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We numerically demonstrate a general method to achieve acoustic high absorption in water with a wide
range of incident angles and a broad frequency bandwidth. Different from previous studies considering
local resonances with a narrow bandwidth or porous materials with a gradient design, we show that flat
multilayer solid composites can be engineered to be perfectly impedance matched with water over a wide
range of angles and a broad spectrum. By adding a proper loss factor to the composites, sound waves can
be gradually dissipated and high absorption can be realized. Such a method is robust and adaptive to a
broad range of material parameters. Our work could promise broad underwater applications.
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I. INTRODUCTION

Great demand for hydroacoustic absorption has been
increasing with the further development of underwater
acoustic stealth [1-4]. There are two key principles for
hydroacoustic absorption, one is that the material’s char-
acteristic impedance should be matched with that of water
to eliminate reflection on the surface, and the other is
that the material loss should be large enough to dissi-
pate sound energy inside the material. Porous materials are
commonly applied as hydroacoustic absorbers due to their
good absorption properties and easy manufacturability.
Conversional porous materials include viscoelastic poly-
mers [5—7], porous metals [8—10], and nonmetallic porous
materials [11,12]. To overcome the problem of impedance
mismatching, porous materials are often engineered with a
gradient design [13—15]. Relying on the physical mecha-
nism of intermolecular friction and heat transfer, a bulky
size is usually required for porous materials at low fre-
quencies. In addition, based on the multiple scattering
effect and mode conversion, local-resonance materials are
widely implemented in the field of anechoic coating. The
main types of resonance absorber include air-void res-
onance [16-25] and solid-inclusion resonance [26—33].
Although local-resonance materials greatly improve the
low-frequency property, they also suffer from the disad-
vantage of relatively narrow bandwidth. Other approaches
include the utilization of piezoelectric composites [34—37]
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and artificial metamaterials [38—40]. A variety of innova-
tive concepts are proposed to improve the hydroacoustic
absorption performances; however, the issue of impedance
matching between the absorber and water has not been
totally explored.

Inspired by ultratransparent artificial metamaterials with
broadband and wide-angle impedance-matching properties
in both electromagnetics [41—44] and acoustics [45,46],
here, we numerically illustrate a general method to real-
ize high acoustic absorption in water by flat multilayer
composites. Through an iterative algorithm, the multilayer
composite exhibits spatially dispersive effective parame-
ters and its effective impedance can be designed to be
perfectly matched with that of water over a wide range
of incident angles and a broad frequency bandwidth. As
illustrated in Fig. 1, incident sound waves can penetrate
into the absorber with very high efficiency on the surface
due to the unique impedance-matching property. Then,
sound waves are gradually dissipated inside the absorber
due to the proper intrinsic material loss. Numerical
results provide evidence that the absorptance can approach
above 99% for all incident angles of £70°. The broad-
band property is also demonstrated. Moreover, the selec-
tion of composite material parameters is flexible in our
method.

II. BROADBAND AND WIDE-ANGLE
IMPEDANCE MATCHING

First, to exhibit the physical mechanism of the unique
impedance-matching property, we begin with a simple
multilayer structure, which is symmetric (ABA) with
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FIG. 1. [Tllustration of the proposed absorber, which is a kind
of composite medium made up of flat multilayer materials. When
sound waves impinge on the absorber, reflection is almost elim-
inated due to the unique impedance-matching property, and the
waves are gradually dissipated inside the absorber by the material
loss.

a lattice constant of a, as illustrated in the inset in
Fig. 2(a). Materials A and B are considered to be known
soft porous silicone rubber, the acoustic parameters of
which can be easily tuned by its air-filling ratio [47-50].
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Because the shear modulus of soft porous silicone rubber
is much smaller than its bulk modulus, the influence
of the shear modes is negligible in most cases [51].
Here, the parameters of mass density and longitudi-
nal velocity for material A (B) are lossless and cho-
sen as pa = 1040 kg/m® (pg = 1039 kg/m?) and cp =
1074 m/s (cg = 518 m/s). In addition, the parameters
of the background medium, water, are set as py =
1000 kg/m® and ¢y = 1483 m/s. The thickness of each
layer is iy = 0.309qa and g = 0.382a.

Through the pressure acoustics module in COMSOL Mul-
tiphysics, the acoustic characteristics of the multilayer
composite are obtained. Figure 2(a) shows the equal-
frequency contours (EFCs) of the second band of the unit
cell. It is seen that the EFCs are almost a part of offset
ellipses centered at the X point (kxa/m =1, k,a/m = 0).
ke and k,, respectively, are the wave vectors in the x
and y components. Together with the two-dimensional
(2D) map of the impedance difference between the com-
posite and water |[(Zaga — Zo)/(ZaBa + Zo)| shown in
Fig. 2(b), we observe two results. One result is that the
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FIG. 2. Physical mechanism of the broadband and wide-angle impedance-matching property. (a) Band structure of a unit cell. Three
particular EFCs at three normalized frequencies of fa/cy = 0.393, 0.4, and 0.41 are marked. Schematic diagram of a unit cell is
illustrated in the inset, and the white arrow denotes the incident wave. (b) Impedance difference between the composite and background
medium defined as |(Zaga — Zo)/(Zaga + Zp)|. Blue color indicates matched impedance, while red color represents mismatched
impedance. Three lines correspond to three EFCs at fa/co = 0.393, 0.4, and 0.41. (c) Effective parameters of pcfx/00, Petty/ 00,
Ko/Kefr, and Zaga/Zy as a function of k, retrieved from the eigenfields at fa/co = 0.393. (d) Transmittance as a function of incident
angles for the composite with ten unit cells at three frequencies of fa/cy = 0.393, 0.4, and 0.41. Acoustic-pressure-field distribution
under plane-wave radiation with 45° incident angle at fa/co = 0.393 is shown in the inset. Transmittance curves for contrasts (only A
material and only B material) with the same thickness are also plotted. (¢) 2D color map for transmittance as a function of incident
angles and frequencies. Three lines correspond to three frequencies of fa/cy = 0.393, 0.4, and 0.41.
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FIG. 3. 2D color maps
for absorptance as a func-
tion of incident angles and
multilayer periodic numbers
with different material losses
of (a) «j/k;=0.01, (b)
ky/ky =0.1,(c) kg /kg = 0.01,
and (d) «j/kp =0.1. Region
of absorptance above 99%
(90%) is highlighted by the
black solid (dotted) line. Work-
ing frequency is chosen as
fa/co = 0.393. Other param-
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effective impedance of the composite is well matched
with water over a large range of k, at a single fre-
quency (e.g., fa/co = 0.393, olive dashed-dotted line), and
the large k, range suggests a large range of incident
angles. The other result is that the region of matched
impedance (blue color) is large enough that the prop-
erty is broadband. The effective impedance of the com-
posite can be obtained from Zagp = (p) / (vy), Where p
and v,, respectively, are the eigenpressure and x-direction
eigenvelocity. (---) represents the average eigenfield
along the unit-cell boundary [45,46]. Thus, the broadband
and wide-angle impedance matching is realized by the
multilayer composite. In addition, such shifted spatial
dispersions are accompanied by the spatially dispersive
effective parameters shown in Fig. 2(c). These effec-
tive parameters can be retrieved from the eigenfields as
peti = (ke/@) ((p) / (WD), petty = (ky /@) ((p) / (), and
1/kerr = (he/) (v) / () + (/@) (v} / (p)),  where
(vy) is the y-direction eigenvelocity [45,46].

To verify such a unique impedance-matching property,
the transmittance spectra are recorded, as plotted in Figs.
2(d) and 2(e). Ten unit cells are considered in the simu-
lations. It is seen that near-total (>99%) transmittance is
achieved in an omnidirectional range of 0°—86° at fa/cy =

30 60 90

Incident angle (deg)

0.393 in Fig. 2(d). In addition, high transmittance within a
wide-incident-angle range is also realized at different fre-
quencies of fa/cy = 0.4 and 0.41. An example of acoustic
pressure field distribution is plotted in the inset, demon-
strating the effectiveness of impedance matching. More-
over, a 2D color map of transmittance as a function of the
incident angles and frequencies is shown in Fig. 2(e), fur-
ther demonstrating the broadband and wide-incident-angle
impedance-matching property.

It should be pointed out that such a multilayer compos-
ite is optimized by an iterative algorithm, which is mainly
focused on the optimization of the widest incident-angle
range. Given the material parameters of A and B, we begin
with a symmetric structure (ABA) and select the optimized
solution with a maximum incident-angle range by adjust-
ing the layer thickness of materials A and B at a particular
frequency. In addition, one may obtain a broader band-
width solution through an iterative algorithm focused on
optimization of the bandwidth.

III. NEAR-TOTAL ABSORPTION

Based on the broadband and wide-incident-angle
impedance-matching property discussed above, a loss fac-
tor is introduced to realize near-total absorption. First, we

044008-3



LIU, LUO, LIU, and LAI

PHYS. REV. APPLIED 18, 044008 (2022)

(a)1.0 SN (c) 05
fa/c, = 0.393 3 Only B
A
\
\
- == Transmittance -
— <
o 0.5 Reflectance S 044 A < 80%
L == Absorptance b
< Absorptance with
shear modulus
0.0 0.5 1.0 0.0 0;
; 0.3 T T
0 30 60 90 30 60 0 30 60 90

Incident angle (deg)

(d)

Incident angle (deg)

(e)

Point
source

Incident angle (deg)

Only B

FIG. 4. Acoustic performances for an optimized absorber. Parameters are « /«, = 0.001, «j/kf, = 0.038, and N = 50 unit
cells. (a) Absorptance, reflectance, and transmittance as a function of incident angles at fa/co = 0.393. Absorptance calculated
by an acoustic structure coupled model is also plotted as magenta symbols. Shear modulus of material A (B) is set as Gp =
3 x 10° Pa (Gg = 3 x 10° Pa) [50]. 2D color maps for absorptance as a function of incident angles and frequencies for (b) absorber
and (c) comparison with only B materials. Pressure-field distributions under point-source radiation at fa/cy = 0.393 for (d) absorber

and (e) comparison.

suppose only material A4 is absorptive. The bulk modulus
of material A is rewritten as kx = k, — iky, where «, and
K'x, respectively, represent the real and imaginary parts, and
the imaginary part presents the loss. The 2D color maps of
absorptance as a function of the incident angles and the
multilayer periodic numbers with different amounts of loss
are, respectively, plotted in Figs. 3(a) and 3(b). Obviously,
as the periodic number increases, the absorptance rises
accordingly. When the loss factor is small, «} /«}, = 0.01,
in Fig. 3(a), a large absorption of 4 > 90% with a near-
omnidirectional incident-angle range of 0°—84° is obtained
with a periodic number of 92, and a near-total absorp-
tion of 4 > 99% with a large angle range of 0°—78° is
obtained with a periodic number of 186. When the loss fac-
tor increases to «, /k, = 0.1 in Fig. 3(b), the absorptance
of 4> 90% (A4 > 99%) with an angle range of 0°—71°
(0°-51°) and a periodic number of 10 (20) is obtained.
Compared to the case of small loss (k”s/x'a = 0.01),
the required periodic number for good absorption perfor-
mance with a large loss factor (k”a/«’a = 0.1) obviously
goes down, but this is accompanied by a trade-off that the
incident-angle range narrows. In addition, there is a limit to
the maximum incident angle for the large absorption when
there is a sufficient periodic number.

Then, we suppose only material B is absorptive. Simi-
larly, the bulk modulus of material B is rewritten as kg =
kj, — ikg. The corresponding results of absorptance spectra
are plotted in Figs. 3(c) and 3(d). In the case of «j;/kj =
0.01, 4>90% (A4 >99%) with 0°-85° (0°-80°) is
achieved with a periodic number of 78 (157). In the case of
k/kp = 0.1, 4 > 90% (4 > 99%) with 0°=74° (0°—56°)
is achieved with a periodic number of 8 (17). Similar con-
clusions can be obtained to those for the case of material
A. A minor discrepancy between the two cases can be
attributed to differences in the bulk modulus and layer
thickness. Thus, a larger loss factor can make a thinner
absorber but reduce the range of incident angles.

To obtain a balance between the maximum angle range
and the multilayer composite thickness, an optimized
absorber is exhibited based on the design in Fig. 2.
The absorber is composed of absorptive material A with
kg /kg = 0.001 and absorptive material B with « /k) =
0.038. The multilayer periodic number, N, is chosen to
be 50. Figure 4(a) shows the absorptance, reflectance,
and transmittance as a function of the incident angles
at fa/co = 0.393 for the absorber. It is seen that near-
total absorptance (> 99%) is implemented within a large
incident-angle range of 0°~70°. When the incident angle
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Demonstration of the robustness of the absorber. (a) Alternative thickness of material A and working frequency for wide-

incident-angle and high absorption with variation of the velocity of material A. (b) 2D color map for absorptance versus incident
angles and frequencies for an example with /14 /a = 0.3365, pa = 1039.8 kg/m®, Re[ca] = 892.1 m/s, k\ /iy = 0.001, hg/a = 0.327,
pp = 1039 kg/m3, Re[cp] = 518 m/s, s /kpy = 0.069, and N = 50. (c) Alternative thickness of material B and working frequency for
wide-incident-angle and high absorption with variation of the velocity of material B. (d) 2D color map of absorptance versus incident
angles and frequencies for an example with hp/a = 0.353, pp = 1039.5 kg/m?, Re[cp] = 700.7 m/s, k3 /kfy = 0.067, ha/a = 0.3235,
pa = 1040 kg/m3, Re[ca] = 1074 m/s, ks /kj = 0.001, and N = 50.

increases over 70°, the reflectance gradually increases due
to the result of impedance mismatching. At all incident
angles, the transmittance remains zero. To clarify that
the small shear modulus is negligible in our system, an
acoustic structure coupled model is built. The results for
absorptance are plotted as magenta symbols in Fig. 4(a);
these results match well with those of the acoustic model,
which are shows as the red solid line. From a 2D color map
of the absorptance spectra plotted in Fig. 4(b), the unique
property of wide-angle and large absorption is effective
within a broad bandwidth from fa/cy = 0.33 to 0.48. For
comparison in Fig. 4(c), the case of a slab made up of only
material B with the same thickness can only realize a max-
imum absorptance below 80% under normal incidence.
Moreover, the acoustic pressure fields under point-source
radiation for the designed absorber and the comparison
are, respectively, shown in Figs. 4(d) and 4(e), demon-
strating the wide-angle characteristic of the near-perfect
absorber. From Fig. 4(d), it is seen that the cylindrical
waves impinge on the absorber and gradually vanish inside

the absorber. A near-perfect cylindrical wave field con-
firms the wide-angle impedance-matching property. For
the comparison in Fig. 4(e), a chaotic field indicates a large
reflection induced by impedance mismatching.

IV. ROBUSTNESS TO MATERIAL PARAMETERS

It should be noted that our method to implement the
absorber based on broadband and wide-angle impedance
matching is general and robust, and the selection of the
material parameters discussed above is not a unique solu-
tion. To prove this, we redesign a variety of examples by
choosing different material parameters. Figure 5(a) shows
the parameter combination for the absorber with variation
of material A with a fixed material B of pg = 1039 kg/m?
and Re[cg] = 518 m/s. Obviously, as the real part of the
velocity (Re[ca]) changes, the thickness (k4/a) and the
working frequency (fa/cy) for the near-total absorption
changes accordingly. Figure 5(b) shows the 2D map of
absorptance as a function of the incident angles and the
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frequencies for one example, as marked by the vertical
dashed line in Fig. 5(a). A large incident-angle range of
0°—72° (0°—82°) for 4 > 99% (4 > 90%) is achieved at
fa/co = 0.344, and the wide-angle and high absorption is
effective within a large bandwidth from fa/co = 0.32 to
—0.46. Moreover, Figs. 5(c) and 5(d) show the results
for the variation of material B with a fixed material A
of pa = 1040 kg/m* and Re[ca] = 1074 m/s). From the
example marked by the vertical dashed line in Fig. 5(c),
a large incident-angle range of 0°—75° (0°—83°) for 4 >
99% (A4 > 90%) at fa/co =0.473 and a large band-
width of fa/co = 0.41 — 0.57 for the wide-angle and high
absorption is realized, as shown in Fig. 5(d). The flexibil-
ity of the composite material parameters guarantees that
our method is general and robust.

V. CONCLUSION

We prove a general and robust method to design a
kind of hydroacoustic absorber with high absorptance over
a wide range of incident angles and a broad frequency
spectrum. The proposed absorber, made up of flat mul-
tilayer composites with porous soft silicone rubber, pos-
sessing spatially dispersive effective parameters, is near-
omnidirectional and perfectly impedance-matched with
water. With a proper material loss, all the sound energy can
be gradually dissipated inside the absorber. Good perfor-
mances of absorption and flexibility in material parameters
could promise useful underwater applications.

VI. METHODS

Numerical simulations are performed by using COM-
SOL Multiphysics, a finite-element analysis and solver
software. Most simulations are performed in the pressure
acoustic module, except for the magenta symbol line in
Fig. 4(a), which is performed in the acoustic-solid inter-
action module. Periodic boundaries are set in Figs. 2, 3,
4(ay4(c), and 5. Perfectly matched layers are set around
the domain in Figs. 3(d) and 3(e). The parameters of the
background medium, water, are set as py = 1000 kg/m?
and ¢y = 1483 m/s. The parameters of the porous sil-
icone rubber are reported to be p ~ (1 — ¢)py, L =
c1 /N1 +3Kep /4Gy, cr ~ c7/T+2¢/3, c; ~ Ko/ po,
and ¢~ /Gy/py in the literature [47-50], where
po = 1040 kg/m?, Ky = 1.2 GPa, and Gy = 0.3 MPa. The
air-filling ratio, ¢, for material A (B) is 0% (0.11%) in
Figs. 2—4.
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