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T

he emergence of artiﬁcially designed subwavelength
electromagnetic materials, denoted metamaterials1–10 ,
has signiﬁcantly broadened the range of material
responses found in nature. However, the acoustic analogue to
electromagnetic metamaterials has, so far, not been investigated.
We report a new class of ultrasonic metamaterials consisting of
an array of subwavelength Helmholtz resonators with designed
acoustic inductance and capacitance. These materials have
an eﬀective dynamic modulus with negative values near the
resonance frequency. As a result, these ultrasonic metamaterials
can convey acoustic waves with a group velocity antiparallel
to phase velocity, as observed experimentally. On the basis
of homogenized-media theory, we calculated the dispersion
and transmission, which agrees well with experiments near
30 kHz. As the negative dynamic modulus leads to a richness
of surface states with very large wavevectors, this new class
of acoustic metamaterials may oﬀer interesting applications,
such as acoustic negative refraction and superlensing below the
diﬀraction limit.
A basic property of elastic material, the modulus of elasticity
is deﬁned as a measure of the resistance of the given material
under applied force. Akin to electromagnetic response such as
magnetic permeability, a material that exhibits negative modulus
to acoustic excitation can consist of lumped-element inclusions.
These structured materials may have many properties in common
with the magnetic resonance: they can be described by an eﬀective
elastic modulus of the Lorentz form, provided that the structure
is on a scale much smaller than the wavelength of excitation. This
dynamic response is distinct from the so-called negative modulus
originated from ferroelasticity, which requires a static energy
that dictates material deformation11 , and in which a remarkable
temperature dependence of the modulus is often accompanied
by phase transition. Although the static elastic constant must
be positive to maintain structural stability, an eﬀective dynamic
medium may possess a resonance-induced negative modulus, as
demonstrated in sonic frequencies12–14 . However, the focus so far
has been limited to the emergence of bandgap15 and applications
for eﬀective sound attenuation. Recently, studies on acoustic
bandgap materials have shown refraction-like beam bending and
refocusing16 , which requires the size of the building blocks to

be close to the wavelength. A simulation predicted that highindex lenses can be made of subwavelength metamaterials17 . Yet to
the best of our knowledge, experimental realization of ultrasonic
metamaterials as well as acoustic superlensing with engineered
surface states still remains unexplored.
In this report, we present a new class of ultrasonic
metamaterials that have strong dispersive characteristics of elastic
modulus with subwavelength resonant structural units, which leads
to a bulk mode propagating in the cluster of the units with group
velocity antiparallel to the phase advancement. The building block
of this ultrasonic metamaterial, the Helmholtz resonator, consists
of a cavity of known volume with rigid walls and a small hole
in one side (Fig. 1a). A pressure variation in the channel causes
the plug of ﬂuid in the hole to oscillate in and out, producing
adiabatic compression and rarefaction of the liquid enclosed in
the cavity. Such a resonator is analogous to an inductor–capacitor
circuit (Fig. 1b)18 , with the enclosed cavity acting as the capacitor
with capacitance C ∼ V /ρc 2 , and the neck acting as the inductor
(L ∼ ρ(L /S)), where V is the volume of the cavity, ρ is the density
of the ﬂuid, c is the sound speed in the ﬂuid, L is the eﬀective length
of the neck, and S is the cross-sectional area of the neck. Because
the Helmholtz resonator does not use typical standing waves to
create a resonance, the dimension of each element can be made
much smaller than the acoustic wavelength (at 33 kHz, l = 4.4 cm
in water).
Owing to the fact that the periodicity is considerably smaller
than the corresponding longitudinal wavelength in water (d ∼
l/5), the ultrasonic metamaterial behaves as a homogenized
medium, and the built-in localized resonators give rise to a strong
dispersion. Following the formalism of electromagnetic response
in metamaterials3,6 , Fig. 1c shows that the combination of many
Helmholtz resonators into a periodic array allows the material to
behave as a medium with an eﬀective modulus Eeﬀ (ω) that can be
expressed in the form,


Fω20
−1
(ω) = E0−1 1 − 2
Eeﬀ
(1)
,
ω − ω20 + iΓ ω
√
where F is a geometrical factor, ω0 ≈ c S/L V is the resonant
angular frequency, i indicates the imaginary component, and Γ is
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considerable amount of energy is stored in the resonator relative to
the driving ﬁeld. This stored energy is signiﬁcant to maintain the
sequence of displacement near resonance even when the excitation
ﬁeld changes the sign. That is, as the frequency of the driving
pressure ﬁeld is swept through the resonance, the instantaneous
displacement of the mass centre in the unit cell ﬂips from in-phase
to out-of-phase with the driving ﬁeld, and the material shows a
negative response. Similarly, a polariton eﬀect is also observed in
the electromagnetic response of metamaterials, where a negative
permittivity or permeability (generally on the higher frequency
side of the resonance) implies a purely imaginary wavevector in
the bulk medium. Here, we implement this idea in the context of
elastic composites at ultrasonic frequencies. By varying the size and
geometry of the structural unit, we can tune the eﬀective elastic
moduli to negative values at desired frequency ranges.
To characterize the unique propagation properties of acoustic
waves in this ultrasonic metamaterial made of Helmholtz
resonators, we conducted a set of underwater ultrasonictransmission experiments on one-dimensional daisy-chained
samples (see Fig. 2a and the Methods section). An appreciable
range of negative group delay time is found at the anomalous
dispersion region of the one-dimensional ultrasonic metamaterial
(Fig. 2b); this negative group delay time means that a sound pulse
propagating along the channel of ultrasonic metamaterials emerges
downstream signiﬁcantly earlier than if it had propagated the same
distance in a water channel, so the peak of the pulse seems to leave
the duct before entering it. The negative group velocity observed
is a clear indicator of the negative modulus of the ultrasonic
metamaterials. This is because the product of wavevector k and
Poynting vector S characterizes the dissipation of energy ﬂux of
acoustic waves, and it is described by


k · S = (ω/2) ρ|v|2 + (∂(ω/E)/∂ω)|p|2 ,
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Figure 1 A new class of ultrasonic metamaterials consisting of arrays of
subwavelength Helmholtz resonators. a, Schematic cross-sectional view of a
Helmholtz resonator. The sample is made of aluminium, consisting of a rectangular
cavity of 3.14× 4× 5 mm, and a cylindrical neck 1-mm long and 1-mm in
diameter. The cavity and neck are ﬁlled with water, and are connected at the same
side to a square water duct with a 4× 4 mm opening. The resonators are placed in a
periodicity of 9.2 mm. The inset illustrates the analogy between a Helmholtz
resonator and an inductor–capacitor circuit, showing the ﬂuidic inductance due to
the neck, and the acoustic capacitance due to the cavity. b, Illustration of periodical
daisy-chained Helmholtz resonators, giving rise to a complex acoustic admittance in
the ﬂuidic network. c, The calculated effective bulk modulus in the above
one-dimensional subwavelength Helmholtz resonators. As the structures are
considerably smaller than the wavelength at the frequency range, the medium can
be homogenized with an effective modulus as described by equation (1).

the dissipation loss in the resonating Helmholtz elements. Note
that in Fig. 1c, the imaginary part of the modulus has a negative
sign because the acoustic analogue of permeability corresponds
to 1/E . This frequency-dependent response is essential to the
negative modulus over a range of frequencies. At frequencies near
resonance, the induced displacement in the neck becomes very
large, as is typical in resonance phenomena. The large response
represents accumulation of energy over many cycles, such that a

where ω describes the angular frequency, |v| is the amplitude of
the maximum ﬂow velocity, and |p| is the maximum pressure
diﬀerence in the channel. When the real component of the second
term, Re[(∂/∂ω)(ω/E)], is negative and suﬃciently large, as we
can observe in the region of negative modulus within a narrow
frequency range of 30–35 kHz (Fig. 1c), Re(k · S) < 0, and the
group velocity that follows the direction of the Poynting vector
is antiparallel to the phase propagation direction indicated by
k. The supersonic-pulse propagation observed obeys causality,
being a direct consequence of classical interference on the reemission sequences of the coupled resonators in an anomalous
dispersion region19 . When the pulse train reaches the daisy-chained
resonators, the ﬁrst few cycles are not able to fully excite the
resonators to the maximum amplitude. The excess energy is ﬂowing
through the channel, forming an early peak of the envelope of
the pulse train downstream. When the rest of the pulses enter
the channels they are absorbed more eﬃciently, pumping the
resonators to maximum resonance, leading to a peak upstream.
We also observed that the pulse train upstream is less distorted
from the original form, and the power peaks near the middle of
the burst. A control experiment was carried out using the same
conﬁguration without resonators, and, as expected, it shows no
negative delay time (Fig. 2b). The occurrence of negative group
velocity is also predicted by our theoretical calculation of transit
time on a stratiﬁed medium, assuming a bulk modulus of the form
given by equation (1), as shown in Fig. 2b.
Integration over the reciprocal group velocity as a function
of frequency yields the dispersion curve of the ultrasonic
metamaterial, as shown in Fig. 2c. For comparison, we also plotted
the theoretical lossless dispersion curve (see the Supplementary
Information) in the same periodical array of daisy-chained
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characterizing a propagating mode in the bandgap, whereas the
imaginary part


1/2
ω
ρ
2 + β2 + α
·
α
Im(k) = +
2 α2 + β2
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resonators. Theory on the lossless resonators predicts that a full
bandgap opens up between 32 and 34 kHz, whereas away from
this dip the dispersion behaves linearly. However, experimental data
show that possible propagation modes can exist in the bandgap
with a back-bending of the dispersion curve, which suggests an
antiparallel relation between group and phase velocities. This is
a direct result of the loss in the system, such as the friction
between the solid wall and the ﬂuid, although viscous dissipation is
secondary. When ultrasonic metamaterials approach resonance, the
complex modulus E = −|Re(E)|+iIm(E) = −α−iβ is expected in
the spectral dip as a result of friction dissipation ( α,β > 0 as shown
in Fig. 1c), where Im(E) indicates the imaginary part, and α, β are
parameters corresponding to the real and imaginary parts of the
complex modulus. It is straightforward to write
√ the propagation
constant in the system as k = (−α + iβ)1/2 ω ρ/(α2 + β2 ), with a
small real component


1/2
ω
ρ
Re(k) = −
·
α2 + β2 − α
2 α2 + β2
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describes the decaying length of the pulse. The dispersion of these
complex wavevectors can be well captured in our experiment
by sweeping in real frequencies. Taking into account a small
propagating component as an eﬀect of resonant re-emission in
parallel to the dominant tunnelling process in the transmission
dip, the dispersion relationship can be accurately characterized
in our experimental results (Fig. 2c). In addition, as frequency
increases above the band edge, the loss (β) increases leading to
the reduction of the amplitude of the real wavevector Re(k),
resulting in the back-bending of the dispersion curve observed
in Fig. 2c. This is an intrinsic feature associated with dissipation
in the resonators. A similar result was considered as a pure
mathematical curiosity in the optical excitation of polaritons20 ,
until Arakawa21 reported experimental data on a surface plasmon
obtained with a ﬁxed frequency and sweeping angle of incidence.
The back-bending observed in our experiment clearly demonstrates
that in the frequency region where polaritonic states dominate,
the ultrasonic metamaterials convey acoustic waves with a group
velocity antiparallel to phase advancement.
For comparison, a control experiment is carried out with
a control sample that has the same conﬁguration, but without
resonators in the duct. As expected, the group tunnelling time in
the control sample is close to constant (Fig. 2b). This is because the
dimension of the channel set up a cut-oﬀ frequency of 200 kHz
for the transverse modes, as a result, only longitudinal plane waves
at a frequency of 20–50 kHz can propagate in the channel and
be measured.
To further understand the dynamic negative modulus of the
ultrasonic metamaterials, the transmission loss is also measured,
as shown in Fig. 3. We observed an attenuation band located
from 31 to 35 kHz (Fig. 3). This is in good agreement with the
designed resonance of Helmholtz resonators at 32.5 kHz. We also
carried out a control experiment, which shows no sign of sharp
absorption. The monotonic increase of the transmission in the
control sample is attributed to the increasing ratio of the channel
diameter to the acoustic wavelength in water. Substituting the
frequency-dependent modulus shown in Fig. 1c into the Fresnel
formula of stratiﬁed media, we plot the calculated transmission
of the 55-cm slab ultrasonic metamaterial as a function of
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Figure 2 Ultrasonic experiments demonstrating the negative dynamic modulus
of the acoustic metamaterials near 32 kHz. a, Illustration of the setup of the
ultrasonic transmission experiment. A burst of monotonic signal with a width of 10
periods was used to drive the transducer as an underwater sound source towards
one end of the channel, and two needle-sized hydrophones detected the ultrasonic
signals inside the channel. b, Measured and calculated group transit delay time
(τ) as a function of frequency from upstream to downstream detectors;
c, Measured and calculated dispersion of ultrasonic metamaterial. In b and c the red
circles represent data measured from the periodical array of Helmholtz resonators in
the duct, the black triangles represent the data in the duct without Helmholtz
resonators, and the blue solid line is calculated using a sum of lossless
Bloch waves29 .

frequency, together with experimental transmission data. The loss
term (Γ = 2π × 400 Hz) is determined empirically by ﬁtting the
calculated transmission data along the edges of the experimental
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electromagnetic superlensing27,28 . Instead, the loss of the system,
mostly attributed to the viscous dissipation of the ﬂuid and the wall,
would eventually limit the imaging resolution, in a similar fashion
to their electromagnetic counterparts. The artiﬁcial ultrasonic
metamaterials with designed negative modulus and dispersion
open a new horizon in acoustic imaging below the diﬀraction limit.
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Both the duct and the Helmholtz resonators were made of aluminium. The
cavity and neck were engraved by mechanical drilling on metallic slabs; then
they were assembled together with other pieces to form an enclosed tube with a
4 × 4-mm channel cross-section. This channel dimension was designed to
ensure that only a plane wave longitudinal mode was allowed to propagate
below the frequency of 200 kHz.
EXPERIMENTAL SETUP AND DATA ACQUISITION

Figure 3 Measured and calculated transmission (amplitude ratio) as a function
of frequency between upstream and downstream detectors. The red arrow
indicates a Fano-like asymmetric peak, attributed to the existence of non-resonant
paths in the channel. The deviation from theoretical prediction at the absorption
band is probably due to the sensitivity of the hydrophones in the experiment.

spectral dip. The good agreement between theory and experiment
indicates that the dynamic negative modulus in the ultrasonic
metamaterials shown in Fig. 3 is responsible for the transmission
dip observed experimentally.
We also found Fano-like asymmetric transmission peak proﬁles
at the onset of resonance, due to the fact that a portion of the
waves can travel in a non-resonant path. The interference of both
resonant and non-resonant paths results in an asymmetric proﬁle
at the proximity of resonance frequency (25–30 kHz), similar to
the observations in the optical regime22 . According to ref. 22,
the Fano-like asymmetric transmission peak below resonance
suggests that the phase diﬀerence of the waves coupled to the
resonators, and those travelling from the background, have a phase
diﬀerence close to π. This phenomenon is in agreement with the
backward wave propagation observed. These unique features of the
measured dispersion characteristics and the transmission proﬁle
clearly indicate the important role of dynamic negative modulus
in ultrasonic metamaterials.
Although this experiment studies sound propagation in onedimensional ultrasonic metamaterials, the extension of this work
to two or three dimensions promises novel applications in imaging.
In conventional acoustic bandgap materials23–25 , the acoustic waves
are strongly diﬀracted when the wavelength is close to the size
of the scatterers. In contrast, the ultrasonic metamaterials act
as a homogenized medium to the acoustic excitation because
their lattice constants are much smaller than the wavelength.
Therefore, ultrasonic metamaterials oﬀer a new opportunity in
making compact and tunable acoustical devices, such as small
footprint sonar and medical ultrasonic scanners. In addition,
negative modulus can introduce collective surface oscillations.
These resonant surface modes have very large wavevectors at the
interface between two materials of opposite signs of modulus,
similar to the surface plasmon on the metal–dielectric interface26 .
The emergence of these surface states allows the coupling between
the evanescent spectrum from a subwavelength object into the
ultrasonic metamaterials with strong enhancement9,27 . This strong
evanescent enhancement could compensate evanescent decay in
the free space, leading to a potential acoustic superlens that
produces images well below the diﬀraction limit, analogous to

Ultrasonic transmission was measured using a homemade aluminium duct
immersed in water (Fig. 2a). The sound source, an underwater transducer
(model ITC-1042, International Transducers Corporation), was mounted at
one end of the aluminium duct. A waveform generator (model DS345, Stanford
Research Systems) was used to drive the underwater transducer. The source
generated a burst of sine waves with a width of 10 periods. The sample of the
daisy-chained resonators was embedded in the duct, with two needle-sized
hydrophone detectors inserted half way into the duct at the top side of the
ultrasonic metamaterial, and separated by 55 cm (corresponding to 59
resonators). The signal transmitted upstream and downstream was measured
by Endevco 6507C needle-sized hydrophones (dynamic range 23 dB), ampliﬁed
by the Endevco 136 DC ampliﬁer, and captured using a digital oscilloscope
(Agilent 54624A), then downloaded to a computer for post-processing and
analysis. Post-processing was used to ﬁlter the central frequency to leverage the
stray noise and corresponding distortion of waveforms. Transmission was
measured as a function of frequency from 20 to 60 kHz for the daisy-chained
resonators. The signal was averaged every 512 sampling runs for the purpose of
noise reduction. The transit time and maximum amplitude of the pulses were
obtained from the signals measured from the detectors placed upstream and
downstream, and the group tunnelling time (Fig. 2b) was determined by
measuring the diﬀerence between the peak position of upstream and
downstream acoustic signals.
We note the limitations on our experimental technique that prevent us
from probing the group transit time corresponding to the extremes of the
resonant modulus band. When the eﬀective modulus reaches the positive or
negative extrema, the group velocity in the metamaterial becomes very low.
This implies that it takes a very long time for the wave train to completely travel
through the sample, and it is diﬃcult to separate the signal from the
background reﬂections. Meanwhile, the time span of the original burst is of the
order of 3 ms, corresponding to a frequency resolution f ∼ 1/(2τ)
= 0.16 kHz. Thus, we are unable to unambiguously determine very small or
very large propagation constants that change dramatically in the frequency
region from about 27 to 32 kHz, which would correspond to an imaginary
wavenumber rather than positive as measured. This limitation might be eased
by the use of a longer burst and reduced background noise.
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