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This paper reports the formation of highly localized Mie resonances on a closed metasurface
encapsulating a rigid core and the realization of directional sensing at deep-subwavelength scale (diameter
∼λ=8) with the proposed physical model. Based on modal-expansion and mode-matching methods, it is
theoretically shown that the extremely anisotropic metasurface shell can support varied orders of Mie
resonances around the rigid core. We further experimentally demonstrate that the Mie resonance with a
dipolelike profile is strongly excited under the illumination of a plane wave at low frequencies, enabling the
sensitive directional sensing due to the intensified and azimuthally dependent pressure field.
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I. INTRODUCTION

Deep-subwavelength-scale directional sensing is highly
desirable in various scenarios ranging from target locali-
zation and sonar applications to underwater communica-
tions, with the benefits that the sensing device can be kept
from disturbing the measured acoustic fields or being
perfectly hidden from sonar detections [1,2]. However, the
wave diffraction, as one of the fundamental physical
limitations, has imposed a distinctly hard constraint on
realizing the directional sensing at deep-subwavelength
scale. The lack of progress in this field is mainly attributed
to the ultraweak and azimuthally isotropic responses of
the deep-subwavelength sensor. In the past decades, novel
wave manipulation in metamaterials has been a research
hot spot due to many intriguing effects that challenge
physical limitations in previous senses, such as invisibility
cloaking [2–5], negative refraction [6], subwavelength
focusing and imaging [7–9], and topological insulation
[10], etc. The developments bring about various technical
innovations in acoustic functional devices at an unprec-
edented level. Recently, the strong wave-matter interac-
tion in metamaterials was paid increasing attention, where
researchers made observations of acoustic rainbow trap-
ping [11,12] and novel wave manipulation [13–16]. For
example, Li’s group has developed a type of folded
structured metamaterial and observed slow wave propa-
gation and localization in the metamaterial [13]. Later on,
researchers proposed the concept of acoustic metasurfa-
ces, which is basically a textured surface of deep-sub-
wavelength thickness [15,16]. In stark contrast to the

optical metasurface that efficiently transforms the free-
space light into propagating surface plasmon polaritons
through metallic resonators with spatially tuned responses,
the acoustic counterpart supports tightly confined surface
waves by dramatically reducing the asymptotic surface-
mode frequency via subwavelength periodic features
[11,17,18]. Despite the significant advances in harnessing
low-frequency sound with the help of acoustic metasurfa-
ces, directional sensing at a deep-subwavelength scale is
still an unsolved problem.
In this paper, we propose a distinctive physical model

by warping an open metasurface into a closed one, where
the propagating surface waves will transform into the
highly localized Mie resonances. We call the closed
metasurfaces encapsulating rigid cores acoustic metapar-
ticles, which are capable of supporting geometry-induced
Mie resonances and thus concentrating the sound of low
frequencies into a scale much smaller than the wave-
length, like antennas. The marked concentration of sound
energy and the azimuthally dependent pressure field of
high-ordered Mie resonances provide a key solution to
deep-subwavelength-scale directional sensing. In our
work, the ultrathin metasurface shell of the acoustic
metaparticle is carved with azimuthal periodic elongated
grooves of folded geometries. We experimentally observe
highly localized Mie resonances of a dipolar profile in the
metaparticle under the illumination of plane waves at low
frequencies, where the wavelength of airborne sound (λ) is
much larger than the diameter of the metaparticle (D),
viz., λ ∼ 8D. At the resonant frequency, we measure the
pressure field in the zigzag groove at different incident
angles and demonstrate its angular dependence. The
results unequivocally show that our proposed physical
model is very promising in deep-subwavelength-scale
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directional sensing, breaking the stringent limitation of
wave diffraction.

II. DESIGN

The schematic diagram of metamaterial-enhanced acous-
tic directional sensing is displayed in Fig. 1(a). An incident
plane wave carrying the resonant frequency strongly
interacts with the core-shell-structured metaparticle, excit-
ing the dipolar Mie resonance inside the particle shell.
A sensor located at the core-shell interface detects the
intensified pressure field with the amplitude highly related
to the incident angle. Figure 1(b) shows a photo of the
fabricated metaparticle. In Fig. 1(b), the total length of the
zigzag groove is L, the radius of the rigid core is R1, and
the thickness of the textured shell is R2 − R1 (particle
diameter D ¼ 2R2). N azimuthal periodic grooves in the
shell are highly folded with the opening width being R2θ1.
In the narrow groove with rigid walls, acoustic waves
propagate below the cutoff frequency, while the path is a
zigzag line instead of a straight one. Previous works show
that a zigzag groove in air (refractive index n0 and mass
density ρ0) is approximately equivalent to a short one filled
with the metafluid of a very large refractive index, which
can be utilized to build up nonresonant metamaterials with
broadband novel performances [13–15]. Here, we interpret
the equivalence from another perspective of transformation
acoustics. By transforming the space along the zigzag
groove with the compression ratio β ¼ L=ðR2 − R1Þ into a
straight one [19], we can obtain the effective refractive
index and mass density of the metafluid, viz., n0β and ρ0β
in the direction along the transformed straight groove
(see Appendix A). Since the refractive index of air n0 ¼ 1,
the effective refractive index of metafluid takes a reduced
form of neff ¼ L=ðR2 − R1Þ.

III. THEORY

We employ the modal-expansion and mode-matching
methods to investigate the resonance condition in our
proposed physical model [20–22]. For the core-shell-
structured metaparticle shown in Fig. 1(b), the pressure
fields PI in the shell withN grooves (region I: R1 ≤ r ≤ R2,
2mπ=N ≤ θ ≤ 2mπ=N þ θ1, N ¼ 4, m ¼ 0; 1;…; N − 1)
and PII outside the metaparticle (region II: r ≥ R2,
0 ≤ θ ≤ 2π) are, respectively, expanded in series

PI ¼
X∞
q¼−∞

AI
q cos½k0neffðr − R1Þ�eiqθ; ðr; θÞ ∈ region I;

PII ¼
X∞
q¼−∞

AII
qH

ð1Þ
q ðk0rÞeiqθ; ðr; θÞ ∈ region II; ð1Þ

where AI
q and AII

q are coefficients, Hð1Þ
q is the Hankel

function of the first kind, q is the mode order, k0 is the wave
number in air, and ðr; θÞ are the polar coordinates. Here
q ¼ 0, q ¼ 1, and q ¼ 2 correspond to Mie resonances
with monopolar, dipolar, and quadrupolar profiles, respec-
tively. From Eq. (1), we obtain that the high-ordered
Mie resonances will have a very large quality factor due
to the rapidly decreasing pressure field PII outside the
metaparticle, and the high-ordered modes can be regarded
as whispering gallery modes encircling around a rigid core.
When the radius of the metaparticle is much smaller than
the wavelength (R2 ≪ λ), the textured shell can be regarded
as an ultrathin metamaterial layer (or metasurface) with an
extremely anisotropic mass density. The radial component
ρeff of the density tensor is [8]

ρeff ¼ 2π

�
2π − Nθ1

ρs
þ Nθ1
neffρ0

�−1
⟶
ρs≫ρ0 2π

Nθ1
neffρ0; ð2Þ

whereρs is themass density of solids. Bymatching boundary
conditions that the pressures at groove openings (r ¼ R2)
are balanced and the volume velocities at the openings
with suddenly changed cross sections are continued for
each expanded mode (see Appendix A), we obtain

AI
q0 cos½neffk0ðR2 −R1Þ� ¼ AII

q0Hq0 ðk0R2Þ

− neffk0
ρeff

BI
q0 sin½neffk0ðR2 − R1Þ�

¼ k0
ρ0

AII
q0H

0
q0 ðk0R2Þ; ð3Þ

where BI
q0 ¼ 1

2π

P
N−1
m¼0

P
q

R 2mπ=Nþθ1
2mπ=N AI

qeiðq−q
0Þθdθ. From

Eq. (3), we further derive the following transcendental
equation:

Hqðk0R2Þ
H0

qðk0R2Þ
¼ − 2πAI

q

Nθ1BI
q
cot½k0neffðR2 − R1Þ�: ð4Þ

FIG. 1. (a) Schematic diagram of metamaterial-enhanced
acoustic directional sensing. (b) The fabricated sample of the
core-shell-structured acoustic metaparticle. In (b), the inner
and outer radii of the metasurface shell are R1 ¼ 1 cm and
R2 ¼ 3 cm, the total length of the zigzag groove L ≈ 12 cm, the
groove opening angle θ1 ¼ 6°, the groove width is around
1.5 mm, and the number of folded grooves in the shell N ¼ 4.
The sample is fabricated by 3D printing with acrylonitrile
butadiene styrene plastic. The dashed circle marks the sensor
position.
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In the long-wavelength limit k0R2 → 0, the left term in
Eq. (4) approaches zero for each mode order q, which leads
to the resonance condition

ωn ¼ ð2nþ 1Þω0; ð5Þ
where the fundamental frequency ω0 ¼ c0π=ð2LÞ, c0 is the
speed of sound in air, and n is the order of overtones.
Equations (4) and (5) reveal that Mie resonances of different
mode orders (q ≤ N=2) share very close fundamental
frequencies.
The acoustic response of a metaparticle can be described

by the scattering intensity that measures the total sound
energy scattered from the metaparticle [23,24]. In the
numerical calculations, we consider thermal damping
and thboundary-layer effect in zigzag grooves and normal-
ize the total scattered sound energy with respect to its
maximum value. The mass density and speed of sound of
air in free space are ρ0 ¼ 1.2 kg=m3 and c0 ¼ 343.1 m=s,
respectively. In Fig. 2, we show the normalized scattering
intensity of the metaparticle as a function of frequency from
400 to 1000 Hz. The spectrum in Fig. 2 has a peak at
695 Hz (the normalized scattering intensity ∼1) and a dip at
717 Hz (the normalized scattering intensity ∼0.014), which
takes a Fano-type profile and agrees fairly well with the
eigenfrequencies of dipolar and monopolar Mie resonances
with eigenfields displayed in the insets, respectively. The
analytic description of dipolar and monopolar Mie reso-
nances is studied in detail in Appendix A via modal-
expansion and mode-matching methods. Because of the
symmetry of eigenmode and time reversal, we will obtain
that the monopolar resonance can be best excited by
cylindrical-type incident waves. Eigenfrequencies of the
fundamental Mie resonances can also be predicted by

Eq. (5) with N ¼ 4 and L ≈ 12 cm, which share very close
values for different orders (q ≤ 2) at around 715 Hz. The
result in Fig. 3(a) clearly shows that the dipolar Mie
resonance (q ¼ 1) is strongly excited in the metaparticle
under the illumination of a plane wave at 695 Hz, while the
monopolar Mie resonance (q ¼ 0) is largely suppressed for
the mismatched eigenfield symmetry. If we want to excite
the monopolar Mie resonance, we need to employ cylin-
drical incoming waves or at least four in-phase plane waves
propagating towards the metaparticle from the left side, the
right side, the up side, and the down side, respectively, as
shown in Fig. 3(b), which is virtually impossible in reality.
The physics of Mie resonances can also be interpreted by a
direct analog with harmonic oscillators, e.g., a vibrating
string having two fixed ends. In our case, we assume
that the walls of zigzag grooves are rigid. Therefore, the
pressure amplitude is at a maximum at the groove bottom
with the normal particle velocity that is proportional to the
gradient of the pressure field being zero. As revealed by
the insets of Fig. 2, the eigenfields of Mie resonances are
highly confined inside the metaparticle, so that the pressure
amplitude at the groove opening rapidly decays down to
zero, thus giving rise to a maximal particle velocity. The
above-mentioned boundary conditions indicate that the
zigzag groove with a closed bottom can support stable
standing waves, where the node and the antinode of sound
pressure are located at the groove opening and bottom,
respectively. As a compelling analog, a vibrating string
having nodes at the ends will have different overtones of
vibrations, and only an odd number of ordered overtones
can be excited if the antinode fixes at the center, in
remarkable agreement with Eq. (5). It is worth mentioning
that a quadrupolar Mie resonance (q ¼ 2) has a much larger
Q factor than monopolar and dipolar resonances, as is
demonstrated in previous works [20–22]. As a result, the
quadrupolar mode is highly suppressed by intrinsic thermal
damping and the boundary-layer effect in zigzag grooves of
acoustic metaparticles. We also point out that a quadrupolar

FIG. 2. The scattering intensity (arb. units) of the core-shell-
structured acoustic metaparticle under the illumination of plane
waves. The carrying frequencies of airborne sound are from 400
to 1000 Hz. The insets show the eigenfields of Mie resonances of
monopolar and dipolar profiles, where the eigenfrequencies are
marked by the dashed line and the solid line, respectively. In the
calculations, we consider the thermal damping and boundary-
layer effect in the zigzag grooves. The pressure is normalized
with an arbitrary unit.

FIG. 3. (a) The excitation of a dipolar Mie resonance under the
illumination of a plane wave from the left side. (b) The excitation
of a monopolar Mie resonance under the illumination of four
in-phase plane waves propagating towards the metaparticle from
the left side, the right side, the up side, and the down side,
respectively. The carrying frequency of incident plane waves is
695 Hz, where the corresponding wavelength λ ≈ 49 cm. The
pressure is normalized with an arbitrary unit.
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Mie resonance cannot be excited by plane waves even in
lossless cases due to the eigenfield mismatch.
In the following section, we will investigate only the

excited dipolar resonance at the fundamental frequency of
695 Hz, where the wavelength of airborne sound is around
8 times larger than the diameter of the metaparticle
(λ ≈ 8D). We envision that the dipolelike resonance in
the metaparticle brings about many useful properties, for
example, a remarkable concentration of sound energy at the
deep-subwavelength scale and, in particular, an azimuthally
dependent localized pressure field. Those impressive
properties make the acoustic metaparticle perform like
a receiving dipolar antenna which can be utilized for
sensitive directional sensing.

IV. EXPERIMENT

In the experimental demonstration, we first perform
the measurement of enhanced pressure fields inside the
metaparticle, where a 1=4-inch-diameter Brüel & Kjær
type-4961 microphone is integrated to form an active
metamaterial sensing device. During the measurement
process, we keep the orientation of the groove in which
a microphone (or sensor) is located directly pointing to the
10-cm-diameter loudspeaker 4 m away from the metapar-
ticle, shown by the inset of Fig. 4. The measurement is
carried out in the anechoic chamber to reduce undesired
back reflections from the environment (see Appendix B).
The result in Fig. 4 clearly indicates that there is more than
10 times pressure amplification at the sensor position for a
695-Hz incident plane wave, in good agreement with the
numerical prediction of thermoacoustic studies. The non-
trivial pressure gain is believed to be the result of the Mie
resonance of a dipolar profile as shown in Fig. 2. We also
point out that there is a trade-off between the folding degree
and pressure gain. An increase in the folding degree always
leads to a decrease in the pressure gain, where more
significant dissipation is introduced due to viscosity and

thermal loss in narrow air channels. For an active meta-
material device, choosing a moderate size of R2 ¼ 3 cm
and groove width of 1.5 mm can reach a good compromise
between the pressure gain and resonance loss. Therefore,
we still achieve a distinctive pressure gain (10 ∼ 20 times)
in the scale of around 1=8 wavelength.
Next, we demonstrate that the core-shell-structured

metaparticle exhibits a remarkable directional response.
Figure 5(a) plots the normalized pressure amplitudes
calculated at the sensor position versus the angle of
incidence at 695 Hz with or without a metasurface shell.
In the figure, the pressure amplitude is varied with respect
to the incident angle of plane waves, when the metasurface
shell is utilized. Even though the acoustic response of the
metaparticle is less anisotropic in consideration of viscosity
and thermal damping by comparing the red thick line with
the blue dashed line in Fig. 5(a), we still can locate the

FIG. 4. The pressure-gain (arb. units) spectra measured at the
sensor position inside the metaparticle. The circle dots represent
the experimental data and the solid line represents the simulation
result. The inset shows the direction of input sound with respect
to the orientation of the groove in which the sensor is located.

FIG. 5. (a) The normalized pressure amplitudes calculated at
the sensor position [referring to the inset of Fig. 4] versus the
angle of incidence with or without a metasurface shell. For the
core-shell-structured metaparticle, the red thick line represents
the calculation result in consideration of thermal damping and
boundary-layer effect, while the blue dashed line shows the result
in the lossless case. When the metasurface shell is removed,
we will obtain the green thin line that indicates isotropic sensor
responses. The right-hand side displays the distributions of
pressure fields inside the metaparticle at four different incident
angles. (b) The normalized pressure amplitudes experimentally
measured at the sensor position versus the angle of incidence with
(red circles) or without (green squares) utilizing the metasurface
shell. The pressure is normalized with an arbitrary unit.
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position of the far-field sound source after a complete
rotation. We also convincingly prove the sensor response is
closely isotropic from the green thin line in Fig. 5(a) after
the metasurface shell is removed. Pressure field distribu-
tions for different incident angles are shown at the right-
hand side of Fig. 5(a). Acoustic waves at a 0° incident angle
(incident from the left) can excite dipolar Mie resonances
with the field mainly localized in the zigzag grooves with
openings orienting towards the left and right, and the
largest acoustic response is obtained by noting that the
sensor locates at the bottom of the left groove. While at a
90° incident angle, the acoustic response is at a minimum
because the fields of the excited dipolar resonances are
mainly confined in the zigzag grooves with openings
orienting towards up and down directions, in orthogonal
relation with the case of 0° incidence. The ratio of the
maximum and minimum acoustic responses is about 2.3.
We can deal with the 45° incidence case as the super-
position of 0° and 90° incidences, where the pressure field
in each of four grooves is less intensified. It is also worth
noting that the acoustic metaparticle sensor can, in prin-
ciple, distinguish signals emitted from opposite directions
for the slightly different intensities of received signals, viz.,
the normalized pressure amplitude ∼1 for 0° incidence and
∼0.75 for 180° incidence. Figure 5(b) shows the measured
directivity patterns of acoustic sensor responses with or
without utilizing a metasurface shell. During measurement
processes, we first mount the core-shell-structured meta-
particle on a rotary motor with a rotation step of 4°. The
measured data are fairly consistent with the simulated
data by comparing the red thick line in Fig. 5(a) with the
red circles in Fig. 5(b), where the normalized pressure
amplitudes measured at the sensor position are ∼1 for 0°
incidence, ∼0.53 for 90° incidence, ∼0.89 for 180° inci-
dence, and ∼0.15 for 270° incidence. Then we remove the
metasurface shell and measure the sensor response in a
complete rotation. As shown by the green squares in
Fig. 5(b), the experimental data demonstrate that the acoustic
response is isotropic, while the sensor size is deep sub-
wavelength and no Mie resonance is excited. In the end, it
should be pointed out that the acoustic metaparticle is not
restricted to the in-plane directional sensing. We can also
employ it to locate the far-field sound source positioned out
of plane. The measured acoustic response versus the tilted
angle of the metaparticle is shown in Appendix B.

V. SUMMARY AND OUTLOOK

In summary, we clearly demonstrate the superior proper-
ties of core-shell-structured acoustic metaparticles, such as
concentrating input sound energy in deep-subwavelength
scale (diameter ∼λ=8) and supporting the Mie resonances
with azimuthally dependent pressure field distributions. We
employ the modal-expansion and mode-matching methods
to deduce the resonance condition and experimentally
observe the excitation of the Mie resonance with a dipolar

profile under the illumination of plane waves. Utilizing the
intensified and azimuthally dependent pressure field of
the Mie resonance, we experimentally demonstrate sensi-
tive directional sensing at deep-subwavelength scale. The
proposed physical model may find profound impacts in
vector sensing, wave-front engineering, as well as funda-
mental explorations of nonreciprocal acoustics in combi-
nation with nonlinearity and time varying.
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APPENDIX A: ANALYTICAL DERIVATIONS

1. Transformation acoustics and the folded mapping

In the long-wavelength regime, acoustic waves propagate
below the cutoff frequency [13]. A zigzag path is therefore
approximately equivalent to a long straight one in Fig. 6.
Based on transformation acoustics, the relation of material
parameters between a long groove in air (coordinates x-y,
length L, bulk modulus κ0, and mass density ρ0) and a short
one filled with metafluid (coordinates x0-y0, length l, bulk
modulus κeff , and mass density ρeff) can be written as
ρeff−1 ¼ Hρ0−1HT= detðHÞ and κeff ¼ detðHÞ × κ0, respec-
tively, where H is the Jacobian matrix defined by the form
ofH ¼ diagf∂x0=∂x; ∂y0=∂yg. Here, the folded mapping is
specified by x0 ¼ x=β and y0 ¼ y, with β ¼ L=l being the
compression ratio. Then the parameters of metafluid are [19]

ρeffðx0; y0Þ ¼
� β 0

0 1
β

�
ρ0ðx; yÞ;

κeffðx0; y0Þ ¼ κ0ðx; yÞ=β: ðA1Þ

FIG. 6. Schematic of the folded mapping in transformation
acoustics.
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In the metafluid, the acoustic waves are apparently
slowed down in the x0 direction with the velocity
veff ¼

ffiffiffiffiffiffiffiffiffiffiffi
κ0=ρ0

p
=β ¼ c0=β.

In our paper, the space along the zigzag groove is
transformed into a straight one with the compression ratio
being β ¼ L=ðR2 − R1Þ, referring to Fig. 1. From Eq. (A1),
we finally obtain the effective refractive index and
mass density of the metafluid in the direction along the
transformed straight groove (in the x0 direction), viz.,n0β
and ρ0β.

2. Modal-expansion and mode-matching methods

Modal-expansion and mode-matching methods have
been vastly used in optics, see Refs. [21,22]. Here, we
employ the modal-expansion and mode-matching methods
to determine the resonance condition of varied Mie
resonances in the core-shell-structured acoustic metapar-
ticle. As mentioned in the text, when the radius of
the metaparticle is much smaller than the free-space
wavelength (R2 ≪ λ), the textured shell can be regarded
as an ultrathin metamaterial layer (or metasurface) with an
extremely anisotropic mass density. The radial component
ρeff of the density tensor is

ρeff ¼ 2π

�
2π − Nθ1

ρs
þ Nθ1
neffρ0

�−1
⟶
ρs≫ρ0 2π

Nθ1
neffρ0; ðA2Þ

where ρs is the mass density of solids and N is the groove
number. For the core-shell-structured metaparticle shown in
Fig. 7, the pressure fields PI in the shell with N grooves
(region I: R1 ≤ r ≤ R2, 2mπ=N ≤ θ≤ 2mπ=Nþθ1, N ¼ 4,
m ¼ 0; 1;…; N − 1) and PII outside the metaparticle
(region II: r ≥ R2, 0 ≤ θ ≤ 2π) are, respectively, expanded
in series

PI ¼
X∞
q¼−∞

AI
q cos½k0neffðr − R1Þ�eiqθ; ðr; θÞ ∈ region I;

PII ¼
X∞
q¼−∞

AII
qH

ð1Þ
q ðk0rÞeiqθ; ðr; θÞ ∈ region II; ðA3Þ

where AI
q and AII

q are coefficients, Hð1Þ
q is the Hankel

function of first kind, q is the mode order, k0 is the wave

number in air, and (r, θ) are the polar coordinates. q ¼ 0,
q ¼ 1, and q ¼ 2 correspond to Mie resonances with
monopolar, dipolar, and quadrupolar profiles, respectively.
The resonance condition for Mie resonances is obtained

by matching boundary conditions, where the pressures at
groove openings are balanced

PI

����
r¼R2;2mπ=N≤θ≤2mπ=Nþθ1

¼ PII

����
r¼R2;2mπ=N≤θ≤2mπ=Nþθ1

;

ðA4Þ
and the volume velocities at the openings with suddenly
changed cross sections are continued for each expanded
mode

− 1

iωρeff

XN−1

m¼0

Z
2mπ=Nþθ1

2mπ=N

∂PI

∂r e−iq0θdθ
����
r¼R2

¼ − 1

iωρ0

Z
2π

0

∂PII

∂r e−iq0θdθ
����
r¼R2

: ðA5Þ

By substituting Eq. (A3) into Eqs. (A4) and (A5), we
obtain

AI
q0 cos½neffk0ðR2 − R1Þ� ¼ AII

q0Hq0 ðk0R2Þ

− neffk0
ρeff

BI
q0 sin½neffk0ðR2 − R1Þ�

¼ k0
ρ0

AII
q0H

0
q0 ðk0R2Þ; ðA6Þ

where BI
q0 ¼ 1

2π

P
N−1
m¼0

P
q

R 2mπ=Nþθ1
2mπ=N AI

qeiðq−q
0Þθdθ. After

some arithmetic deductions from Eq. (A6), we conse-
quently derive the following transcendental equation:

Hqðk0R2Þ
H0

qðk0R2Þ
¼ − 2πAI

q

Nθ1BI
q
cot½k0neffðR2 − R1Þ�: ðA7Þ

In the long-wavelength limit, viz., x ¼ k0R2 → 0, the
Hankel function of first kind is approximated into

lim
x→0

HqðxÞ ¼
8<
:

2i
π lnðx2Þ; q ¼ 0;

− ΓðqÞ
π ð2xÞq; q > 0;

ðA8Þ

for different orders, where Γð·Þ is the Gamma function.
Therefore, the left term in Eq. (A7) is approaching zero
since

lim
x→0

HqðxÞ
H0

qðxÞ
¼

( lim
x→0

x lnðx
2
Þ → 0; q ¼ 0;

lim
x→0

−x
q → 0; q > 0.

ðA9Þ

From Eqs. (A7) and (A9), it is apparent that Mie resonances
of different mode orders (q ≤ N=2) share very close

FIG. 7. Schematic of the modal-expansion and mode-matching
methods in analyzing the resonance condition of the core-shell-
structured acoustic metaparticle.
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resonant frequencies and the resonant frequencies corre-
spond to zero points of the right term of Eq. (A7), which
directly leads to

ωn ¼ ð2nþ 1Þω0; ðA10Þ

where the fundamental frequency ω0 ¼ c0π=ð2LÞ, c0 is the
speed of sound in air, and n is the order of overtones.
Principally, the modal-expansion and mode-matching
methods can be also extended into the study of Mie
resonances in spherical metaparticles by means of spherical
harmonic expansion and mode matching, due to the fact
that acoustic waves can propagate within the folded
channels of deep-subwavelength cross sections in the
absence of a cutoff frequency.

APPENDIX B: THE EXPERIMENTAL
MEASUREMENTS

1. Measurement tips

In the experiment (Fig. 8), we perform the measurement
of enhanced pressure fields inside the metaparticle through
a 1=4-inch-diameter Brüel & Kjær type-4961 microphone
integrated on the top. The data are recorded with a Brüel &
Kjær PULSE 3160-A-042 multichannel analyzer. The

frequency response is obtained with SSR analysis of
Brüel & Kjær PULSE software LABSHOP version 13.5.10.
During the measurement of directional responses, the

metaparticle is mounted on a rotary motor with a rotation
step of 4°. We keep the 10-cm-diameter loudspeaker 4 m
away from the metaparticle. The measurement is carried
out in the anechoic chamber to reduce undesired back
reflections from the environment.

2. Measured acoustic response to the
sound source positioned out of plane

From the measurement result (Fig. 9), the acoustic
response reaches a maximum when the sound source is
located in plane (or φ ¼ 0°). Therefore, to target a sound
source in 3D space, we first tilt the metaparticle to get the φ
at the maximum response, and then rotate the metaparticle
to finally determine the position of the sound source based
on the rule shown in Fig. 5.
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