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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Underwater metamaterial absorber with  
impedance-matched composite
Sichao Qu1†, Nan Gao1†, Alain Tinel2, Bruno Morvan2, Vicente Romero-García3,  
Jean-Philippe Groby3, Ping Sheng1*

By using a structured tungsten-polyurethane composite that is impedance matched to water while simultaneously 
having a much slower longitudinal sound speed, we have theoretically designed and experimentally realized an 
underwater acoustic absorber exhibiting high absorption from 4 to 20 kHz, measured in a 5.6 m by 3.6 m water 
pool with the time-domain approach. The broadband functionality is achieved by optimally engineering the 
distribution of the Fabry-Perot resonances, based on an integration scheme, to attain impedance matching over 
a broad frequency range. The average thickness of the integrated absorber, 8.9 mm, is in the deep subwavelength 
regime (~/42 at 4 kHz) and close to the causal minimum thickness of 8.2 mm that is evaluated from the simulated 
absorption spectrum. The structured composite represents a new type of acoustic metamaterials that has high 
acoustic energy density and promises broad underwater applications.

INTRODUCTION
Underwater acoustics represents an area of study that is important 
for the subsurface exploration and object imaging in rivers and 
oceans that occupy the majority of Earth’s surface. The efficient 
absorption of low-frequency underwater acoustic waves has especially 
attracted strong interest, notably for the applications in underwater 
sensing and stealth technologies (1–3). Despite its apparent im-
portance, however, this topic is nowhere as intensely pursued as 
either airborne audible sound (4–7) or ultrasound (8–10). The latter 
represents the higher-frequency branch of the waterborne acoustic 
waves that has found widespread use in medical applications. One 
reason for this state of affairs is the difficulty of experimental mea-
surements, owing to the large wavelength involved and the required 
large impedance mismatch of the solid material for a water impedance 
tube (11, 12). As a result, considerable studies on underwater ab-
sorption are only limited to theoretical analyses and numerical 
calculations (13–22), whose idealized assumptions may not hold in 
practical scenarios, while almost all the existing experimental works 
(23–30), measured in the water impedance tube, are based on small 
samples, which may not reflect the true performance in complex 
environments (31). There is simply a lack of research works based 
on large-scale samples, measured in water pools. Besides the experi-
mental obstacles, designing an underwater absorber itself can be a 
challenge for theoretical modeling, because of the diversity of solid 
elastic vibration modes (32) that can give rise to difficulty in focusing 
on the absorption functionality absent of any undesired features. In 
addition, the acoustic energy density of the conventional materials 
(33, 34) for underwater applications is relatively low, which hinders 
the efficient dissipation of the low-frequency waves within an 
acoustically thin sample. In other words, the potential of reduc-
ing the thickness of the underwater absorber has not yet been 
fully explored.

In this work, we present a novel metamaterial absorber with 
structured impedance-matched composite, which can offer a solu-
tion to the aforementioned challenges in underwater absorption. Our 
composite comprises tungsten particles dispersed in a polyurethane 
(PU) polymer matrix, geometrically structured into slender rods, 
thereby enabling to treat them as one-dimensional solids. As the 
longitudinal speed in a rod is governed by its Young’s modulus Ec, 
for the PU matrix, it can be easily tuned to be lower than the bulk 
modulus of water Bw. Meanwhile, the dispersed tungsten particles 
can contribute to a considerably larger mass density c than that of 
water, w. It follows that the characteristic impedance of our struc-
tured composite can be easily tuned to match that of water. Simul-
taneously, such a composite material would have a much slower 
longitudinal wave speed than that in water, thereby implying a larger 
acoustic density of states at low frequencies. As a result, when the 
rods are backed by a hard reflecting boundary, the Fabry-Pérot (FP) 
resonances can be realized with a much thinner thickness than that 
of the conventional materials.

In what follows, we delineate the process of synthesizing 
tungsten-PU composite to attain the desired properties. To achieve 
broadband impedance matching, we use an integration scheme of 
multiple FP resonances and experimentally verify the absorption 
performance of a 0.92 m by 0.92 m sample in a water pool. It will be 
shown that good agreement between the simulation and experi-
ment is obtained, with an average absorption over 90% from 4 to 
20 kHz and an average sample thickness of only 8.9 mm, which is 
close to the minimum sample thickness as dictated by the causality 
constraint (5).

RESULTS
The impedance-matching composite and slow sound effect
We introduce a dimensionless scaling factor  ( > 1) to simulta-
neously tune the following parameters of the composite rod—the 
density c and the longitudinal modulus M

     c   →    w  , M →    B  w   ─     (1)
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where the water density w = 1 g/cm3 and bulk modulus Bw = 2.16 × 
109 Pa. In this manner, the composite’s characteristic acoustic 
impedance   √ 

_
    c   M    is matched with that of water   √ 

_
    w    B  w     . In addition, 

the sound speed in the composite will be slower, i.e.,   v  c   =  √ 
_

  M _    c       =   1 _    
√ 
_

   B  w   _    w       =   v  w   _    , while the wavelength is compressed as well, i.e.,  
 =   v  w   _ 

f   =     w   _    . We treat the slender composite rod as one-dimensional 
solid materials since its length L is longer than its lateral size a = 
5 mm. Therefore, the longitudinal modulus M can be approximated 
as Young’s modulus Ec of the composite rod with the free boundary 
condition on the four sidewalls of the rod and rigid backing condi-
tion at the bottom (Fig. 1A). This can be evidenced by the simula-
tion based on finite-element method (FEM), where we evaluate the 
displacement of the upper surface of the rod L, under a static 
pressure modulation p. We directly set the Young’s modulus Ec = 
Bw/ and compare it with the retrieved effective longitudinal 
modulus, given by M = Lp/L. The simulation results, displayed 
in Fig.  1B, confirm the one-dimensional model assumption, be-
cause M ≅ Ec for all values of .

If we launch a harmonic plane wave onto the composite rod 
(Fig. 1A), the FP resonance (5) will occur when a quarter wave-
length is equal to the rod length L. Here, by fixing f to be the target 
frequency, the length of the FP rod L is proportional to the sound 
speed in composite materials, with  L =   v  c   _ 4f   =    v  w   _ 4f  =   L  0   _    . This indi-
cates that by using slow sound materials ( > 1), we can reduce the 
FP resonator’s length without changing the resonant frequency. 
Furthermore, we investigate the surface response spectrum as 
characterized by the Green function (6,  35), defined by averaged 
displacement x/pressure modulation p, at the top surface of the rod. 
As an example, we choose the target frequency f = 3.5 kHz, with 
L0 = 0.1 m. It is seen that when the parameters are scaled as in Eq. 1 
with  = 1 or 5.5, the relevant Green function, G(), plotted as a 

function of frequency in Fig. 1 (C and D), remains exactly the same 
for the two cases as evidenced by the complete overlap of the blue 
continuous and red dashed lines. In other words, at the theoretical 
level, there exists an opportunity that the same surface response can 
be supported with a much shorter length, L = L0/, when  is large. 
In the following section, we show such material properties with  = 5.5 
given in Eq. 1 can be realized experimentally.

Tuning the composite’s acoustic properties
We target a composite with high acoustic energy density as speci-
fied by  = 5.5. In the literature, an impedance-matched material is 
usually denoted as “Rho-C rubber” (1, 36, 37), which usually means 
that both the material’s density and sound speed are close to those 
of water. However, for our structured composite rods, while the 
effective impedance can be matched to that of water, the wave speed 
is slower and the acoustic energy density (38) is  times higher, given by

    =   1 ─ 2      c    v   2  +   1 ─ 2     1 ─ M    p   2  =  (     1 ─ 2      w    v   2  +   1 ─ 2     1 ─  B  w      p   2  )     (2)

where p and v denote the acoustic pressure modulation and the par-
ticle displacement velocity, respectively, and the term in the bracket 
is the energy density in water or the Rho-C rubber.

The ingredients for synthesizing the composite are tungsten 
granules (W), uniformly dispersed in PU polymer (Fig. 2A). Here, 
the PU polymer was composed of a softer PU rubber and a harder 
PU resin (Fig. 2B). The tungsten, with its density of 19.3 g/cm3, was 
used for the purpose of creating a composite with large density, while 
the PU polymer was chosen for low and tunable modulus. The total 
mass of the composite is the summation of all the ingredients

  {   M  total   =  M  PU   +  M  W   = ( R  1   + 1 )  M  W  ,    
 M  PU   =  M  resin   +  M  rubber   = ( R  2   + 1 )  M  rubber  

   (3)

where R1 = MPU/MW, R2 = Mresin/Mrubber, and the subscript “W” 
denotes tungsten.

We show that by tuning R1 and R2 in two steps, the target density 
and longitudinal modulus can be attained. We first mixed tungsten 
granules with PU resin and PU rubber separately (resin = rubber ≅ 
1 g/cm3). Since the density of PU rubber is the same as PU resin, the 
outcome of the mixed gels coincides when the ratio between the PU 
polymer and tungsten is the same (Fig. 2C). By adjusting the ratio of 
tungsten to be R1 = 0.0145, we obtained c = 5.5 g/cm3 = 5.5 w. 
Next, by fine-tuning the ratio R2, we manipulated the Young’s 
modulus of the composite without changing the density. It turned 
out that if R2 = 0.524 (Fig. 2D), the resulting modulus Ec = 0.37 × 
109 Pa ≅ Bw/5.5 (Fig. 2E). In this manner, we realized the composite 
with a high mass density and low bulk modulus while keeping the 
impedance matched to that of water, i.e.,   √ 

_
    c    E  c     =  √ 
_

    w    B  w     . Theo-
retically, the target  can be higher than 5.5, as long as we are still 
working below the percolation threshold (35) of the tungsten 
granules. However, to ensure the uniformity of the composite 
sample,  = 5.5 was fixed for the subsequent theoretical design and 
sample fabrication.

FP resonators and the integration scheme for  
broadband absorption
The FP resonator used in this work is simply a slender solid rod 
with a rigid reflecting boundary at the bottom end. The resonance 

Rigid backing

Plane wave
Pressure load

Free boundary

B

D

A

C

Fig. 1. The composite rod with tunable modulus. (A) Schematic of the single FP 
resonator made by a composite rod. (B) Effective modulus of the composite rod 
as function of the scaling factor . The solid line denotes the Young’s modulus 
Ec = Bw/ specified in the simulation, while the circles denote the effective longitudinal 
modulus, retrieved from the simulated output data. The inset figure shows the 
displacement field under the pressure load p. (C) Real part of the Green function, 
G(), with  = 1 and 5.5. The data are retrieved from simulations. The complete 
overlap of the two curves shows that the Green function is independent of the 
scaling parameter . (D) Same for the imaginary part of the Green function.
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condition is attained when one-quarter of the relevant wavelength 
matches the length of the rod. Because the relevant wavelength in 
the composite rod is much shorter, it follows that the length of the 
resonators can also be much shorter, thereby leading to a thinner 
absorber. The lateral size of the resonators is very small relative to 
the wavelength (i.e., a = 5 mm ≪ ). Therefore, only the longitudinal 
modes should be taken into consideration and the surface impedance 
of the individual nth FP resonator in an integrated array has the sim-
ple form Zn = iZw cot (Ln/vc). Note that we use the harmonic time 
dependence of exp( − it) throughout our manuscript. The Green 
function (6, 35), defined as the surface response of nth composite 
rod, is given by Gn = un/( − ip) = 1/( − iZn), where un denotes the 
displacement velocity on the upper surface. With some mathematical 
manipulation (39) (see details in the Supplementary Materials, text S1), 
Gn may be expressed in the Lorentzian form

   G  n  ( ) ≅      n   ─  
  n  2   −     2  − i

    (4)

where the oscillation strength n = 2/(cLn) = 2/(wL0), the resonant 
angular frequency n = 2fn = vc/(2Ln), and the factor  is introduced 
to model the dissipation (details are available in the Supplementary 
Materials, text S2). We see that Eq. 4 is independent of , which is 
consistent with the results shown in Fig. 1 (C and D).

To realize broadband impedance matching, we integrate FP 
resonators with nine different lengths (L1, L2, …, L9) as a unit cell 
[see schematic illustration of the resonator integration in Fig. 3 
(A and B)]. Earlier works (5, 40) have shown that if we adopt the 
approximation of ignoring the higher-order FP resonances in each of 
the resonators, then the optimal choice of the resonance frequencies 
(f1, f2, …, f9), for yielding a flat, near-total absorption curve is given 

by the formula fn = f1e2(n − 1)/9 as plotted in dashed line in Fig. 3C, 
with the corresponding Ln = vc/(4fn). Here, L1 = L0/5.5 and f1 = 
3.5 kHz. An integration scheme, including the correction due to the 
higher-order FP resonances in each resonator, is given in the 
Supplementary Materials, text S3, which yields the resonance distri-
bution slightly different from the first-order power law, as shown by 
the solid line in Fig. 3C. The final discretized resonances are indi-
cated by the circles in Fig. 3C and arrows in Fig. 3E, leading to the 
final length recipe to be L1 = 18.9 mm, L2 = 15.2 mm, L3 = 12.2 mm, 
L4 = 9.8 mm, L5 = 7.9 mm, L6 = 6.4 mm, L7 = 4.6 mm, L8 = 3.1 mm, 
and L9 = 1.7 mm. It should be noted that while the length is smaller 
than the lateral size (a = 5 mm) for resonators 7 to 9, simulations 
have shown the desired scaling characteristics can still hold.

To verify the effect of the integration scheme, we first calculate 
the averaged surface response of the integrated resonators placed in 
parallel such that   G  s   =  ∑ n=1  9     G  n   / 9 , where Gn is given by Eq. 4. Here, 
the factor 1/9 denotes the area fraction occupied by each resonator 
surface facing the incident wavefront. The overall surface impedance 
of the sample array is given by

   Z  s  ( ) =   1 ─ − i  G  s  
   =   (     1 ─ 9     ∑ 

n=1
  

9
      1 ─  Z  n     )     

−1

   (5)

which is shown by the solid curve in Fig. 3D. In Eq. 5, as an approx-
imation, we have ignored the coupling effects between the adjacent 
rods (5, 6), through the evanescent waves. It is seen that broadband 
impedance matching is achieved with the chosen rod lengths. The 
real part of the impedance is close to Zw beyond 3.5 kHz, and the 
imaginary part vanishes as the frequency increases. The absorption 
coefficient can be obtained by inserting Eq. 5 into the following 
expression

DC E

A B

Fig. 2. The composite fabrication process for targeting =5.5 and its verification. (A) Schematic illustration of the composite material’s microstructure, comprising 
tungsten granules embedded in a polymer matrix. (B) By mixing PU resin, PU rubber, and tungsten granules, we fabricate the composite material with the targeted properties, 
whose final stripe shape is used for the tensile test. (C) Relation between the mass density and the mass ratio R1 = MPU/MW, for which MPU can be contributed by either 
varying PU resin (red) or PU rubber (gray). (D) By fixing the mass ratio R1, we change the mass ratio R2 between the PU resin and PU rubber (i.e., R2 = Mresin/Mrubber) to 
manipulate sample’s Young’s modulus. (E) Measured strain-stress curve for the final composite sample, showing its Young’s modulus E ≅ 0.37 × 109 Pa, the target longitudinal 
modulus of the rod.
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  A( ) = 1 −  ∣   Z  s   −  Z  w   ─  Z  s   +  Z  w    ∣   
2
   (6)

where the water impedance   Z  w   =  √ 
_

    w    B  w     . In Fig. 3E, we show the 
resulting broadband absorption, given by Eq. 6, which starts around 
4 kHz (slightly higher than f1). We also compare the theoretical pre-
diction with that of full-wave FEM simulations, plotted as circles in 
Fig. 3E. Good agreement between theory predictions and simula-
tions is seen. It should be noted that two neighboring rods are sep-
arated by a ~50-m air gap (Fig. 3B), with the soft water-repellent 
glue seal on top. The air gap is essentially the average separation 
between two macroscopically flat surfaces of the two touching ob-
jects, owing to the usual amount of surface asperities and micro-
scopic undulations. While there can be multiple contact points of 
the two surfaces, longitudinal vibration modes in the nearby rods 
are essentially decoupled from each other. In Fig. 3F, we plot the 
velocity fields inside the FP resonators from f1 to f6. It is not unex-
pected that at the resonance frequency fn, the rod with Ln displays 
the response with largest surface velocity. For the frequencies in be-
tween the FP resonances (or higher frequencies beyond f6), the im-
pedance matching condition is realized as well, but more than one 
resonator can be excited.

The causality constraint on sample thickness
Because of the fundamental causal nature (41–43) of an absorber’s 
response to the incident wave, there is a minimum sample thick-
ness associated with any given absorption spectrum A(). For 
acoustic systems, this causal constraint takes the form of an in-
equality (5, 6)

    
_

 d   ≥  d  min   =   1 ─ 
4     2 

      B  eff   ─  B  w      ∫0  
∞

   ∣ln(1 − A( ) ) ∣d  (7)

where    
_

 d    denotes the average thickness of the absorber, and the value 
of static modulus, Beff/Bw ≅ Ec/Bw = 1/5.5 in the present case. The 
wavelength in water  = vw/f. From Eq. 7, we again see that by using 
the slow sound medium, the lower bound thickness, dmin, can be 
substantially reduced, which is consistent with the results shown in 
Fig. 1 (C and D). We can insert the simulated absorption in Fig. 3E 
into Eq. 7 to obtain dmin = 8.2 mm, which is close to the average 
thickness (   

_
 d   =  ∑ n=1  9     L  n   / 9 = 8.9 mm ). Hence, at the stage of theo-

retical design, we conclude that the performance of our absorber 
has approached the causality limit. Although the causally optimal 
broadband absorbers have been realized in airborne acoustic (5, 6) 
and electromagnetic systems (43), we demonstrate here that the 
causal limit can be modified, or more specifically lowered, by using 
impedance-matched composite with slow-sound properties.

Sample fabrication considerations
As for sample fabrication, we have structured the composite into 
rod shapes with predesigned lengths by using molds (Fig. 4A). The 
fabrication procedures of the rods are given in the Supplementary 
Materials, text S4. Because the FP resonators require a reflecting 
backing substrate, we have also fabricated a stainless-steel base, with 
stepped stairs that is complementary to the lengths of the rods, so 
that the upper surface of the sample is flat (Fig. 4, A and B). The total 
sample thickness, including the stainless-steel base, was designed to 
be ~0.069 m so as to greatly reduce the transmission beyond 3.5 kHz. 
We let neighboring rods come into contact naturally so that there must 
exist some small amount of air space between the rods. We brushed 

Max

Min

9 7 5 3 1 2 4 6 8

Soft glue

Air gap

D

A

E

F

B C

Fig. 3. Integrated FP resonator array for attaining broadband underwater acoustic absorption. (A) Schematic of the resonator array. The dots indicate periodic 
repetition. (B) The nine FP resonator lengths, indicated by different colors together with an enlarged view of the air gap between two neighboring rods, with a thin layer 
of waterproof soft glue adhered on the top surface facing the water. (C) Design recipe of the resonance frequency distribution for realizing impedance matching. (D) The 
resulting real and imaginary parts of impedance, plotted as function of frequency. (E) The absorption spectrum and the first-order resonance frequencies are indicated by 
the gray arrows on the horizontal axis. Note that f8 and f9 are higher than 20 kHz. (F) The simulated velocity fields at different selected resonance frequencies.
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a thin layer of the hydrophobic soft glue to trap the air and to prevent 
water from seeping into the gaps (Fig. 4B). Because of the heavy mass 
of the stainless-steel base, we divided the sample into 3 × 3 units so 
as to facilitate easy assembly into the whole with a dimension of 
0.92 m by 0.92 m (Fig. 4, B and C).

Experimental verification in a water pool
To test the absorption of the sample in an underwater environment, 
we have carried out the measurements in a water pool with the con-
figuration shown in Fig. 4D. The sample, source, and hydrophone 
were placed in the middle of the 5.6 m by 3.6 m water pool to mini-
mize the interference of the boundaries. A burst signal was emitted 
by the directional source, reflected by the sample and received by a 
hydrophone at two different positions for collecting the reflection 
and transmission data (plotted in Fig. 4E). To compare with the 
experimental data, we take into account the stainless-steel base in 
the simulations (instead of the rigid backing condition) so as to 
allow some transmission of the incident wave, which is plotted as 
green dashed lines in Fig. 4E.

In the low-frequency regime below 0.5 kHz, the transmission 
dominates because of the by-passing effect of the long wavelength. 
With increasing frequency, reflection appears and reaches its maxi-
mum around 2 kHz. If the sample is made of pure stainless steel, the 
reflection will keep increasing and reach almost unity at higher 
frequencies, but because of the metastructures on the front side of 
the sample, the strong reflection turns into the absorption inside the 
high-energy-density composite. We obtain an averaged absorption 
(from 4 to 20 kHz) of 97.6% for the simulation and 90.3% for the 
experiment (Fig. 4E). It should be noted that the averaged sample 
thickness is only 8.9 mm, which is only 1/42 wavelength at 4 kHz, 
while for the longest rod, the same value is 1/20. While the measure-
ment results basically validated our design approach, the observable 
difference between the simulated and measured results may result 

from the inevitable imperfections in the manufacturing and the 
assembling of the sample, which were all done manually (refer to 
the Supplementary Materials, text S4). Such imperfections can 
mean that the idealized perfect pressure-release boundary was 
actually not the case in the experimental sample, leading to the 
weak interactions between adjacent resonators and thereby slightly 
lower the measured absorption. If automated and accurate mass 
production can be achieved in the future, we expect such problems 
to be largely mitigated.

DISCUSSION
By comparing our work with the traditional absorbers, such as the 
anechoic coatings (13, 44–47) and penta-mode structures (19), we 
find that our design scheme is straightforward and more effective 
because only the longitudinal modes are involved, achieved by both 
the rod geometry separated by air gaps, and the subwavelength 
lateral dimension of each rod. In this manner, the lateral modes can 
only exist in the form of evanescent waves, which cannot couple to 
the incident wave (48). Further simulation shows that smaller 
lateral size of the rods not only helps improve the higher frequency 
absorption but also enhances the performance under oblique inci-
dence (49) (results are available in the Supplementary Materials, 
text S5). Unlike the air bubble–based absorber (10, 13, 23, 47, 50), in 
principle, our absorber does not rely on the resonant modes shaped 
by air cavities to achieve impedance matching and holds the poten-
tial of mitigating the absorption-degrading problem under hydro-
static pressure (i.e., without evident nonlinear deformation of the 
solids involved). We performed an initial simulation study in the 
Supplementary Materials, text S6, to check this point and found that 
the simulated performance does not significantly suffer under 
hydrostatic pressure. However, we believe that more experiments are 
needed in the future to fully verify the performance under elevated 

Front view Back view

0.92 m

Metal base

FP rods

Waterproof effect

One unit

A B

D

C

E

Fig. 4. Experimental realization of the underwater metamaterial absorber with water pool measurement. (A) Fabricated composite rods, placed on the stepped 
stainless-steel base. (B) One sample unit and the waterproof effect on the top surface, with the adoption of the soft glue. Water is shown to form a droplet shape because 
of the hydrophobic effect of the waterproof soft glue. (C) Front view and back view of the assembled sample, comprising nine units. (D) Schematic of the water pool 
measurement configuration. (E) Measured data with the transmittance T, the reflectance R, and the absorption A = 1 − T − R. The results retrieved from simulation are also 
presented by dashed lines, for comparison. Here, the simulations have taken into account the stainless-steel base.
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pressure, because our sample requires the maintenance of thin air 
gaps between the resonators, and the associated high demands on 
the fabrication and assembly technique. Our composite’s intrinsic 
properties also ensure that the slow sound effect holds for the whole 
frequency spectrum, which differs from the resonance-based slow 
sound absorber (51–53), for which the enhanced absorption occurs 
near the resonant frequencies. As for the absorbing bands, the start-
ing frequency is actually tunable and can be easily shifted down to 
the lower subkilohertz regime. This can be done by multiplying the 
current rod lengths by a factor larger than 1 (see absorption results 
in the Supplementary Materials, text S7). In our experiment, we just 
measured from 3 to 20 kHz, because of the limitations of the pool 
size and the performance of the sound sources. However, through 
simulations, we do not see any reason why our absorber cannot 
extend to lower and higher frequencies.

In conclusion, our work not only offers an integration scheme 
for broadband impedance matching but also proposes a novel type 
of impedance-matched and high-energy-density composite that 
can realize excellent underwater absorption with thin sample thick-
ness. The former provides a design recipe for solving the narrow 
band problem of resonance-based underwater acoustic absorbers, 
while the latter makes a pioneering step in reducing the thickness of 
the absorber without losing the broadband absorption performance. 
The absorption performance of a large-size sample was verified 
by measurements in a water pool, with an averaged absorption of 
90.3% from 4 kHz to at least 20 kHz. The materials and the design 
methodology adopted in this work may provide a new route in design-
ing versatile devices with broadband features, such as camouflage stealth 
materials (2, 3, 54), tunable waveguides (55, 56), metamaterial- 
based lens (8, 57, 58), impedance transformer (59, 60), etc.

MATERIALS AND METHODS
Sample fabrication and characterization
The composite materials were fabricated by using the ingredients 
described in Fig. 2 of the main text. The Young’s modulus of the PU 
resin (Type Smooth-On Task 6) is 1 × 109 Pa, and that of the PU rubber 
(Type Smooth-On Simpact 85A) is much softer with a value of 
6.83 × 106 Pa. The process of mould making and demoulding can be 
found in the Supplementary Materials, text S4. The composite sample 
was fabricated into the long strip geometry (see Fig. 2B) for the tensile 
test. The tensile equipment we used is Electronic Universal Testing 
Machine WDW-10 from Jinan Jinyinfeng Instrument Company. 
The stainless-steel base of the large-scale sample (for the purpose of 
achieving longitudinal wave reflection) was precisely fabricated using 
the wire electrical discharge machining. The averaged thickness 
of the base with the stepped surfaces is 0.06 m, so that the transmitted 
wave beyond 4 kHz can be significantly suppressed. The density 
of the stainless steel is 7.5 g/cm3. By combining the mass of composite 
rods with the base, the total mass of the sample is around 420 kg. 
The Young’s modulus of the soft glue is in the order of 105 Pa, with a 
negligible shear modulus.

Simulation methods and setups
In numerical simulations, the commercial software COMSOL 
Multiphysics was adopted for efficient computation. The static 
pressure test in Fig. 1A was simulated by the Solid Mechanics module. 
For the simulations involving the evaluation of absorption, the 
Solid Mechanics module was combined with the Pressure Acoustics 

module. The former was responsible for the domain of composite 
rods, and the latter was responsible for the water domain. For the 
solid-fluid interfaces, continuity boundary conditions were applied 
for the displacement and stress fields. The lateral boundaries of the 
simulation domain were set to be the Floquet periodic boundary 
condition. The four side walls of the composite rods were applied 
with free boundary condition for the simulation whose results 
are shown in Fig. 3 (D and E), as an approximation. However, for 
Fig. 4E, the air gaps were occupied by the acoustic domain, and the 
free boundaries were replaced by the solid-air interface. In addition, 
the air gaps and the water are gapped by a thin layer of soft glue with 
Young’s modulus to be ~105 Pa. Meanwhile, the stainless-steel base 
and the water domain at the back side were also added for collecting 
the transmission information. The mesh size was set to be smaller 
than one-sixth of a wavelength in order to ensure accuracy.

Water pool measurements
We adopted the time-domain approach to measure the transmission 
and reflection coefficients in a water pool. A pistonic piezoelectric 
underwater emitter (Lubell Type 9162 T) was used for wave genera-
tion, while an omnidirectional hydrophone (Brüel & Kjaer Type 
8105), associated with a signal amplifier conditioner (Nexus Type 
2692), was used as receiver. A signal burst windowed by a Hanning 
function was sent to the source. Each group of the measured signals 
was averaged 300 times to improve the signal-to-noise ratio. To 
handle the parasitic echoes coming from multiple reflections on the 
walls of the pool, we used the following procedures: Measurements 
were done in the water tank at two positions P1 (front side) and P2 
(back side). For each frequency, we carried out the two groups of 
measurements (i.e., with and without the sample) and then collected 
the data at P1 and P2. The data without the sample act as the reference 
signals Sref − P1 (including the incident wave and spurious signals 
from the reflections by pool walls) and Sref − P2 (approximately treated 
as the incident signal strength). With the sample present, the signals 
at P1 and P2 are denoted by SP1 and SP2, respectively. Therefore, 
after projecting the signals into the frequency domain by Fourier 
transform, we can calculate the reflectance R =∣(SP1 − Sref−P1)/Sref−P2∣2 
and the transmittance T = ∣SP2/Sref − P2∣2.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4206
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