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Broadband Labyrinthine Acoustic Insulator
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Ventilated acoustic insulation currently represents one of the most promising research directions in
applied acoustics. With the ongoing development and application of acoustic metamaterials, tremendous
progress has been made in this space. In this work, we propose a ventilated acoustic insulator based on
a labyrinthine metamaterial, a design that consists of a peripheral, circumferential labyrinthine region
and a central ventilated, open region. Herein, we demonstrate the potential for this design to yield high-
performance wide-band acoustic insulation, a performance metric currently lacking in this class of acoustic
silencers, in combination with ventilation. The silencing effect of the labyrinthine acoustic insulator is the-
oretically and experimentally verified in the frequency range from 1025 to 2000 Hz. Our reported design
establishes the foundation for the development of increasingly broadband ventilated acoustic insulators.
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I. INTRODUCTION

Sound insulation represents a major research focus
in applied acoustics. Conventionally, sound insulation
is achieved using porous sound-absorbing materials or
hard, sound-reflecting materials. Though broadband acous-
tic attenuation may be obtained, it remains challenging
to simultaneously realize sound insulation in the low-
frequency regime while maintaining ventilation [1].

Acoustic metamaterials (AMMs) [2—13], a type of arti-
ficial material consisting of unit cells at the subwavelength
scale, offer the capacity to yield unconventional effec-
tive properties. Over the past two decades, AMMs have
flourished in various applications, allowing us to manip-
ulate acoustic waves in unprecedented ways [11,13—19].
AMMs were initially created for acoustic insulation appli-
cations via locally resonant unit cells [14]. Utilizing the
principle that locally resonant structural units can exhibit
effective negative elastic constants, a unit made of a hard
density core coated with high elasticity material real-
izes exponential acoustic attenuation at 400 Hz. Since
then, numerous AMM designs featuring various archi-
tectures have been applied to acoustic insulation, includ-
ing phononic crystals [15,16,20], Helmholtz resonators
[21-23], and membrane-type metamaterials [8,24-28],
among others. These applications of AMMs have been
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reported to yield extraordinary acoustic insulation, espe-
cially in the low-frequency regime.

Among potential AMM designs, space-coiling metas-
tructures have been reported to achieve high-performance
acoustic insulation in combination with efficient ventila-
tion [29-32]. Space-coiling metastructures feature folded
acoustic channels at the subwavelength scale. These engi-
neered designs, such as labyrinthine, curved, and helical
channels, can efficiently slow down the sound speed to
achieve unusual acoustic properties [33—37]. Based on the
concept of the Herschel-Quincke tube [38,39] and Fano-
like interference [40], a transverse bilayer design based
on helical space-coiling metastructures was proposed to
enable high-performance sound silencing with a large open
area for air passage [41]. However, a limitation of this
design is the fact that the acoustic insulation occurs only
within a relatively narrow frequency band. Subsequently,
a hornlike helical barrier was proposed to mitigate this
limitation. By balancing the system’s response between
the monopolar and dipolar modes, this design successfully
blocks acoustic energy in the range of 900 to 1418 Hz
[42]. However, given the broadband nature of noise, ongo-
ing efforts are required to further extend the design library
of the broadband ventilated acoustic insulators. In this
work, we propose a labyrinthine acoustic insulator design,
as shown in Fig. 1(a). The central open area allows the
passage of air without any hindrance, while the circumfer-
ential labyrinthine region enables acoustic silencing. At the
resonant states of the circumferential labyrinthine region,
a Fano-like interference of multiple modes mediates the
destructive interference at different resonant frequencies,
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leading to significant noise reduction in a broad frequency
band. Our reported design provides an efficient solution
towards applications seeking simultaneous ventilation and
acoustic silencing.

II. RESULTS AND DISCUSSIONS

A. Labyrinthine unit and its effective medium

The mechanism of the acoustic insulation originates
from the acoustic properties of labyrinthine metastruc-
tures. In order to identify the acoustic insulation effect,
the effective medium theory is employed herein to analyze
the labyrinthine region from its geometric and theoreti-
cal aspects. As illustrated in Fig. 1(b), in the labyrinthine
region, thin plates are assembled to coil up space, wherein
plates with a thickness w; are placed vertically to divide
the channel into zigzag subunits, while plates with a thick-
ness w; are placed horizontally to form a hard wall. Given
that acoustic waves are scalar waves, at a deep subwave-
length scale, acoustic waves will propagate along the

(a)

folded directions in the absence of a cut-off frequency
[34]. The red arrows in Fig. 1(b) illustrate the propagation
path of acoustic waves. When acoustic waves propagate
along the labyrinthine channels, a higher refractive index
is achieved given that the total length of wave path is
much longer than the structure’s dimension. Given the
dimensions noted in Fig. 1(b), the path length is L = 5.41¢,
such that n, = 5.41. Due to the large impedance mismatch
between air and the structure’s solid plates, the internal
plate walls are considered as rigid boundaries. Hence, the
relative mass density and bulk modulus can be approx-
imated by [34] B, = 1/(1 —f) = 1.78 and p, = n’B, =
52.10, where f* is the filling ratio of the plates. The mass
density and the speed of sound in the background medium
(air) are p; = 1.22 kg/m> and ¢, = 343 m/s, respectively.
From the effective medium point of view, the labyrinthine
region can be replaced with a uniform effective medium
(EM), with the mass density and the speed of sound
in this region as follows: p» = p;p, = 63.56 kg/m3 and
¢, = ¢y /n, = 63.40 m/s, respectively. The transmission
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(a) Schematic diagram of the acoustic insulator design yielding simultaneous ventilation and broadband noise reduction.

The profile parameter values are »; = 20 mm, r, = 50 mm, and # = 30 mm. (b) Cross-section view of the circumferential labyrinthine
region; length of vertically placed plates / = 0.8(r» — 1 — 2w») = 20 mm, thickness w; = 1.5 mm, distance between two adjacent
plates d = 2.5 mm, and number of plates N = 8; thickness of the horizontally placed plates w, = 2.5 mm. The position of the last
plate is aligned with the end of the area. (c) The simulated transmission coefficient of the labyrinthine region (blue line), analytical
transmission coefficient (red dashed line), and simulated transmission coefficient (red dots) of the EM. (d) The retrieved relative
refractive index n, and mass density p, as functions of frequency. (e) The retrieved relative acoustic impedance Z, as a function of

frequency.
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coefficient of acoustic waves passing from air to the
labyrinthine region can be calculated by [43]

- 47,2,
@ =) 2+ D) e

(1)

where k&, is the wave number in the EM and Z;, = p;cy,
Z, = pycy are acoustic impedance of air and the EM,
respectively. The result is plotted by the red dashed line in
Fig. 1(c). It can be observed that the extraordinary acous-
tic transmission occurs at 1055 and 2115 Hz, which can be
attributed to the localized surface resonance as well as the
known Fabry-Pérot resonance. At the periodic resonance
frequencies, the transmission coefficient achieves 1, indi-
cating an acoustic impedance match between air and the
labyrinthine region (Z; = Z;). Of note, the above analytical
analysis is based on the geometric parameters of the AMM
as detailed in Fig. 1(b).

In addition, the transmission coefficient of the labyrin-
thine region can be numerically obtained by using a full-
wave simulation (COMSOL Multiphysics). The insert of
Fig. 1(c) illustrates the two-dimensional simulation setup
that plane-wave boundaries are set at the inlet and outlet of
the waveguide, with the plane wave incident from the left
side. The simulated transmission coefficient is plotted by
the blue solid line in Fig. 1(c). Despite the fact that there
is a slight divergence at high frequencies, there is a rel-
atively high degree of consistency between the analytical
result of the EM and simulated result of the real unit in the
low-frequency regime. Meanwhile, the effective properties
can be verified utilizing the known Fabry-Pérot resonance
modes [37]:

ny = C1/2Af, (2)

n, 1
y = e | — = 1, 3
p \/Tmin Tmin ( )

where A is the first resonance frequency of the Fabry-
Pérot resonance and Ty, is the lowest transmittance of the
structure.

Furthermore, we may apply a retrieval method to extract
the effective properties from the simulated reflection and
transmission coefficients for a more comprehensive under-
standing of this labyrinthine region [44]. The effective
properties are calculated by

n = +cos™! (5 [1 — (R? — T7)]) N an’ 4@
kit kit

. (1+R?2-T°
Z,_i/m, (5)

where k; is the wave number in air, m is the branch num-
ber, R and T are the simulated reflection and transmission

coefficient, respectively. The retrieved effective properties
are plotted in Figs. 1(d) and 1(e). It can be seen that, at the
long-wavelength limit, n, and p, are constants and consis-
tent with previous estimation. As frequency increases, 7,
and p, decrease dramatically. Correspondingly, the relative
acoustic impedance [Z, = p,/n,, as shown in Fig. 1(e)],
which controls the amplitude of reflection and transmission
coefficient, has two minimum values over the frequency
spectrum. At these two frequencies, the real part of Z,
approximates 1, indicating an impedance matching at the
interface. To validate the retrieved parameters, we use #,
and p, in Fig. 1(d) to simulate a homogeneous slab with
the same thickness ¢. The resulting transmission coefficient
is plotted by the red dots in Fig. 1(c) and agrees perfectly
with simulation of the real unit.

B. Labyrinthine acoustic insulator

By controlling the effective properties of the labyrinthine
metamaterial, we may achieve broadband sound insulation
with an open geometry, as shown in Fig. 1(a). In order to
understand the physical mechanism behind this insulator
design, we consider the geometry as a transverse double-
layer structure. The configuration of transverse double-
layer structure induces a Fano-like resonance due to the
mode interference. The Fano-like interference is charac-
terized by an asymmetric shape in resonance mode, which
results from the combination of continuous and discrete
states [40]. Given that the peaks in the transmission spec-
tra of the labyrinthine region correspond to different orders
of Fabry-Pérot resonant modes, the labyrinthine acoustic
insulator design satisfies the requirement of the Fano-like
interference. The central open area supports the continuous
state while the circumferential labyrinthine region supports
the resonant state.

Full-wave simulation is performed on the insulator to
verify the soundproofing effect. In the three-dimensional
simulation model, the insulator is placed in a cylindri-
cal waveguide and all walls are considered as acoustically
rigid. The inlet and outlet boundaries of the waveguide are
set with port boundary conditions, while the plane wave
with a pressure amplitude of 1 Pa is normally incident
from one side. Subsequently, the transmission coefficient
is evaluated based on the scattering matrix. The results
are plotted in Fig. 2(a). The blue solid line represents the
situation when d = 2.5 mm, the transmission coefficient
decreases dramatically from 1025 Hz, reaches complete
acoustic blocking at 1200 Hz, and then rebounds to 0.14
before dropping again to meet another complete acoustic
blocking frequency at 1870 Hz. Finally, transmission fully
recovers to 1 at 2080 Hz. Ultimately, this design achieves
acoustic attenuation that blocks approximately 98% of the
incident sound energy in the range of 1025 to 2080 Hz.
At 1025 Hz, the acoustic wavelength A = 334 mm is 11.1
times larger than the insulator’s thickness = 30 mm, such
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(a) The simulated transmission coefficient of the labyrinthine acoustic insulator; the solid lines indicate the transmission

coefficient of unit cell changing d from 2.5 to 3.1 and 4.1 mm, the dashed lines represent the corresponding effective model. (b) When
d = 2.5 mm, the pressure amplitudes and phase shift of acoustic waves transmitted through region 1, region 2. (c) Acoustic pressure
distribution of the labyrinthine acoustic insulator at various frequencies. Top row corresponds to the real structure, and the bottom row
corresponds to results when the labyrinthine region is considered as an effective, homogeneous material.

that the insulator is operating on a deep subwavelength
scale. Furthermore, the asymmetric profile of the trans-
mission spectrum around 1025 and 2080 Hz suggests the
existence of the Fano-like interference.

The main feature of the Fano-like interference is the
constructive and destructive interference resulting from
the interaction between scattering waves [45]. Whether
these interaction effects are constructive or destructive is
determined by the phase and amplitude of acoustic waves
propagating through these two regions. To characterize
the interference, the pressure distribution and phase shift
of the transmitted acoustic waves through the open area
and the circumferential labyrinthine region are shown in

Fig. 2(b). For the sake of clarity, we define the central
open area as region 1 and the circumferential labyrinthine
region as region 2. At peak transmission frequencies of
1025 and 2080 Hz, the phase difference between region
1 and region 2 is 0.12 and 0.58 rad, indicating a domi-
nant constructive interference between these two regions.
While at the dip frequencies of 1200 and 1870 Hz, the
phase difference is 3.13 and —3.16 rad, respectively. Thus,
the interaction of transmitted waves results in destructive
interference. Also, as the pressure amplitude of acous-
tic waves transmitting from region 1 and region 2 are
also close to 1, a complete destructive interference is
achieved.
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In addition to the illustrations of phase and amplitude
as functions of frequency, Fig. 2(c) demonstrates the simu-
lated acoustic pressure distribution field and acoustic inten-
sity streamlines of the insulator and its effective medium
in a cross-section view. Of note, the effective parameters
of EM are retrieved analytically based on geometry. For
the real model, at the transmission dip frequencies of 1200
and 1870 Hz, there is a significant drop in the pressure
field strength at the front and rear surface of the insula-
tor, with the streamlines showing strong coupling effects
between region 1 and region 2. These findings all con-
firm the existence of the destructive interaction, with the
acoustic waves successfully blocked at these frequencies.
In contrast, at the two peak frequencies 1025 and 2080 Hz,
the field strength distribution remains uniform, with barely
any interaction existing and a resultant complete acoustic
transmission. Since the analytical EM model is shifted in
the transmission spectra compared to the real model, the
selected frequency points are changed to 1035, 1225, 1885,
and 2140 Hz. The identical pressure distribution inside the
real unit and the EM model suggests that the structure can
be regarded as a homogeneous material.

C. Tunability and experimental validation

The previous discussion has sought to highlight the cor-
relation between the geometric parameters and the effec-
tive acoustic properties of the labyrinthine structure. It is

(a) (b)

known that the soundproofing effect of the insulator is
tunable by adjusting the internal channels of the circum-
ferential region. The solid lines in Fig. 2(a) illustrate the
principle that the broadband acoustic insulation is tun-
able by adjusting d value. With d increases from 2.5 to
3.1 and 4.1 mm, the transmission spectra shift to higher
frequency. In order to yield a more comprehensive under-
standing of the effects of geometric parameters on the
design’s acoustic performance, parameter sweeps are con-
ducted to determine the acoustic transmission in different
insulator configurations. Here, the parameter profile of the
insulator is defined as follows: 7; = 20 mm, r, = 50 mm,
t =30mm, / =20 mm, w; = 1.5 mm, w, = 2.5 mm, and
N = 8. The study results are summarized as colormaps in
Fig. 3.

Figure 3(a) illustrates the effect of openness of the cen-
tral region on acoustic attenuation. When r; varies, all
other parameters are static except /, as / is defined as a
ratio connected to r;. A larger | leads to a better venti-
lation and as r; increases, acoustic insulation appears at
higher frequencies. By trading off a degree of ventilation
efficiency, a broader frequency band of acoustic insulation
can be achieved at a lower frequency regime. In order to
guarantee airflow efficiency and sufficient acoustic energy
mitigation, the radius of the open area is set as 20 mm.
Furthermore, to analyze the impact of / independently,
the value of / is varied through adjusting the ratio in the
definition, keeping all other parameters fixed. As shown in

FIG. 3. The transmission coef-
ficient as functions of frequency
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Fig. 3(b), the resonant frequency redshifts as / increases.
The total length of wave path in the circumferential region
becomes longer for larger values of /, leading to a larger
relative refractive index and effective mass density. Con-
sidering that the distance between adjacent plates in the
labyrinthine metamaterial (<) has the most direct impact on
the wave path, we investigate the effects of d in two cases.
Figure 3(c) illustrates the case in which the insulator thick-
ness ¢ is fixed. It can be seen that, when d increases, the
acoustic insulating effect appears at higher frequencies and
the bandwidth also increases. The colormap here shows a
stepped manner distribution since the number of the plates
is integer and may be various in a discrete fashion. In con-
trast, when the thickness of the structure 7 is no longer fixed
but changes with the d (keeping the number of plates the
same), the operating frequencies are barely shift, as shown
in Fig. 3(d). From the above results, we can conclude that
any parameter changes leading to the increase of n, will
cause the sound insulation to appear at lower frequencies,
and vice versa.

Next, the soundproofing effect of the labyrinthine acous-
tic insulator is experimentally verified by an impedance
tube setup (100 mm B&K 4206-T large impedance
tube), as shown in Fig. 4(a). A sample of the designed
labyrinthine insulator is fabricated using the fused depo-
sition modeling (FDM) printing technique, as shown in
Fig. 4(b). Notably, four cylinder-shaped supports are used
to attach the inner part of the labyrinthine plates to the
outer frame of the structure, which can be visualized in
the rightward aspect of Fig. 4(b). Considering their small
dimensions, the impact of these structural supports on the
acoustic propagation performance of the overall structure
is negligible. In the experiment, the sample is fixed snugly
in the central sample holder, and four microphones are
placed in the front and rear waveguides to determine the
acoustic response of the sample. The measured transmis-
sion loss of the sample is indicated as the red triangles
in Fig. 4(c). In parallel, the transmission loss of the sam-
ple is simulated through frequency-domain analysis. To
calculate the acoustic attenuation effect through the sam-
ple, the proposed structure is placed in the center of a
cylinder waveguide of the same diameter. The front and
rear boundaries of the waveguide are set as port bound-
aries. Considering the high impedance mismatch between
the walls and air, all walls are set as acoustically rigid.
Next, the simulated transmission loss of the sample is plot-
ted as the blue line in Fig. 4(c). In addition, the acoustic
response of this insulator can be theoretically calculated
using Green’s function (see details in Supplemental Mate-
rial [46]). For comparison, the transmission loss of a form
of identical dimensions (diameter = 100 mm, thickness =
30 mm) but without a central orifice, is measured as the
gray dashed line in Fig. 4(c). In Fig. 4(c), the measured
transmission loss has two distinct peaks appearing at 1224
and 1870 Hz, corresponding to the destructive interference
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FIG. 4. (a) Schematic diagram of the experimental setup of the

impedance tube. (b) The fabricated sample is printed with FDM
three-dimensional printing technology in size of »; = 20 mm,
7, =50 mm, {=30 mm, /=20 mm, w; = 1.5 mm, w, =
2.5 mm, and N = 8. (c) Comparison between the transmission
loss of theoretical, simulated, and measured result.

frequencies. The result shows a broadband acoustic atten-
uation from 1060 to 2000 Hz with a transmission loss peak
of 26 dB, agreeing well with the simulation and theoretical
results.

In practice, noise typically includes diverse incident
angles. Thus, we numerically investigate the situation
when an incident plane wave propagates at oblique angles.
Figure 5 shows that the sound-blocking performance of
the proposed structure is insensitive to the incident angles.
With a wide-angle range of incidence, the broadband
transmission loss is maintained. According to the simula-
tion results, the acoustic attenuation effect becomes even
stronger at oblique angles of incidence. This simulated
result supports our design’s practicality in generalizable
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FIG. 5. The simulated transmission loss when the plane wave
has incident angles of 8 = 0°, 6§ = 30°, and 6 = 45°.

scenarios with acoustic waves impinging from various
angles.

Furthermore, measurements are conducted to investi-
gate the ventilation performance of the proposed design.
Figure 6(a) is the diagram of the experimental setup, in
which an electric fan is placed in the inlet, the sample
is placed snugly inside the waveguide, while a digital
anemometer is placed at the outlet to record the wind-flow
velocity. The ventilation performance is characterized by
measuring the wind-flow velocity with and without the
sample inside the waveguide. As shown in Fig. 6(b), the
measured results and the fitted line are plotted as maroon
dots and a solid line, respectively. The linear characteristic
of'the fitting line supports the conclusion that the effective-
ness of wind-flow ventilation approximates 39%, where
the effectiveness of ventilation is defined as the wind-
velocity ratio between airflow velocities with and without
the sample.

Lastly, considering that the presence of airflow in the
system would alter the acoustic properties, we also numer-
ically investigate the impact of airflow on the transmission
loss of the designed structure. In this model, SST tur-
bulence and linearized Navier-Stokes, frequency domain
modules of COMSOL Multiphysics are coupled to determine
the transmission-loss performance. The transmission loss
is simulated at discrete frequencies for conditions when
there is no airflow (Ma as the Mach number, Ma = 0)
as well as two flow cases (Ma = 0.01,0.02), as shown
in Fig. 6(c). When there is no airflow, the soundproofing
effect is the same as results obtained in Fig. 4(c). How-
ever, in the presence of airflow in the waveguide, due to
the high dissipation caused by the grazing flow, transmis-
sion loss peaks are reduced significantly while shifting the
peak interference towards lower frequencies. Nevertheless,
the broadband soundproofing profile remains unchanged,
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1.6 e Experiment

14
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FIG. 6. (a) Schematic diagram of the ventilation characteriza-

tion setup. (b) The measured airflow velocity with or without
sample. The maroon line is the fitting result of the measured
results. (c) The simulated transmission loss of the insulator with
different airflow speed.

suggesting that this insulator design yields broadband
acoustic attenuation in the presence of airflow.

II1I. CONCLUSION

In conclusion, we numerically and experimentally
demonstrate a labyrinthine, or space-coiling, based sound
insulator. This design, composed of a circumferential
labyrinthine region and a central open area, enables
efficient ventilation and broadband soundproofing in the
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low-frequency regime. Due to the phase-delay charac-
teristic of the labyrinthine space-coiling structure, the
Fano-like interference and the accompanied destructive
interaction realize an efficient blocking of incident acous-
tic energy in the range of 1025 to 2000 Hz with a 1/11x
thickness. Additionally, adopting the labyrinthine structure
endows the unit great tunability in its acoustic insulation
performance. Numerical and experimental results success-
fully verified our design methodology. Our work offers a
solution of a broadband acoustic insulator with efficient
ventilation.
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