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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 20 dB 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 attenuated [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
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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 example, utilization of evanescent plane waves [23, 24], membranetype metasurface [10], and coupled resonant bubbles [25–27],
there are no simple and practical methods yet to realize eﬃcient 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 operating frequency range of 10 Hz~4000 Hz and energy transmission 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 frequency 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’ stability. Experiments and simulations reveal the FAM has a transmission enhancement of over 20 dB 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 distance” 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 eﬃcient 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

τ= 

ð1 + ðZ w /Z a ÞÞ cos ka d −



ωρw hZ w /SZ 2a



and side length of a, and solid walls among cells have the thickness of w. Four square prisms were added at side edges to precisely 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 20 dB over a large range of frequencies. 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 discussing 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 (Z d ) can be represented
by the impedance at x = −d with the equation [10] (Note S2),
Zd =

Zw

1+
− 1 sin2 ðka d Þ
! ð1Þ


ka hρw ca Z a Z 2w /Z 2a − 1 sin ð2ka d Þ
+i
−
,


S
2 1 + Z 2w /Z 2a − 1 sin2 ðka dÞ


Z 2w /Z 2a

where Z a = ρa ca /S and Z w = ρw cw /S are the acoustic impendence 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 impedance matching condition (IMC) that Z d = Z a , and the conof unity
straints that Z w > >Z a and ka d < <1, the frequency
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
transmission (f u ) can be obtained as f u = ca /2π ρa /hdρw ,
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,

4Z w /Z a
,
2
sin ka d + ½ð1 + ðZ w /Z a ÞÞ sin ka d + ðωρw h/SZ a Þ cos ka d 2

ð2Þ
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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 5.11 mm, 3 mm, and 1.2 mm, 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).

where ω is the angular frequency of the sound. The analytical 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

pﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃ 2
is τmax = 4cw /ca /ðcw /cw d/h + h/dÞ (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 f max while h/d decides the
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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 = 7:91 mm and d = 1:84 mm for the case without the solid,
and a = 1:5 mm and w = 0:3 mm are added for the case with the solid. It suggests the eﬀect of solid properties on f max can be neglected if
the solid is harder than the rubber. The notation “hard” represents the hard boundary condition. (f) The f max varies with β by the FEM
calculations. When β is small, the vibration of the water layer is conﬁned by the solid structure, hence, f max decreases as β decreases. This
pﬃﬃﬃ
eﬀect can be negligible when β > 0:64. The parameters are h = 7:91 mm, a = 3 mm, d = h/4:3β, and w = að1 − βÞ, while d and w are
variable with β for satisfying h/βd = cw /ca . The analytical model always predicts that f max (about 500 Hz) 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 f max 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 metasurface 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 f max 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
f max shift. To modify the model, a parameter β = Sd /S is
deﬁned, and the corresponding Z d and τ are modiﬁed
accordingly (Note S5). The maximum
transmission frepﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
quency changes to f max = ca /2π ρa /hdβρw , and the IMC
changes to h/βd = cw /ca . Therefore, the f max 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 f max 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 massspring system corresponds to the f max , therefore, f max 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/ai ci , the eﬀective spring constant
2 2
ke = ρa c2a ∑m
i=1 ai ci /dðai − wÞðci − wÞ, and eﬀective mass me =
m
∑i=1 hai ci ρw . The maximum transmission frequency (f e max )
can be obtained as (Figure 3(b))
c
f e max = a
2π

ﬃ
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃsﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m 2 2
ρa
ai ci /ðai − wÞðci − wÞ
,
〠
ρw hd i=1
∑i=m
i=1 ai ci

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
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ω = ω0 2 − α − α−1 ,

ð4Þ

where α satisﬁes the equation
α2n+1 + 1
= 0:
α+1

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 500 Hz, 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 applications. 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 2.7 mm)
for the surface tension being dominated [33]. Besides, the
maximum Laplace pressure at the bottom air-water interface
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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
parameters for ith bubble can be marked as (ai , ci , w). (b) The structure in a can be treated as the parallel mass-spring system. The me
and ke are the eﬀective mass and eﬀective spring constant, respectively. (c) Schematic illustration of the multilayer structure of (a). The
structure has n layer FAMs, and each water layer is numbered. (d) The structure in c can be treated as the series mass-spring system.
(e) The energy transmission coeﬃcient τ vs. frequency by the FEM and analytical solution in Note S3 for n = 4. The mass-spring
models indicate the diﬀerent modes of vibration at the corresponding resonant frequency. (f) The energy transmission coeﬃcient τ vs.
frequency for n = 50 obtained by the FEM calculations and the analytical solution from equations (4) and (5). The analytical solution
predicts the frequencies of f max very well.

should always exceed the liquid static pressure of ρw ðe + 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)


θad
−1
2k sin
+ d ða − wÞ < −4k−2 cos θad ,
2

ð6Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where k−1 is the capillary length and equals σ/ρw g, 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
maximum speed vmax canﬃ
pallowed
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
be expressed as vmax = 8σð1 − cos θad Þ/ρw ða − wÞ − 2gd
(Note S8). The parameters in Figure 4(a) are a = 3 mm,
w = 1:2 mm, d = 5:1 mm, and θad = 135° . For σ = 72 mN/m,
g = 9:8 N/kg, ρw = 998 kg/m3 , the vmax is 0.67 m/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 4: Preparation of the FAM and its stability. (a) The prepared FAM using the 3D printed solid structures. (b) The enlarged image of a
shows trapped bubbles in the cells. (c) The FEM simulation for the bubble formation. See the Movie S2 for the full process. (d) The analysis
of bubble formation process for the horizontal immersion method. The P0 is the atmospheric pressure, and θad is the advancing angle on the
solid surface. The e is the thickness of the water above the solid structure due to the balance of hydrophobic eﬀect and gravity. P is the
pressure in the bubble. (e) The critical state that the trapped bubbles will depart from the solid cell under a relative speed of v between
water and the solid structure. The critical state for the bottom boundary is the contact angle larger than θad , and that for the upper
boundary is the curvature radius equals ða − wÞ/2. (f) The vertical immersion method can be used for the large d, and the corresponding
FEM simulation (g). See the Movie S6 for details. (h) When the temperature decreases, the h will increase and d will decrease due to the
contraction of air, and f max will shift slightly. (i) The temperature dependence of the FAM. The analytical solution and the FEM agree well.

diﬃcult, and the vertical immersion method can be used
(Figures 4(f) and 4(g)). Theqcorresponding
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ constraint
equation changes to a − w < −8k−1 cos θad (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 assumption. By considering the eﬀect of temperature on the bubble
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Figure 5: The acoustic performance of the FAM. (a) Schematic diagram of the experimental setup. (b) The FEM calculation for the energy
transmission (absorption) coeﬃcient vs. frequency. The parameters are the same as Figure 1(e) and k = 0:9. It suggests about 17% and 36%
of the sound energy are transmitted and reﬂected, respectively, and 47% are dissipated. The inset shows the FEM result without thermal and
viscous losses. (c) The experiments of the transmission enhancement with the FAM with the setup in (a). The f max agrees well with that in
(b). The inset is the FAM and the receiving probe. (d) The FEM calculations and experimental results for diﬀerent immersion depths, with
the same parameters as Figure 1(e). The “TE” is the abbreviation of transmission enhancement. The inset shows the variable h. (e) The
experimental transmission enhancement vs. frequencies for two layers of FAM. The inset shows the two-layer FAMs. (f) FEM results for
water-to-air oblique incidence with and without the FAM. It shows that the transmission enhancement always works for the oblique
incidence, and f max only slightly increases (blue line) by about 2 Hz. The “TL” is the abbreviation of transmission loss.

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 temperature varies from 60°C to 5°C, the f max 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 f max ðTÞ on
temperature can be approximately expressed as f max ðTÞ ≈
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f max ðT 0 Þ T 0 /T , where T < T 0 . The ultrathin property of
the FAM and its operating frequency range are also important for practical applications. The ultrathin property can
be characterized by λw /d, where
λw is the wavelength at
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f max in water, and λw /d = 2πcw ρw hβ/ρa d /ca . Provided that
h/βd = cw /ca is satisﬁed, the λwater /d = 1611β. The wavelength 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 10 cm, and the water layer less than 1 mm is
impractical, the operating frequency range is estimated as
10 Hz~4000 Hz (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 20 m × 12 m × 8 m,
surrounding by the absorbing wedges (Figure S9). However,
the setup is still not eﬀective enough for absorbing the sound
at near 450 Hz 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 f max , 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 f max
decreases from 467 Hz to 452 Hz 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 f max agrees well with
the FEM calculation in Figure 5(b). Actually, the f max 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 f max can
be varied from 200 Hz to 800 Hz 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
273 Hz and 717 Hz, respectively. Equations (4) and (5)
provide that the peaks are at 288 Hz and 755 Hz, 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 calculated (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 =

f max
f max
= pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
,
2
cos θai
1 − ca sin2 ðθwi /c2w Þ

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
c cos θai
= w
:
βd 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 varies 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 conclusions 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 350 Hz to 500 Hz
(Figure S11), which is near the operating frequencies
(f max = 452 Hz) 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]. Compared with the absorption coeﬃcient of seawater of about
0.025 dB/km at 500 Hz [39], the transmission loss of waterair interface nearly equals the loss from a transmission distance of 1200 km. Therefore, the water-air is a great barrier
for the sound wave propagation. Here, the FAM was provided 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 frequency 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 tunable. Third, the FAM can achieve multifrequency transmission 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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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
transmission across the water-air interface. (d) The received music signal from water to air with and without the FAM. The color from
blue to pink exhibits the increase of the amplitude of acoustic pressure. It suggests that the fundamental frequencies of the music signal
are enhanced with the FAM. (e) The acoustic pressure of the received music signal with and without the FAM.

opens an acoustic window at the water-air interface for
acoustic transmission, which might enable various applications that are infeasible so far. For example, it allows to
characterize the underwater sound with airborne sound sensoring systems [10], so that the special underwater acoustic
devices could become needless [42]. By using FAMs, airborne 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 acoustic sensors to detect aircrafts [44]. Furthermore, the FAM
will enhance the communication across the water-air interface, 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 conversion, 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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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
20 m × 12 m × 8 m, surrounding by the absorbing wedges.
The acoustic source and the power ampliﬁer (NYk5887L16) 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 f max 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 f max 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 200 Hz to 700 Hz was used. In Movie S8, the
transmission performance test with and without the FAM
was conducted with the single frequency single about
450 Hz. 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 calculations 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
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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 ðθai Þ is the incident
(refraction) angle. The transmission loss in Figure 5(f) was
deﬁned as 10 log10 ðτs Þ, 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 velocity of 0.5 mm/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 suggests 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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condition calculation after considering the eﬀect of solid
structure. Figure S3: the eﬀects of h, d, a, and w on the maximum transmission frequency and the corresponding energy
transmission coeﬃcient. Figure S4: Bubbles with diﬀerent
parameters can be treated as the parallel mass-spring model.
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Figure S5: the modes of vibration at diﬀerent frequencies of
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S7: the ultrathin property of the FAM. Figure S8: the operating frequency range for the FAM. Figure S9: the acoustic
experiments for demonstrating the acoustic performance of
the FAM. Figure S10: the analytical solution, IMC calculation, 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 acoustic metasurface. Movie S2: the FEM simulation of the formation 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 metasurface with the scanning frequency. Movie S8: the comparison
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metasurface (Movie with sound). Movie S9: the FAM can
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