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Acoustically soft and mechanically robust hierarchical metamaterials in water
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Isolating noise in water relies on materials with low acoustic impedance. However, reducing the existing
materials’ acoustic impedance severely compromises their stiffness and strength, resulting in a long-
standing challenge of sound isolation in deep-sea environments with high ambient pressure. To overcome
the mutual exclusion of low acoustic impedance and high mechanical properties, we propose a design prin-
ciple including two steps that regulate the lattice orientation and incorporate a hierarchical morphology in
an anisotropic metamaterial. Regulating the lattice orientation leads to low effective acoustic impedance
while counterintuitively improving the initial stiffness. By learning from nature, incorporating a hier-
archical morphology enables the metamaterial with an unprecedented decoupling characteristic that the
mechanical strength can be enhanced independently from the acoustic impedance. A hierarchical metama-
terial is constructed as a proof-of-concept demonstration and displays high sound transmission loss over
16 dB in a low and broad frequency range from 400 to 1200 Hz. Of note, the hierarchical metamaterial
could maintain stable acoustic performance even under a high ambient pressure of 2 MPa. This work not
only opens an alternative avenue for realizing sound isolation in deep-sea environments but also offers a
design principle for metamaterials combining antagonistic functional properties.

DOI: 10.1103/PhysRevApplied.20.054015

I. INTRODUCTION

Water encompasses over 70% of the Earth’s surface,
where rich underwater resources support the development
of humanity [1]. With the ability of long-distance prop-
agation, acoustic waves are the most potent information
carrier for underwater sensing and communication [2,3].
However, noise interference is inevitable when receiving
the desired acoustic signal [4]. To address this prob-
lem, underwater sound-isolation materials have attracted
considerable interest [5–14].

Acoustic impedance mismatching is the fundamen-
tal principle for designing sound-isolation materials. For
the common materials in nature, the effective acoustic
impedance Ze is a combination of the longitudinal phase
wave speed cl and density ρe, denoted by [15]

Ze = ρecl. (1)
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When the propagating medium is air of extremely low
acoustic impedance, materials with high densities com-
monly exhibit better sound-insulation performance than
lightweight materials, according to the classical mass den-
sity law (MDL) [16]. In the last two decades, membrane-
[17] and plate-type [18,19] acoustic metamaterials have
been proposed to obtain superior air-borne sound-isolation
performance than that derived from MDL.

Different from air, water belongs to high impedance
media. The membrane- and plate-type metamaterials also
with high impedance cannot efficiently isolate sound in the
underwater environment. Even for a 50-mm-thick cum-
bersome steel immersed in water, over 85% of energy
can pass through when the frequency of acoustic wave
is below 500 Hz. In contrast to high-impedance materi-
als, adopting low-impedance materials provides a more
promising strategy. Under this guideline, the common
underwater sound-isolation metamaterials consist of rub-
ber with air inclusions [5,8,10,14]. The longitudinal phase
speed and the acoustic impedance of these metamateri-
als can be significantly decreased with the filling ratio of
air inclusions increased [20], resulting in efficient sound
isolation in water. Nevertheless, in the underwater envi-
ronment, the ambient pressure exists, and the amplitude
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increases by 0.1 MPa for every 10 m of water depth. With
the filling ratio of air inclusions raised, the underwater
sound-isolation metamaterials cannot control shape when
the ambient pressure is increased, resulting in the col-
lapse of air inclusions and decreases of the sound isolation
in the low-frequency range [14]. Therefore, the mechan-
ical robustness of underwater metamaterials should be
highlighted.

Stiffness and strength are two fundamental properties to
evaluate the mechanical robustness of materials. The stiff-
ness, i.e., Young’s modulus Es, represents the material’s
initial capability to resist deformation at the linear elastic
stage [21]. After the linear elastic stage, the metamateri-
als’ instability may be triggered by either highly localized
stress or long-wavelength modes, leading to maximum
stress, i.e., strength σy , that indicates ultimate load-bearing
capability [21]. High stiffness ensures small deformation
of materials under the same ambient pressure, while high
strength makes materials stable in deeper sea environ-
ments without yielding and failure. Therefore, an under-
water sound-isolation material requires a combination
of low acoustic impedance, high stiffness, and strength.
Unfortunately, there are some conflicts among these three
characteristics for conventional materials, which will be
illustrated in the following.

One can see from Eq. (1) that low longitudinal phase
speed is one choice for obtaining low acoustic impedance.
But Young’s modulus varies with the square of phase
wave speed, leading to a conflict between low acoustic
impedance and high stiffness. Reducing the density offers
another choice for attaining low acoustic impedance. How-
ever, both stiffness and strength also drop with decreasing
density through a power-law scaling [22–24] for many
architectural materials, that is,

E/Es = Aρ̄α , (2)

and

σy/σys = Bρ̄β , (3)

where ρ̄ denotes the relative density, usually normalized by
dividing the density of the constituent material. Es and σys
are Young’s modulus and strength of the constituent mate-
rial, respectively, A and B are the proportionality constants,
α and β are scaling exponents. Moreover, stiffness and
strength are also not always positively correlated [21,25–
27]. A metamaterial may possess high stiffness but have
low strength, e.g., closed-cell plate metamaterials [21], and
vice versa, the open-cell truss metamaterials have high
strength with a compromise of stiffness [21]. The elusive
relationship between stiffness and strength further compli-
cates the design of mechanically robust metamaterials in
water. Realizing decoupling among acoustic impedance,
stiffness, and strength is expected.

This work proposes a design principle, including
two steps to realize decoupling between acoustical and
mechanical performance. As a proof-of-concept demon-
stration for the design principle, a hierarchical metama-
terial with 4 times stiffer and 5 times stronger than an
existing isotropic metamaterial is constructed under the
same low acoustic impedance condition. The combined
acoustic softness and mechanical robustness enable the
hierarchical metamaterial with high transmission loss for
underwater sound within low and broad frequency range.
The stable acoustic performance, even under high ambient
pressure, is also experimentally demonstrated.

II. DESIGN AND RESULTS

A. Two-step design principle

The first step in our design principle is utiliz-
ing anisotropy to realize decoupling between acoustic
impedance and stiffness. Wave propagation in anisotropic
media exhibits rich polarization characteristics absent in
isotropic media [28]. These polarization characteristics
simultaneously provide a chance for realizing decoupling
stiffness and acoustic impedance. The effective acoustic
impedance Ze of anisotropic media is

Ze = ρecQlη, (4)

where cQl denotes the quasilongitudinal wave-phase speed.
The detailed derivation is illustrated in Note S1 within the
Supplemental Material [29]. By comparing Eq. (4) with
Eq. (1), an additional term η appears, which is defined as a
polarization factor and is expressed by

η = cQt + cQttan2θQl

cQt + cQltan2θQl
, (5)

where θQl is the polarization angle of the quasilongitudinal
phase speed, i.e., the angles between the vibration direction
of the material particles and the direction of the quasilongi-
tudinal wave propagation. cQt is the quasitransverse wave
phase-speed, which usually satisfies the relationship cQt <

cQl. For isotropic media, the polarization factor η is always
equivalent to 1, resulting from the purely longitudinal
wave mode without polarization (θQl = 0◦). In contrast,
the rich polarization phenomena inside anisotropic media
offer the possibility of realizing a small polarization fac-
tor η. With the assistance of a polarization factor, one can
realize decoupling between acoustic impedance and stiff-
ness, i.e., to obtain a lower acoustic impedance but higher
stiffness. We demonstrate that regulating the lattice orien-
tation of the anisotropic metamaterial offers the physical
realization of this counterintuitive property.

Although regulating the lattice orientation improves
stiffness, it cannot ensure strength improvement for resist-
ing yielding and failure under high ambient pressure. Due
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to the nonlinear mechanic feature, decoupling strength
suffers more difficulties than stiffness from the acoustic
properties. The second step in the design strategy is to
address this problem by learning from the architecture
of biomaterials [30]. Many natural biomaterials, such as
bones [31], plant stems [32], and sea sponges [33], are
lightweight and strong. The common feature among these
biomaterials is the hierarchical morphology of the archi-
tecture that spans multiple length scales. We introduce the
hierarchical morphology into the anisotropic metamaterial
and find an unprecedented decoupling property where the
strength can be enhanced independently from the acous-
tic impedance. The strength enhancement also has little
influence on the stiffness.

B. Proof-of-concept design of hierarchical
metamaterial

As a proof-of-concept demonstration of the two-step
design principle, the proposed underwater sound-isolation
metamaterial is depicted in Fig. 1. The underwater meta-
material consists of a periodic array of lattices in the
x-z plane, while the size of the metamaterial along y is
assumed to be infinite. An acoustic wave is incident on
the metamaterial along the +x direction. Subsequently,
the transmitted wave and the reflected wave are gener-
ated in the opposite direction. The primary goal of the
metamaterial is to reduce the amplitude of the transmit-
ted wave. Meanwhile, the underwater environment induces
compression pressure p0 that the metamaterial suffers. As
a result, the mechanical response of the metamaterial ini-
tially displays a linear elastic stage, where the stress-strain
σ - ε curve slope indicates the stiffness E. The amplitude

of compression pressure p0 increases monotonically with
water depth by p0 = ρwgh, where ρw denotes the density
of water, g is gravitational acceleration, and h is the water
depth. Under higher compression pressure, the metamate-
rial suffers from large deformation and exhibits nonlinear
characteristics in the σ - ε curve. A maximum stress value
σy appears in the σ - ε curve, reflecting the metamaterial’s
strength. Both high stiffness and high strength are desired
to obtain mechanical robustness in deep-sea environments.

Our design experiences the following iterations that
gradually underpin the acoustic and mechanical per-
formances (Fig. 2). The design process begins with a
bioinspired hexagonal metamaterial denoted by design A
[Fig. 2(a)], which has been demonstrated to be mechani-
cally strong at a low density [34]. The constituent material
of the lattice is chosen as a polymer resin, and the mass
density is 0.25ρw. The homogenization method (Note S2
within the Supplemental Material [29]) is employed to
obtain the effective acoustic parameters of design A, with
the results plotted on the right-hand side of Fig. 2(a).
The three effective acoustic parameters, i.e., acoustic
impedance Z̄e, phase speed c̄Ql, and polarization factor η,
are presented through a relative value in the polar diagram
concerning different orientations. All effective acoustic
parameters appear as circles in the polar diagram, display-
ing isotropic characteristics. The acoustic impedance along
an arbitrary direction is a constant of 0.143Zw, with the
phase speed and polarization factor being 0.571cw and 1,
respectively. To lower the acoustic impedance under the
same mass density value, we tune the geometric param-
eters based on design A (Note S3 within the Supple-
mental Material [29]) and obtain design B [Fig. 2(b)].
Different from design A, the acoustic impedance (green
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FIG. 1. Conceptual graph of the metamaterial with application to underwater sound isolation.
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line) in the polar diagram displays a peanutlike pattern
and anisotropic characteristics. Along the x direction, the
acoustic impedance is lowered to 0.0798 Zw and almost
half that of design A. The lower acoustic impedance results
from the slower phase speed (0.319cw), while the polariza-
tion factor η remains unity. However, following the obser-
vation of the smaller polarization factor along the other
orientation, we regulate the lattice orientation of design
B through anticlockwise rotation by an angle of γ = 26◦,
with the obtained configuration denoted by design C. The
effective acoustic parameters of design C are depicted via
the purple line in the same polar diagram of design B
for intuitive comparison. The acoustic impedance along
the x direction is further reduced to 0.0668Zw. Compared
with design B, the lower acoustic impedance is mainly
attributed to design C obtaining a smaller polarization fac-
tor (0.553), while it even possesses a higher phase speed
(0.483cw), implying that achieving a smaller polarization
factor is the key to lowering the acoustic impedance.
Last, the architecture of bones also gives us an essential

inspiration for the design. As shown in Fig. 2(c), the bones
consist of two structural hierarchies. The first-order struc-
tural hierarchy, i.e., the outer scaffold, consists of stiff
cortical bone, while the trabecular bone, which is one
order of magnitude smaller than cortical bone, forms the
second-order structural hierarchy and occupies the scaffold
[31]. Wolff’s law [35] can well elucidate this architec-
ture. During the evolution process in nature, closed outer
shells and internal structures are adapted to ensure the
mechanical robustness of bones concerning external force
variations, thus resulting in the hierarchical architecture.
Motivated by bones’ architectures, we elaborately intro-
duce hierarchical morphology into the metamaterial and
construct design D [Fig. 2(d)]. The first-order structural
hierarchy for design D still keeps the hexagonal shape, the
same as design C. However, in contrast to the members of
design C formed by fully dense solids, those of design D
consist of square lattices [36] as the second-order structural
hierarchy. The square lattice brings design freedom, i.e.,
the infill porosity P of the members, which is defined as
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FIG. 3. Acoustical performance of designs A–D. (a)–(d) Theoretical predictions of acoustic pressure patterns for designs A–D
under the condition of an incident plane wave with a frequency of 400 Hz. The marks I and T denote the incidence and transmission,
respectively. The arrows indicate the wave propagation direction. (e)–(h) Profiles of the acoustic pressure for designs A (e), B (f), C
(g), and D (h). (i)–(l) Profiles of the particle velocity for designs A (i), B(j), C (k), and D (l). In plots (e)–(l), the solid lines and circles
denote the theoretical and numerical results, respectively. The results for incidence I, reflectance R, and transmittance T are color
coded by red, blue, and green, respectively. (m)–(p) Acoustic transmission loss as a function of frequency for designs A (m), B (n),
C (o), and D (p), where the solid lines and circles are results obtained by theory (Note S4 within the Supplemental Material [29]) and
simulation (Note S5 within the Supplemental Material [29]), respectively.

the ratio of the volume of square hollows to all members.
The three effective acoustic parameters of design D with
P = 35% are displayed on the bottom side of Fig. 1(d). The
three patterns show shapes similar to those of design C,
implying that the second-order structural hierarchy hardly
affects the acoustic properties. The acoustic impedance of
design D reaches 0.0683Zw and is slightly higher than that
of design C.

C. Acoustical performance of metamaterials in water

To prove the effectiveness of our design principles with
underwater sound isolation, a frequency-domain model

based on acoustic-solid interaction theory is established
(Note S4 within the Supplemental Material [29]). To
acquire an intuitive understanding, Figs. 3(a)–3(d) depict
the acoustic pressure patterns of designs A–D. A plane
acoustic wave with a frequency of 400 Hz and amplitude
of 1 Pa is generated at the position of x = 0 m. The inci-
dent direction is along the +x direction. The acoustic wave
front along the z direction is assumed to be a constant.
The metamaterial with a thickness of 54 mm (marked by
a black dashed box) is placed at the position of x = 7.5 m.
There is a cover layer consisting of homogenous polymer
resin, with a thickness of 2 mm, between the lattice mate-
rial and the surrounding water on both sides. The left and
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right patterns of the metamaterial represent the incident
wave (denoted by I) and transmitted wave (denoted by T),
respectively. For design A, the transmitted wave shows
almost the same pattern as the incident wave, implying
that design A can be treated to be transparent to inci-
dent wave I. Regarding design B, one can readily see that
more acoustic waves are blocked due to a lower acoustic
impedance than in design A. With further regulating lattice
orientation, there is a stark difference between the incident
and transmission ends for designs C and D. The transmis-
sion ends display a “dark” region through which near-zero
acoustic energy can pass.

The profiles of acoustic pressure and velocity fields
along the propagating direction are illustrated in
Figs. 3(e)–3(l). The red, blue, and green lines denote the
incident, reflected, and transmitted waves, respectively.
The numerical simulations are conducted to validate our
theoretical model, with the results shown by circles. Over-
all, the two results agree well with each other, demonstrat-
ing the accuracy of the theoretical model. For designs C
and D, in addition to featuring small amplitudes for trans-
mitted wave T, it is also noted that there is a phase change
in π between incident wave I and reflected wave R for the
pressure field. In contrast, the velocity field of the reflected
wave R is in phase with that of incident wave I. The com-
bination of these characteristics further corroborates that
both designs can be treated as acoustically soft boundaries
[37] in water.

Owing to the nonresonance characteristic in the low-
frequency domain, designs C and D possess a broad work-
ing bandwidth rather than only being effective at a single
frequency. Figures 3(m)–3(p) plot the transmission loss
TL as a function of frequency f . The TL is defined by
TL = −20 log10|Pt/Pi|, where Pt and Pi denote the magni-
tude of the pressure of the transmitted and incident wave.
In the extremely low and broad frequency range from 200
to 1200 Hz, both designs C and D display high TL without
apparent fluctuation. The average TL for the two designs,
respectively, reaches 17.9 and 15.8 dB, meaning that over
95% acoustic energy is reflected. In contrast, designs A
and B show average TL of 3.0 and 10.1 dB. This com-
parison highlights the role of low acoustic impedance in
isolating underwater sound in the low-frequency range.
Even under oblique incidence and diffuse field, designs
C and D still maintain high TL and outperform the other
designs (Note S6 within the Supplemental Material [29]).
Moreover, designs C and D possess deep-subwavelength
thicknesses with only 1/129 of the operating wavelength.
The deep-subwavelength thickness is appealing for some
application scenarios where the space is also limited.

D. Mechanical performance of metamaterials

In addition to the low acoustic impedance for sound
isolation, robust mechanical properties are required

for the metamaterial to withstand naturally occurring
compression pressure in underwater environments. Com-
putational modeling (Note S5 within the Supplemental
Material [29]) combined with the experimental method
(Note S9 within the Supplemental Material [29]) is car-
ried out to assess the uniaxial compression response of
the metamaterials, with results presented in Fig. 4. Fig-
ures 4(a) and 4(b) depict the stress-strain curves of the four
metamaterials obtained by the two methods. All stress-
strain curves initially show a linear region. As the strain
increases, yielding occurs inside the metamaterial, lead-
ing to a gradual reduction in stiffness and a maximum
value for stress. Subsequently, the metamaterial shows
near-zero or negative stiffness until a fracture occurs,
which is reflected by the sudden drop in stress. In gen-
eral, the results predicted by simulations show agreement
with the experimental results, validating the accuracy of
experimental measurements in capturing the linear elas-
tic region and the maximum load-bearing capability. By
comparing the experimentally obtained stress-strain curves
among the four designs, three features are noteworthy: (i)
design A is characterized by both the highest initial stiff-
ness (42.69 MPa) and strength (2.35 MPa), whereas design
B is the worst-performing design regarding the stiffness
(12.90 MPa) and strength (1.10 MPa). (ii) Sharing the
same topology but different lattice orientations with design
B, design C acquires a higher initial stiffness (22.59 MPa),
demonstrating that the lattice orientation modulation can
improve the initial stiffness. However, despite having a
higher stiffness, the strength of design C (1.29 MPa) is
comparable to that of design B. (iii) By comparing designs
C and D, the two show a similar initial stiffness but distinc-
tive strength. A higher strength (2.13 MPa) for design D is
a possible result of incorporating hierarchical morphology.

Figures 4(c) and 4(d) further compare the snapshots of
undeformed specimens with deformed specimens in the
vicinity of the maximum stress. The von Mises stress
distributions obtained from simulations are displayed in
Fig. 4(e) to assist in the understanding of deformation
behaviors. Design A shows a relatively global deforma-
tion mode where compression along the x direction leads
to a flattening of the lattice. The oblique members of the
metamaterial spread out and undergo rotation around their
nodes. The rotation of the members also results in nonlin-
ear mechanical behavior, which is reflected by the gradual
stiffness reduction in the stress-strain curve. For design
B, the obtuse angle between the two oblique members
and the shorter vertical members results in fewer mate-
rials distributed along the loading direction. Therefore,
design B shows a low initial stiffness. Upon loading, the
oblique members carry the most loads and rotate about
the nodes, giving rise to the horizontal elongation of the
lattice. However, the vertical members undergo minimal
stretch deformation and are inefficient in transmitting the
loads among each layer. As a result, design B is prone
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FIG. 4. Uniaxial compression performances of the metamaterials. (a),(b) Stress-strain curves of the metamaterials obtained by exper-
iments (a) and finite-element simulations (b). (c),(d) Snapshots of designs A–D during the uniaxial compression experiments. The
undeformed configurations (0% applied strain) are plotted in (c), while the deformed configurations around maximum stress are given
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results of the deformed patterns for designs A–D with von Mises stress distribution. The applied strains for designs A–D are 5, 8, 5,
and 9%, respectively. The color bar denotes the stress level inside the materials.

to suffer localized stress concentrations in the vicinity of
nodes that weaken the load-bearing capability. By regu-
lating the lattice orientation, more materials inside design
C are distributed near the loading direction than in design
B, resulting in a higher initial stiffness. Nevertheless, the
change in orientation of the lattice induces a mechanical
maximum shear stress plane when it suffers vertical loads.
As highlighted by a purple dashed line in Fig. 4(d), the
nodes inside this plane experience shear force from the
compression loads, and the members outside the plane
exhibit minimal deformation. These extremely localized
shear transformation zones form a slip band, similar to
the slip activity in single crystals [38]. Due to the emer-
gence of a localized slip band, design C exhibits a severely
uneven stress distribution and high stress concentration.
Hence, although design C acquires a higher initial stiffness,
its maximum load-bearing capability is comparable to

that of design B. Thus far, the regulating lattice
orientation is sweet and sour. It is sweet because regu-
lating the lattice orientation is crucial for lowering the
acoustic impedance while simultaneously improving the
initial stiffness. However, it is sour as a consequence of
inducing a maximum shear stress plane that forms the slip
band, leading to little improvement in strength. Incorpo-
rating a hierarchical morphology offers a promising path
to overcome the detrimental effect on strength from the
slip band. By comparing designs C with D, computational
modeling and experimental observation demonstrate that
integrating the hierarchical morphology induces a tran-
sition from a highly localized deformation mode into a
relatively global mode. The deformation of design D is
mainly governed by the bending of the members consist-
ing of square lattices, which shows a high-order buckling
mode in the vicinity of the maximum stress. Meanwhile,
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the square lattices inside the members enhance the overall
deformation compatibility of the network and promote
load transfer between the adjacent members (indicated by
blue arrows). Figure 4(e) shows that design D displays
a more even stress distribution than design C, thereby
delaying the yielding point.

E. Acoustic mechanical decoupling property enabled
by the design principle

Underwater metamaterials with application to sound
isolation require low acoustic impedance and mechanical
robustness simultaneously, which are two mutually exclu-
sive properties for common materials in nature. The pursuit
of design principles with the ability to realize decoupling
between mechanical properties and acoustical characteris-
tics is therefore highly desirable. We next demonstrate the
generality of our design principle in this context. Figures
5(a)–5(c) compare the acoustic impedance Z̄, compression
modulus Ē, and strength σ̄ variation with the relative den-
sity ρ̄ for designs A–D. The lattice orientations for designs
C and D are kept constant at γ = 26◦, while the infill
porosity of members for the latter is fixed at P̄ = 35% with
different densities ρ̄. The dashed lines denote the fit curve
in the form of a power law, where the proportionality con-
stant and the scaling exponent are presented in brackets.
As depicted in Fig. 5(a), the impedance of designs A and
B show a linear scaling relationship with the density, i.e.,
Z̄ ∼ ρ̄. Design B acquires a smaller proportionality con-
stant and nearly half the impedance of design A under
the same density, stemming from the lower longitudinal
phase speed. However, the stiffness and the strength of
design B are approximately only 1/3 and 1/2 of those of
design A, respectively. The comparison between the two
designs indicates a general trade-off challenge that mate-
rials have experienced between low acoustic impedance
and high mechanical properties. The lattice orientation
regulation offers a promising path to overcome the trade-
off between acoustic impedance and stiffness. A steeper
scaling relationship, i.e., Z̄ ∼ ρ̄1.6, is achieved for both
designs C and D, enabling them to acquire a lower acoustic
impedance than the other two designs. The larger scal-
ing exponent in acoustic impedance mainly results from
the lower polarization factor acquired by the lattice ori-
entation regulation. Meanwhile, the material distribution
is also changed in a positive sense toward higher initial
stiffness. As reflected in Fig. 5(b), design C is 1.6 to 1.75
times stiffer than design B under the same density. How-
ever, even though design C has a higher initial stiffness,
the lattice orientation regulation cannot contribute to the
strength enhancement [Fig. 5(c)], because it induces local-
ized shear transformation zones where the slip band of
high-stress forms. Incorporating hierarchical morphology
is an effective strategy for overcoming this problem. By

comparing the strength between designs C and D, one can
see that the latter is 1.5 to 1.7 times as strong as the former
at the same density.

Design D with a hierarchical morphology possesses
additional design freedom than other designs, i.e., the
infill porosity P̄ for the square lattice inside the mem-
bers. To fully identify its effects, Figs. 5(d)–5(f) illus-
trate the acoustic and mechanical properties of design D
versus the combination of relative density ρ̄ and infill
porosity P̄. In a sense, design C can be treated as a
particular case of design D with infill porosity P̄ = 0%.
Under each density, one can see from Fig. 5(d) that the
acoustic impedance is insensitive to the variation in infill
porosity and almost remains constant. However, when
the infill porosity P̄ is raised, gentle stiffness improve-
ment and noticeable strength enhancement are observed
in Figs. 5(e) and 5(f), respectively. The combination of
Figs. 5(d)–5(f) displays an unprecedented decoupling char-
acteristic between the acoustical and mechanical prop-
erties. We exemplify the acoustic transmission loss and
uniaxial compression response of four designs with the
same relative density ρ̄ = 25% yet different infill porosi-
ties P̄, as shown in Figs. 5(g) and 5(h). The four designs
exhibit nearly indistinguishable acoustic transmission loss,
in which the average TL achieves over 15 dB in the low-
frequency range from 200 to 1200 Hz. However, raising
the infill porosity results in a distinct mechanical behavior
[Fig. 5(h)], i.e., although the initial stiffness only shows a
gentle increase, a noticeable enhancement in the maximum
load-bearing ability is observed.

We then attempt to uncover the origin of this strength
enhancement by comparing the deformation mode and
stress distribution [Fig. 5(i)]. The following reasons can
interpret the strength enhancement. On the one hand, the
failure of design D with low infill porosity is primarily
triggered by the formation of a localized slip band of high-
stress concentration, however, enhancing the infill porosity
could induce a transition from a highly localized mode
into a relatively global mode. When the infill porosity is
increased, the square hollows split the members into finer
networks that can provide multiple transmission paths for
loads. Therefore, the hierarchical members consisting of
square lattices play a more critical role in load carrying.
The enhanced bending behavior of hierarchical members
acts as bridges to efficiently deliver loads and enables a
more uniform stress distribution than that with lower infill
porosity. The more compatible deformation among the
interconnected members alleviates the formation of local-
ized shear transformation zones that induce the slip band.
On the other hand, the high-order buckling of the hierarchi-
cal member dominates the failure of design D with higher
infill porosity. Increasing the infill porosity enhances the
effective width-to-length ratio of the hierarchical members,
and offers a higher bending strength for the member to
resist buckling.
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FIG. 5. Illustration of the acoustic mechanical decoupling property enabled by the design principle. (a)–(c) Relative acoustic
impedance (a), stiffness (b), and strength (c) plotted against density for designs A–D. Here, the relative acoustic impedance Z̄ and
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F. Robust underwater sound isolation under high
ambient pressure

Having shown that our design principle endows the
metamaterial with a combination of acoustically soft and
mechanically robust properties, we further experimentally
demonstrate robust underwater sound isolation under high

ambient pressure. To this end, a water-filled impedance
tube with a two-load transfer function method (Note
S10 within the Supplemental Material [29]) is employed
to obtain the acoustic response of the specimens. The
sketch and photos of the experimental setup are dis-
played in Figs. 6(a) and 6(b), respectively. The cylindrical
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impedance tube consists of stainless steel with dimensions
of 6000 mm (length) by 120 mm (inner diameter), and
the wall thickness is 100 mm. A transducer is mounted
at one end of the tube to generate acoustic waves. At
the other end of the tube, each test includes two basic
measurements with different terminations, i.e., an ane-
choic termination formed by three absorbing wedges with
thicknesses of 350 mm to absorb outgoing waves and a
reflective termination consisting of an air tube with a thick-
ness of 500 mm. Four hydrophones are placed inside the
tube wall to sense the acoustic pressure in water. The
specimen is positioned in the middle part of the tube.
The impedance tube is connected to an external nitrogen
pump via a pipeline to emulate the deep-water environ-
ment with static ambient pressure. The amplitude of static
ambient pressure inside the impedance tube can be moni-
tored by the manometer and tuned through the valve. After
each hydrophone obtains the acoustic pressure signal, 1000
transfer functions between hydrophones are obtained and
averaged in the frequency domain. The sound transmission
loss TL is finally used to characterize the sound isolation
performance of the specimen. The frequency range for
measurement is between 400 and 1200 Hz with an inter-
val of 50 Hz. The ambient pressures inside the impedance
tube for each test are chosen as 0.1, 0.5, 1, 1.5, and
2 MPa, simulating the pressure environment from shallow
water (approximately 10 m) to deep water (approximately
200 m).

We first test the TL of four specimens corresponding to
designs A–D, with the results depicted in Figs. 6(d)–6(h),
respectively. The four specimens have the same density
value of ρ̄ = 25%, while the infill porosity for design D
is P̄ = 35%. Under atmospheric pressure (p0 = 0.1 MPa),
the measured TL of the four designs [Fig. 6(d)] show agree-
ment with the results obtained by the theory [Fig. 6(c)].
The observable discrepancies may stem from the follow-
ing two aspects: (i) the inevitable errors in manufacturing
processing result in the imperfection of geometric size and
roughness of the surface; and (ii) the measurement errors
from the hydrophones when receiving pressure signals lead
to a fluctuation in the data. The TL of design C compares
well with that of design D, with the average value reaching
17.4 and 16.8 dB in the low-frequency range from 400 to
1200 Hz, respectively. In contrast, designs A and B have
average TL of 3.8 and 11.1 dB. Under moderate ambient
pressures of 0.5 [Fig. 6(e)] and 1 MPa [Fig. 6(f)], four
specimens exhibit slight decreases in TL compared with
the atmospheric pressure condition, but the average TL of
designs C and D remain at a high value over 13 dB under
a pressure of 1 MPa. When the ambient pressure is further
increased to a higher level of 1.5 MPa, catastrophic fail-
ure occurs for designs B and C in the impedance tube, as
a result of which the external pressure exceeds the maxi-
mum load-bearing capability. This again illustrates that the
metamaterial with high initial stiffness can only maintain

robust acoustic performance under pressure conditions in
linear elastic regions. To work in the higher ambient pres-
sure, high strength should be highlighted. Both designs A
and D with superior strength demonstrate this point. Even
under high ambient pressure of 2 MPa, the two designs
are robust in the water-filled impedance tube. Design D
still displays an average TL over 10 dB, while this value
for design A is only 2.1 dB due to the higher acoustic
impedance.

Under the premise of the same density ρ̄ = 25%,
although design D outperforms design A in underwater
sound isolation, it possesses slightly inferior mechanical
performance. For a more convincing comparison, an addi-
tional control experiment is carried out for design A with
a lower density ρ̄ = 12%. The reduction in density leads
to a higher TL, where the average value is increased to
14.2 dB under atmospheric pressure [Fig. 6(i)]. However,
acquiring a comparable acoustic performance to that of
design D severely degrades the mechanical performance
[Fig. 6(j)]. Young’s modulus (4.62 MPa) and the strength
(0.375 MPa) are approximately 1/5 and 1/6 those of design
D, respectively. This comparison further demonstrates that
our design principle enables the metamaterial to have an
unprecedented combination of low acoustic impedance
and mechanical robustness.

III. FURTHER DISCUSSIONS

Figures 5(b) and 5(c) reveal that the modulus and
strength scaling exponents versus the density for designs
A–D range from 2 to 3, implying bending-dominated
behavior upon loading. With a constraint on the density,
mechanical performance competitions over the past few
decades have shown that bending-dominated lattices are
inferior to their stretching-dominated counterparts [39–
41]. Nevertheless, when the constraint is changed from
density to acoustic property, are the stretching-dominated
lattices still the winner of the mechanical competition?
To answer this question, we launch another competi-
tion among the proposed designs and six well-known
stretching-dominated lattices [33,36,39,41], whose config-
urations are depicted in Fig. 7(a). Among the stretching-
dominated lattices, the modulus of the square lattice has
been demonstrated to be close to the Hashin-Shtrikman
bounds within a given density [42]. Motivated by the hier-
archical skeleton of the deep-sea sponge Euplectella sp.
[43] the sponge-inspired lattice shows excellent strength
[33]. However, these stretching-dominated lattices have
more difficulty obtaining low acoustic impedance than our
proposed designs. Within a density of ρ̄ = 25%, these
materials are almost acoustically transparent to underwa-
ter sound and display low TL with an average value of less
than 2 dB in the low-frequency range from 200 to 1200 Hz
(Note S11 within the Supplemental Material [29]). To
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FIG. 6. Illustrations of the setup and results of the hydroacoustic experiment. Schematic diagram (a) and photos (b) of the experi-
mental setup. (c) Theoretical prediction for the TL of specimens with a density value ρ̄ = 25%. (d)–(h) Experimental results for the
TL of specimens within ambient pressure values of p0 = 0.1 MPa (d), p0 = 0.5 MPa (e), p0 = 1.0 MPa (f), p0 = 1.5 MPa (g), and
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acquire a similar TL to design D with ρ̄ = 25%, the den-
sity should be reduced to ρ̄ = 3% (Note S11 within the
Supplemental Material [29]). Nevertheless, the reduction
in density severely comes at the price of their mechanical
performance. Although the stretching-dominated lattices
possess a comparable initial modulus, their strength is
lower by more than an order of magnitude than that of
design D [Fig. 7(b)]. It again emphasizes that a high stiff-
ness cannot ensure a high strength. The extremely low
strength implies that the low-density stretching-dominated
lattices suffer structural collapse and failure, even under
a small ambient pressure, hindering their application in
natural marine environments.

IV. CONCLUSIONS

In summary, this work proposes a design principle to
overcome the mutual exclusion of low acoustic impedance
and high mechanical properties in the existing materi-
als. The design principle includes two steps that regulate
the lattice orientation and incorporate a hierarchical mor-
phology in an anisotropic metamaterial. Regulating the
lattice orientation triggers the polarization of the wave
propagation in the anisotropic metamaterial, leading to
a lower acoustic impedance. Meanwhile, the lattice ori-
entation regulation changes the material’s distribution,
contributing to the initial stiffness improvement. By mim-
icking the architecture of the bone and incorporating
a hierarchical morphology, an unprecedented decoupling
between acoustic and mechanical properties is obtained
for metamaterials to enhance strength independently from
the acoustic impedance. The strength enhancement stems
from combining local hierarchical members, the promo-
tion of global deformation compatibility, and efficient load

delivery throughout the network. As a proof-of-concept
demonstration, a hierarchical metamaterial with 4 times
higher stiffness and 5 times higher strength than the exist-
ing isotropic metamaterial is constructed under the same
low acoustic impedance. The hierarchical metamaterial
could represent a promising candidate for underwater
sound isolation, which displays high sound transmission
loss in an extremely low and broad frequency range. More
critical for practical applications, the hierarchical meta-
material can maintain robust acoustic performance even
under high ambient pressure. In addition to the application
for underwater noise control, from a higher perspective,
our design principle opens an alternative avenue for engi-
neering metamaterials combining mutually antagonistic
functional properties.
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