius of the bottom water-air interface. It sug-
gests that the 3D case allows a larger a −w than that of the
2D case because of its larger critical pressure that breaks
the Cassie state.
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Note S1: designing the gravity and buoyancy force to pre-
cisely control the immersion depth. Note S2: the ideal
impedance matching FAM without solid structure. Note
S3: the analytical model for calculating the transmission
coefficients. Note S4: the analytical model agrees very well
with calculations from impedance matching conditions.
Note S5: the effect of the solid structure. Note S6: the multi-
layer FAMs: series mass-spring model. Note S7: the methods
for trapping the air bubbles in water. Note S8: the stability
analysis for the prepared bubbles. Note S9: the temperature
dependence of the acoustic metasurface. Note S10: the effect
of the thermoviscous loss on the energy transmission coeffi-
cient. Note S11: the impedance-matched FAM for the obli-
que incidence. Note S12: calculating the transmission
coefficients for the oblique incidence. Figure S1: the analyti-
cal solution in Note S3 agrees well with the FEM and the
IMC calculations. Figure S2: the analytical solution in Note
S5 agrees well with the FEM and the impedance matching
condition calculation after considering the effect of solid
structure. Figure S3: the effects of h, d, a, and w on the max-
imum transmission frequency and the corresponding energy
transmission coefficient. Figure S4: Bubbles with different
parameters can be treated as the parallel mass-spring model.

Figure S5: the modes of vibration at different frequencies of
unity transmission for n = 4. Figure S6: the contact angle and
the advancing angle of the printed nylon structure. Figure
S7: the ultrathin property of the FAM. Figure S8: the operat-
ing frequency range for the FAM. Figure S9: the acoustic
experiments for demonstrating the acoustic performance of
the FAM. Figure S10: the analytical solution, IMC calcula-
tion, and FEM calculation for water-to-air oblique incident
agree well. Figure S11: the melody of the music signal for
the FAM. Movie S1: the preparation of the fluid-type acous-
tic metasurface. Movie S2: the FEM simulation of the forma-
tion of bubbles. Movie S3-5: the demonstration of the
stability of the trapped bubbles with the shearing motion,
vertical motion, and disturbance from water wave. Movie
S6: the vertical immersion method could be used for the
large d. Movie S7: the performance of the acoustic metasur-
face with the scanning frequency. Movie S8: the comparison
between the case with and without the fluid-type acoustic
metasurface (Movie with sound). Movie S9: the FAM can
work at different frequencies by changing the immersion
depth. Movie S10: the FAM can enhance the transmission
of music signal across the water-air interface (Movie with
sound). (Supplementary Materials)

References

[1] T. Qiu, Z. Zhao, T. Zhang, C. Chen, and C. P. Chen, “Under-
water internet of things in smart ocean: system architecture
and open issues,” IEEE Transactions on Industrial Informatics,
vol. 16, pp. 4297–4307, 2019.

[2] R. S. Payne and S. McVay, “Songs of humpback whales,” Sci-
ence, vol. 173, pp. 585–597, 1971.

[3] D. A. Croll, C. W. Clark, A. Acevedo et al., “Only male fin
whales sing loud songs,” Nature, vol. 417, pp. 809–809, 2002.

[4] M. U. Gumusay, T. Bakirman, I. Tuney Kizilkaya, and N. O.
Aykut, “A review of seagrass detection, mapping and monitor-
ing applications using acoustic systems,” European Journal of
Remote Sensing, vol. 52, pp. 1–29, 2019.

[5] M. J. Buckingham, E. M. Giddens, F. Simonet, and T. R. Hahn,
“Propeller noise from a light aircraft for low-frequency
measurements of the speed of sound in a marine sediment,”
Journal of Computational Acoustics, vol. 10, pp. 445–464,
2002.

[6] Y. Liu, D. Habibi, D. Chai et al., “A comprehensive review of
acoustic methods for locating underground pipelines,” Applied
Sciences, vol. 10, p. 1031, 2020.

[7] J. H. Churnside, K. Naugolnykh, and R. D. Marchbanks,
“Optical remote sensing of sound in the ocean,” Journal of
Applied Remote Sensing, vol. 9, no. 1, article 096038, 2015.

[8] K. M. Awan, P. A. Shah, K. Iqbal, S. Gillani, W. Ahmad, and
Y. Nam, “Underwater wireless sensor networks: a review of
recent issues and challenges,” Wireless Communications and
Mobile Computing, vol. 2019, Article ID 6470359, 20 pages,
2019.

[9] X. Lurton, An Introduction to Underwater Acoustics: Princi-
ples and Applications, Springer Science & Business Media,
2002.

[10] E. Bok, J. J. Park, H. Choi, C. K. Han, O. B. Wright, and S. H.
Lee, “Metasurface for water-to-air sound transmission,” Phys-
ical Review Letters, vol. 120, article 044302, 2018.

12 Research

https://downloads.spj.sciencemag.org/research/2021/9757943.f1.zip


[11] S. A. Cummer, J. Christensen, and A. Alù, “Controlling sound
with acoustic metamaterials,” Nature Reviews Materials, vol. 1,
pp. 1–13, 2016.

[12] G. Ma and P. Sheng, “Acoustic metamaterials: from local res-
onances to broad horizons,” Science Advances, vol. 2, article
e1501595, 2016.

[13] B. Assouar, B. Liang, Y. Wu, Y. Li, J.-C. Cheng, and Y. Jing,
“Acoustic metasurfaces,” Nature Reviews Materials, vol. 3,
pp. 460–472, 2018.

[14] E. Dong, Z. Song, Y. Zhang et al., “Bioinspired metagel with
broadband tunable impedance matching,” Science Advances,
vol. 6, article eabb3641, 2020.

[15] J. J. Park, K. J. B. Lee, O. B. Wright, M. K. Jung, and S. H. Lee,
“Giant acoustic concentration by extraordinary transmis-
sion in zero-mass metamaterials,” Physical Review Letters,
vol. 110, article 244302, 2013.

[16] N. Fang, D. Xi, J. Xu et al., “Ultrasonic metamaterials with neg-
ative modulus,” Nature Materials, vol. 5, pp. 452–456, 2006.

[17] J. Mei, G. Ma, M. Yang, Z. Yang, W. Wen, and P. Sheng, “Dark
acoustic metamaterials as super absorbers for low-frequency
sound,” Nature Communications, vol. 3, p. 756, 2012.

[18] G. Ma, M. Yang, S. Xiao, Z. Yang, and P. Sheng, “Acoustic
metasurface with hybrid resonances,” Nature Materials,
vol. 13, pp. 873–878, 2014.

[19] Y. Lai, Y. Wu, P. Sheng, and Z.-Q. Zhang, “Hybrid elastic
solids,” Nature Materials, vol. 10, pp. 620–624, 2011.

[20] X. Cai, Q. Guo, G. Hu, and J. Yang, “Ultrathin low-frequency
sound absorbing panels based on coplanar spiral tubes or
coplanar Helmholtz resonators,” Applied Physics Letters,
vol. 105, article 121901, 2014.

[21] Z. Liang and J. Li, “Extreme acoustic metamaterial by coiling
up space,” Physical Review Letters, vol. 108, no. 11, article
114301, 2012.

[22] Y. Cheng, C. Zhou, B. G. Yuan, D. J. Wu, Q. Wei, and X. J. Liu,
“Ultra-sparse metasurface for high reflection of low-frequency
sound based on artificial Mie resonances,” Nature Materials,
vol. 14, no. 10, pp. 1013–1019, 2015.

[23] D. C. Woods, J. S. Bolton, and J. F. Rhoads, “On the use of eva-
nescent plane waves for low-frequency energy transmission
across material interfaces,” The Journal of the Acoustical Soci-
ety of America, vol. 138, no. 4, pp. 2062–2078, 2015.

[24] O. A. Godin, “Anomalous transparency of water-air interface
for low-frequency sound,” Physical Review Letters, vol. 97,
no. 16, article 164301, 2006.

[25] T. Lee and H. Iizuka, “Sound propagation across the air/water
interface by a critically coupled resonant bubble,” Physical
Review B, vol. 102, no. 10, article 104105, 2020.

[26] A. Bretagne, A. Tourin, and V. Leroy, “Enhanced and reduced
transmission of acoustic waves with bubble meta-screens,”
Applied Physics Letters, vol. 99, article 221906, 2011.

[27] Z. Cai, S. Zhao, Z. Huang et al., “Bubble architectures for
locally resonant acoustic metamaterials,” Advanced Functional
Materials, vol. 29, no. 51, article 1906984, 2019.

[28] T. G. Leighton, “How can humans, in air, hear sound gener-
ated underwater (and can goldfish hear their owners talk-
ing)?,” The Journal of the Acoustical Society of America,
vol. 131, no. 3, pp. 2539–2542, 2012.

[29] S. Kumar and L. H. Pueh, “Recent advances in active acoustic
metamaterials,” International Journal of Applied Mechanics,
vol. 11, no. 8, article 1950081, 2019.

[30] M. Yang, S. Chen, C. Fu, and P. Sheng, “Optimal sound-
absorbing structures,” Materials Horizons, vol. 4, no. 4,
pp. 673–680, 2017.

[31] S. S. Rao, Vibration of Continuous Systems, JohnWiley & Sons,
2019.

[32] P. C. Müller and W. Schiehlen, Linear Vibrations: A Theoreti-
cal Treatment of Multi-Degree-of-Freedom Vibrating Systems,
vol. 7, Springer Science & Business Media, 2012.

[33] M. Harazi, M. Rupin, O. Stephan, E. Bossy, and
P. Marmottant, “Acoustics of cubic bubbles: six coupled oscil-
lators,” Physical Review Letters, vol. 123, no. 25, article 254501,
2019.

[34] R. Hensel, R. Helbig, S. Aland et al., “Wetting resistance at its
topographical limit: the benefit of mushroom and serif T struc-
tures,” Langmuir, vol. 29, no. 4, pp. 1100–1112, 2013.

[35] Z. Huang, S. Zhao, M. Su et al., “Bioinspired patterned bubbles
for broad and low-frequency acoustic blocking,” ACS Applied
Materials & Interfaces, vol. 12, pp. 1757–1764, 2019.

[36] D. F. Young, B. R. Munson, T. H. Okiishi, andW.W. Huebsch,
A brief introduction to fluid mechanics, John Wiley & Sons,
2010.

[37] N. Yu, P. Genevet, M. A. Kats et al., “Light propagation with
phase discontinuities: generalized laws of reflection and refrac-
tion,” Science, vol. 334, no. 6054, pp. 333–337, 2011.

[38] K. E. Kovitvongsa and P. S. Lobel, “Convenient fish acoustic
data collection in the digital age,” in Diving for Science 2009.
Proceedings of the American Academy of Underwater Sciences
28th Symposium, pp. 43–57, Dauphin Island, AL, 2009.

[39] L. M. Brekhovskikh, Y. P. Lysanov, and R. T. Beyer, “Funda-
mentals of ocean acoustics,” Acoustical Society of America,
vol. 90, no. 6, pp. 3382-3383, 1991.

[40] T. Y. Huang, C. Shen, and Y. Jing, “Membrane- and plate-type
acoustic metamaterials,” The Journal of the Acoustical Society
of America, vol. 139, no. 6, pp. 3240–3250, 2016.

[41] Z. Huang, Q. Yang, M. Su et al., “A general approach for fluid
patterning and application in fabricating microdevices,”
Advanced Materials, vol. 30, no. 31, p. 1802172, 2018.

[42] A. K. Morozov and D. C. Webb, “Underwater tunable organ-
pipe sound source,” The Journal of the Acoustical Society of
America, vol. 122, no. 2, pp. 777–785, 2007.

[43] R. Waxler and K. E. Gilbert, “The radiation of atmospheric
microbaroms by ocean waves,” The Journal of the Acoustical
Society of America, vol. 119, no. 5, pp. 2651–2664, 2006.

[44] R. J. Urick, “Noise signature of an aircraft in level flight over a
hydrophone in the sea,” The Journal of the Acoustical Society of
America, vol. 52, no. 3B, pp. 993–999, 1972.

[45] R. K. Katzschmann, J. Del Preto, R. Mac Curdy, and D. Rus,
“Exploration of underwater life with an acoustically controlled
soft robotic fish,” Science Robotics, vol. 3, no. 16, article
eaar3449, 2018.

[46] A. P. Voloshchenko and S. P. Tarasov, “Experimental study of
the transmission of low-frequency acoustic waves through a
water–air interface,” The Journal of the Acoustical Society of
America, vol. 145, no. 1, pp. 143–148, 2019.

[47] I. F. Akyildiz, D. Pompili, and T. Melodia, “Challenges for
efficient communication in underwater acoustic sensor net-
works,” ACM Sigbed Review, vol. 1, no. 2, pp. 3–8, 2004.

[48] A. Abdelkefi, “Aeroelastic energy harvesting: a review,” Inter-
national Journal of Engineering Science, vol. 100, pp. 112–
135, 2016.

13Research



[49] M. Yuan, Z. Cao, J. Luo, and X. Chou, “Recent developments
of acoustic energy harvesting: a review,” Micromachines,
vol. 10, no. 1, p. 48, 2019.

[50] H. E. Erdem and V. C. Gungor, “Analyzing lifetime of energy
harvesting underwater wireless sensor nodes,” International
Journal of Communication Systems, vol. 33, no. 3, article
e4214, 2020.

[51] Y. Xi, J. Wang, Y. Zi et al., “High efficient harvesting of under-
water ultrasonic wave energy by triboelectric nanogenerator,”
Nano Energy, vol. 38, pp. 101–108, 2017.

14 Research


	Tunable Fluid-Type Metasurface for Wide-Angle and Multifrequency Water-Air Acoustic Transmission
	1. Introduction
	2. Results
	2.1. Design of the FAM
	2.2. Principle of the FAM
	2.3. Effect of the Solid Structure
	2.4. Multifrequency Acoustic Transmission with Multilayer FAMs
	2.5. Preparation and Stability of the FAM
	2.6. Temperature Dependence
	2.7. Acoustic Performance of the FAM
	2.8. The Application in Enhancing Acoustic Information Transmission

	3. Discussion
	4. Materials and Methods
	4.1. Acoustic Experiments
	4.2. Acoustic Calculations
	4.3. FEM Simulations

	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

