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We propose a composite acoustic metamaterial consisting of Mie resonators and a Helmholtz resonator
array. Such a design achieves a broadband acoustic attenuation in the low-frequency regime. This wide-
band soundproofing effect may be explained using the transfer-matrix method and the lumped-element
model. Transmission loss and transmittance are robust and tested both numerically as well as experimen-
tally. Through the composite design, using a deep-subwavelength structure, we successfully achieve a
broadband low-frequency acoustic attenuation that blocks over 90% of incident acoustic energy within a
frequency range of 1250 Hz. Our work offers a design paradigm by which to realize extraordinary airborne
acoustic silencing in low-frequency regimes.
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I. INTRODUCTION

Noise attenuation is a longstanding challenge in applied
acoustics. Conventionally, acoustic attenuation is realized
through acoustic barriers by either reflecting or absorb-
ing incident acoustic energy. While wideband acous-
tic attenuation may be obtained using such conven-
tional approaches, attenuation in the low-frequency regime
(<1000 Hz) remains challenging using such methods
given the long acoustic wavelength [1]. Furthermore, con-
ventional approaches eliminate the passage of airflow,
which is a requisite to myriad practical applications of
noise attenuation [2,3].

Acoustic metamaterials (AMMs) represent an alterna-
tive paradigm by which to locally engineer effective mate-
rial properties by precisely designing their constituent unit
cells to manipulate acoustic wave propagation. As artifi-
cial structures, AMMs may introduce local resonances and
exceptional acoustic properties, such as negative effective-
mass density [4], negative effective-bulk modulus [5], or
a combination of both [6,7]. With advances in AMMs,
unprecedented approaches to manipulating acoustic waves
have been reported, thereby realizing various applications,
including acoustic cloaking [8–16], wave-front manipula-
tion [17–19], and acoustic hologram [20–23], among oth-
ers [6,7,24–28]. While acoustic metamaterial-based struc-
tures have been proposed to attenuate sound efficiently,
acoustic silencers reported to date have suffered from
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either narrowband working frequencies or the inability to
function in the low-frequency regimes [29–31]. To date,
AMMs enabling broadband noise attenuation capable of
functioning in the low-frequency regimes remain an unmet
need.

Mie resonances have been successfully used to cre-
ate resonances for electric and magnetic fields [32–34].
Recently, with the adaptation of this concept to acoustics,
this mechanism has been reported to contribute to a broad
range of applications, including spatial sound concentra-
tion [35], nonradiative sound transceiver [36], and sound
silencing [15]. In addition, Helmholtz resonators have also
commonly been utilized to attenuate noise [37]. It has been
verified that the bandwidth of acoustic silencing can be
extended by parallel arrangements of multiple Helmholtz
resonators featuring different resonant frequencies [38]. In
order to preserve the Helmholtz resonator array’s broad-
band attenuation while enhancing resonant mode intensity
at the low-frequency range, we propose a composite AMM
composed of Mie resonators and a Helmholtz resonator
array. Herein, we propose a composite AMM, which is
realized by combining Mie resonators with a Helmholtz
resonator array. The reported approach serves to yield effi-
cient broadband sound attenuation, especially in the low-
frequency regime. The acoustic attenuation performance
of this design is theoretically, numerically, and experi-
mentally demonstrated. Of note, the central open region
provides ventilation in applications requiring airflow but
may be generalized to allow for the passage of other back-
ground mediums. This design provides a pathway towards
noise mitigation for various practical scenarios in which
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broadband noise mitigation in low-frequency regimes in
combination with sustained airflow is required.

II. RESULTS AND DISCUSSION

A. Properties of the composite acoustic metamaterial
units

The schematic diagram of the composite acoustic meta-
material is shown in Fig. 1(a). The structure consists of
six Mie resonators (SMR) and a Helmholtz resonator (HR)
arrayed horizontally. In theory, Mie resonance is realized
through the contrast in refractive indices between the reso-
nance unit and the background medium. Therefore, instead
of supporting only one monopolar resonance as is the case
in other types of acoustic resonators, Mie resonators can
exhibit multiple resonance modes [35]. Herein, the con-
trast in refractive index is achieved through the application
of space-coiling metastructures, which can efficiently coil
up space in order to delay the propagating acoustic wave
phase to mimic a high refractive index [39]. The SMR
unit cell in our design is a circular structure with an inner
radius r and outer radius R. The circumferential region
of the SMR unit cell is divided into six branch channels,
each of which consists of a space-coiling metastructure
of channel width w and a curling number N = 8. Given
the high degree of impedance mismatch between the solid
frame and the background medium (air), as scalar waves,
acoustic waves propagate along the zigzag channel with-
out a cutoff frequency. In the case of the SMR unit cell
shown in Fig. 1(b), the wave path L is depicted as the
orange line, which is 7.57 times longer than a straight line
from the channel inlet to the outlet R − r, which enables
a high refractive index relative to air (mass density of air,
ρ0 = 1.22 kg/m3; speed of sound in air, c0 = 343 m/s).
According to the effective medium theory, six effective
mediums with larger refractive indices may be used to
analyze the acoustic properties of the SMR; an effective
physical model is then illustrated as the rightward figure
in Fig. 1(b). Here, the effective refractive index is deter-
mined by the ratio of the elongated wave path to the direct
distance between the inlet and outlet point. The speed of
sound in the effective medium ce is given by Eq. (1). Addi-
tionally, by applying the impedance-matching condition,
the effective-mass density of the effective medium ρe can
also be derived. The effective parameters of each effective
medium channel can be extracted as follows [40]:

ce = (R − r)c0

L
, ρe = 4πLρ0R

2Nw(R − r)
. (1)

The HR array in the composite AMM consists of eight
HR unit cells with differing geometries. In each unit, the
neck and cavity represent the acoustic mass and capacitor
of the mass-spring oscillator system, respectively. During
the acoustic waves’ propagation in the duct, the pressure

TABLE I. Geometrical parameters of HR units.

Unit i 1 2 3 4 5 6 7 8

Si (mm2) 1.4 3.15 5.1 7.97 11.48 20.41 31.89 45.92
fi (Hz) 216 314 389 473 552 700 836 963

variation in the neck area leads to oscillation of air in the
neck region, radiating sound into the adjacent cavity. Thus,
such local resonances create an equivalent negative bulk
modulus to realize sound attenuation in a narrowband fre-
quency regime. As shown in Fig. 1(c), in the HR array,
those HR units are designed with resonant frequencies
equally distributed within the frequency band ranging from
200 to 1000 Hz (Table I). The eight HR unit cells all share
an identical cavity volume Vc = 13 289 mm2 and length of
their necks ln = 5.75 mm. The neck area for each unit and
its corresponding resonant frequency fi are calculated [Eq.
(2)] [41] and listed in Table I:

fi = c0

2π

√
Si

liVc
, li = ln + γ ri, (2)

where li is the effective length of the tube, γ is the end
correction factor, and ri is the radius of neck.

B. Theory of the composite acoustic metamaterial

In order to predict the acoustic performance of the com-
posite AMM design, the transfer-matrix method and the
lumped-element model are applied to analyze the SMR
unit cell and the HR array separately. Generally, a transfer
matrix T0 is used to relate the acoustic pressure and parti-
cle velocity at the front (x = 0) and rear (x = d) surface of
a given structure as follows:[

P
V

]
x=0

= T0

[
P
V

]
x=d

, (3)

where P is the acoustic pressure and V is the normal-
ized acoustic particle velocity. In the case of the SMR
unit cell, the acoustic performance is attributed to both the
area-changing duct and the effective mediums of the six
space-coiling components. Therefore, the transfer matrix
T0 for the SMR unit cell in duct is rewritten as T0 =
Tf TsTr, in which Ts refers to the transfer matrix for the
SMR unit cell, Tf (Tr) refers to the contribution of the front
(rear) area-changing duct, which is given by [42]

Tf (Tr) =
[

cos (k0Lc) j sin (k0Lc) /φ0
j φ0 sin (k0Lc) cos (k0Lc)

]
, (4)

where k0 is the wave number of acoustic waves in air,
Lc = 0.5H + 0.95R(1 − 1.25

√
φ0) is the effective length

of the front (rear) area-changing duct [43], H is the thick-
ness of the SMR unit cell, and φ0 is the area-changing ratio
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FIG. 1. (a) Schematic diagram of the composite acoustic metamaterial and its components. The thickness of the internal walls
hwall = 1 mm, the thickness of the SMR unit cell hSMR = 10 mm, and the thickness of the HR array hHR = 20 mm. (b) Cross-section
view of an SMR unit cell with outer radius R = 50 mm. The circumferential region is divided into six side-branch space-coiling
metastructure units with the following geometric parameters: the width of the space-coiling channels w = 0.05R, the thickness of the
structure frame t = 0.035R, and the curling number N = 8. The radius of the inner open area r = R − (N + 1) × t − N × w. The wave
path L is depicted as the orange line. The equivalent model of an SMR unit cell is shown as the rightward figure. (c) The Helmholtz
resonator array is composited of eight Helmholtz resonator unit cells, which all share an identical cavity volume and neck length but
differ in their neck areas.

of the duct (φ0 = r2/R2). Since all six effective mediums
share the same x-axis location and are in parallel with one
another, they can be recognized as six discrete lumped ele-
ments. The acoustic effective impedance of each effective
medium is represented as Ze = −j ρece cot (keLe) /ξρ0c0,
where ke is the wave number of acoustic waves in the
effective medium, Le is the length of the effective medium,
and ξ is the ratio of the cross-section area of the effec-
tive medium to its opening area [44,45]. The total acoustic
impedance for one SMR unit cell is represented as Zs =
[(h/2H ) × (6/Ze)]−1 and the transfer matrix for the SMR
unit cell is

Ts =
[

1 0
6Se

SdZs
1

]
, (5)

where h is the thickness of the effective medium, Se is
the open area of each effective medium, and Sd is the
cross-section area of the area-changing duct. Therefore, the
transmission loss (TL) through one SMR unit cell may be

derived as

TL = 20 log10

(∣∣∣∣1
2

(T11 + T12 + T21 + T22)

∣∣∣∣
)

, (6)

where Ti,j (i, j = 1, 2) corresponds to the element in T0.
The theoretical prediction of transmission loss as a func-
tion of frequency is plotted as the red line with square
markers in Fig. 2(a). To validate the theoretical analy-
sis, the SMR unit cell is numerically simulated by using
the “Pressure acoustics, frequency domain” of COMSOL
Multiphysics. In the simulation, a frequency sweep is con-
ducted and the TL of the SMR unit is plotted as the red
line in Fig. 2(a), noting that the simulated result agrees
well with the theoretical derivation. Owing to the high-
intensity Mie resonance at the first two modes (330 and
986 Hz), the TL of the SMR unit cell increases signifi-
cantly, reaching 14 and 45 dB, respectively. The acoustic
pressure fields inside the SMR unit cell at these two fre-
quencies are also simulated and plotted as the inset figures
in Fig. 2(a). The axially symmetrical patterns confirm the
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FIG. 2. (a) Theoretical (lines with markers) and simulated
(lines) TL as a function of frequency for the SMR unit with differ-
ent unit numbers n = 1, 3, 6 along the x direction. Inserted figures
are the acoustic pressure distribution of SMR unit at the resonant
frequencies. (b) Simulated TL with n = 3 as functions of the fre-
quency and the channel width w. (c) Simulated TL with n = 3 as
functions of the frequency and the frame thickness t.

existence of monopolar Mie resonance inside the SMR
unit. Additionally, since the space-coiling metastructure
lies perpendicular to the x axis, the thickness of the SMR
unit is on a deep subwavelength scale. Through stack-
ing SMR units, an improved acoustic attenuation effect
may be realized. To demonstrate this possibility, numeri-
cal and theoretical analyses are conducted on the structure
as a function of increasing the number of SMR units. As
shown in Fig. 2(a), when n increases to 3 (green lines)
and 6 (blue lines), the acoustic attenuation bandwidth
decreases slightly, but the amplitude increases substan-
tially. Save for the slight TL amplitude shift resulting from
the co-resonances between unit cells when n = 6, a high
degree of agreement is demonstrated between the theory
and simulated results.

To yield a more comprehensive understanding of the
effects of geometric parameters on the SMR’s acoustic per-
formance, parameter sweeps are conducted to determine
the TL in different configurations of the SMR unit cell.
Here, the number of SMR unit cells is chosen as n = 3.
The results of TL as functions of the frequency, the width
of the space-coiling channels w, and the thickness of the
structure frame t are plotted in Figs. 2(b) and 2(c). When w

and t increase, the total length of the wave path L as well
as the openness decrease, and the Mie resonances move
toward higher frequencies.

As for the HR array, the acoustic impedance of each
HR unit cell depends on its branch tube and cavity, which
represent a lumped inertance and a lumped compliance,
respectively. The acoustic impedance at the interface of
one HR unit cell is given by [41]

Zi = j ρ0

(
ω

li
Si

− c2
0

ωVc

)
+ ω2ρ0

πc0
, (7)

where ω is the angular frequency in rad/s. As the eight HR
unit cells are assembled parallel to each other, the acoustic
impedance of the HR array is given by

Zh =
(∑ ri

2H

(
1
Zi

))−1

(i = 1 . . . 8). (8)

Then, the transfer matrix is expressed by

Th =
[

1 0
ρ0c0
SdZh

1

]
. (9)

Similarly, the TL of the HR array layer is calculated
numerically and analytically, as presented in Fig. 3(a). It
is seen that the soundproofing effects appear at eight fre-
quencies, corresponding to the resonance modes of the
eight HR units. At each peak, the designated HR unit
resonates and creates a localized acoustic pressure field,
which leads to a sound blocking effect at a narrow band-
width frequency region. Figure 3(b) shows the acoustic
pressure distributions inside the HR array at different res-
onant modes (modes 1–8). The ith(i = 1, 2, . . . , 8) HR unit
is “active” to block sound at corresponding frequencies and
leads to a peak in the transmission loss spectrum.

Finally, the SMR unit cell is connected with an HR array
to achieve high performance, wideband, low-frequency
acoustic attenuation. To achieve a satisfactory silencing
effect at low frequency while maintaining a deep subwave-
length structure, we select the number of SMR units to
be n = 3. Numerical simulation is initially performed to
derive the transmission loss of the composite design, and
the transfer matrix for the composite structure in duct may
be derived by Tt = Tf TsThTr. The theoretically derived
transmission loss is then calculated based on the derived
transfer matrix Tt and Eq. (6), as shown as the dashed line
with square markers in Fig. 4. The calculated results show
good agreement with the simulated data.

C. Experimental validation

To experimentally verify the soundproofing effect, the
impedance tube and two-load method are employed to test
the acoustic attenuation of the proposed design. Figure 5(a)
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FIG. 3. (a) Theoretical (lines with markers) and simulated
(lines) TL as a function of frequency for the HR array. (b) Cross-
section view of acoustic pressure distribution of the HR array at
different resonant frequencies (TL peaks) in (a).

is the schematic diagram of the impedance tube setup. The
fabricated, composite AMM sample is mounted snugly
in the sample holder and four microphones are placed in
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FIG. 4. Theoretical (dashed line) and simulated (solid line) TL
as a function of frequency for the composite AMM (three SMR
units with one HR array).
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FIG. 5. (a) Schematic diagram of impedance tube setup. (b)
The fabricated sample is printed with SLA and FDM three-
dimensional printing technologies in sizes r = 14.25 mm, R =
50 mm, and h = 55 mm. (c) Simulated and measured trans-
mittance and transmission loss of the composite AMMs when
n = 3.

the front and rear positions of the impedance tube. Then,
the transfer matrix and two-load method are conducted
to measure the transmission loss and the transmission
coefficient of the sample. To ease the difficulty of fabri-
cation, SMR unit cells and the HR array component of
the composite AMM are printed separately with the former
printed via stereolithography (SLA) and the latter printed
through fused deposition modeling (FDM). The finalized
composite AMM is then assembled by gluing together all
components, as shown in Fig. 5(b). Notably, the fabricated
sample is 55 mm in thickness and can be considered as
a deep subwavelength structure compared to the wave-
length at the operational center frequency (428 mm in
800 Hz). The measured transmittance and transmission
loss are shown by the red and black lines with markers
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in Fig. 5(c), respectively. For comparison, a numerical
simulation is conducted on the composite AMM. As the
branch channels in the SMR and the neck areas of the
HR array are very small compared to the wavelength, the
dissipation of acoustic energy due to the thermal viscos-
ity should be considered. Therefore, the “Thermalviscous
acoustics, frequency domain” module in COMSOL Mul-
tiphysics is applied to small regions of the composite
AMM. The similarity between the simulated and measured
results confirms the broadband acoustic attenuation effect
(up to 28-dB transmission loss) within the range of 350 to
1600 Hz, yielding an acoustic power transmission lower
than 10% within a bandwidth of 1250 Hz. The peaks in
transmission loss spectra correspond to the composite res-
onance modes due to the monopolar Mie resonances and
HR units’ resonances. Specifically, this design provides
high-performance sound attenuation in the low-frequency
regime, and this attenuation effect can be further increased
by stacking additional SMR units, albeit with atrade-off
between structure thickness and silencing performance.
Moreover, this design maintains a constant area, which
supports steady ventilation.

III. CONCLUSION

In summary, we theoretically and experimentally
demonstrate the acoustic attenuation effect of a composite
acoustic metamaterial consisting of a Mie resonator and
a Helmholtz resonator array. The transfer-matrix method
and the lumped-element model are applied to predict the
acoustic behavior of the components theoretically. The
experimentally measured result shows good agreement
with simulation. Through the composite design, using a
deep-subwavelength structure, we successfully achieve a
broadband low-frequency acoustic attenuation that blocks
over 90% of incident acoustic energy within a frequency
range of 1250 Hz. The relatively thin dimensions of the
SMR unit cell offer the possibility of further strengthening
the attenuation in the low-frequency regime by stack-
ing additional unit cells within the metamaterial. This
work establishes the underpinnings of a class of struc-
tures enabling the realization of high-performance noise
attenuation in the low-frequency regime, while maintain-
ing airflow, the practical applications of which are broad
and diverse.
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APPENDIX A: THE EFFECTIVENESS OF
COMPOSITE DESIGN

In order to verify the effectiveness of the composite
design, two simulations are conducted, both of which
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FIG. 6. Simulated transmission loss of three SMR units with
one HR array compared with six SMR units alone.

consider thermal viscosity. As shown in Fig. 6, the com-
posite design is firstly compared with six SMR units
in terms of transmission loss. At low frequencies, both
structures demonstrate comparable acoustic attenuation
performance. However, as the frequency increases, the
composite design outperforms the six SMR units due to
the inclusion of the HR array. Then, the transmission-
loss comparison of the composite design with three HR
arrays is depicted in Fig. 7. The composite design provides
improved acoustic attenuation at frequencies below 500 Hz
due to the inclusion of SMR units. Furthermore, the com-
posite design is also approximately 10 mm thinner than
the three Helmholtz resonator arrays. Additionally, two
supplementary experiments are carried out to verify the
enhanced resonance intensity in the low-frequency region
(<500 Hz) achieved by introducing additional SMR units.
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FIG. 7. Simulated transmission loss of three SMR units with
one HR array compared with three HR arrays alone.
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Figure 8 demonstrates the comparison of an HR array com-
bined with three and six SMR units. By inserting three
additional SMR units, it is evident that the acoustic insu-
lation at the low-frequency range (<500 Hz) has been
significantly improved, aligning with the first resonance
mode of the SMR unit.

To conclude, the composite design outperforms the
homogeneous design in terms of broad bandwidth and high
transmission loss at the low-frequency region. The perfor-
mance at the low-frequency region can be further improved
by inserting additional SMR units, with a penalty of an
increasingly bulky structure being imposed.

APPENDIX B: REFLECTION AND ABSORPTION

At the low-frequency range, the viscous loss cannot
be ignored, as the viscous boundary layer’s thickness is
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FIG. 9. Measured absorption and reflection of the composite
AMM.

comparable to the channel’s size. To further explore the
underlying working mechanism of the composite design,
an experiment is conducted to determine the absorption
and reflection behavior of the structure, as shown in Fig. 9.

The results reveal that the wide band acoustic attenua-
tion is achieved via the synergy of reflection and absorp-
tion. Here, the absorption is calculated by α = 1 − ∣∣R2

∣∣.
At 346 Hz, the highest peak of absorption indicates a
strong energy absorption provided by the first resonance
mode of the SMR units. At other frequencies, the structure
functions through the synergy of absorption and reflection.
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