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Ultra-broadband sound reduction schemes covering
living and working noise spectra are of high
scientific and industrial significance. Here, we
report, both theoretically and experimentally, on an
ultra-broadband acoustic barrier assembled from
space-coiling metamaterials (SCMs) supporting
two Fano resonances. Moreover, acoustic hyper-
damping is introduced by integrating additional thin
viscous foam layers in the SCMs for optimizing the
sound reduction performance. A simplified model is
developed to study sound transmission behaviour
of the SCMs under a normal incidence, which sets
forth the basis to understand the working mechanism.
An acoustic barrier with 220mm thickness is then
manufactured and tested to exhibit ultra-broadband
transmission loss overall above 10 dB across the
range 0.44-3.85kHz, covering completely nine
third-octave bands. In addition, unconventional
broadband absorption in the dampened barrier
(65%) is experimentally observed as well. We believe
this work paves the way for realizing effective
broadband sound insulation, absorption and sound
wave controlling devices with efficient ventilation.

1. Introduction

Ultra-broadband sound reduction schemes which cover
noise spectra in living and working environments
are in high demand in both academic and industrial
communities [1-6]. Traditional acoustic barriers, which
are categorized as either acoustic composite panels [7-9]
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or sonic crystals [10,11], have been widely employed. Their performance is fundamentally
restricted especially in the low-frequency range, and heavy and bulky designs are usually
required. While the former is opaque, the latter interestingly is partially optically transparent
and provides ventilation. Principally, there always exists a trade-off between the open ratio,
defined as the ratio of the gap between two columns to the lattice constant, and the thickness and
performance of a crystal-based sonic barrier [3,12,13]. Previous studies have shown that in order
to achieve satisfactory performance, say insertion loss commonly over at least 10 dB [3,14] within
the range 0.3-4.0 kHz, an acoustic barrier thickness of at least 0.6 m is required with an open ratio
of less than 27% [2,3,12]. These designs are essentially too cumbersome to be employed in real
applications, especially in an office or working environment. The main reason for this lies in the
fact that they all rely on traditional materials, such as solid, perforated or porous rods deployed
on periodic structures. Therefore, new designs with novel materials or structures are necessary in
order to overcome the limitations of traditional designs.

In the past two decades, acoustic metamaterials, which refer to artificial resonance-based
materials, have been thought of as the most promising candidate to break the traditional
materials’ limitations in airborne acoustics. In particular, space-coiling metamaterial (SCM)
emerges as a special class of metamaterials [15]. It is constructed by coiling up the space
within its unit cell to form curled acoustic channels with a subwavelength cross-section. The
propagating phase and amplitude can be tuned arbitrarily by adjusting the geometry of the
curled channel to give rise to extreme acoustic behaviours, such as an extreme refractive index
[16], double-negative media [15] and phase/amplitude modulation [17]. In addition, the SCM
was reported to exhibit Fano-like profiles [15]. In general, Fano resonance, first observed by Fano
[18], is a special class of coupling resonance which, in most cases, refers to the interference of
a local resonance and a background continuum. It comes with a narrow-linewidth asymmetric
absorption profile, induced by the intensity interaction and phase-shift involved in inelastic
scatterings of electrons in a quantum mechanical setting. In solid mechanics, Fano resonance
has been discussed both theoretically and experimentally in several studies [19-21]. In acoustics,
however, Fano resonances have been demonstrated visually through asymmetric transmission
loss (TL) profiles in simulation and experiments [15,22,23]. A complete theoretical analysis of the
formation of Fano resonances specifically by the interference of monopolar/dipolar modes and
the background continuum is yet to be established. Two key factors involved in the formation of
acoustic Fano resonance are local resonance and coupling of resonances. The former, on the one
hand, is generally established by satisfying input impedance matching conditions (zero reactance)
[8,13,24] and exhibits extreme and unnatural effective constitutive properties [25-28]. The latter,
on the other hand, is a consequence of interaction of multiple resonances under certain matching
conditions. For instance, coupling between two modes of an acoustic resonator results in an anti-
resonance with high TL [9,25,29] or a hybrid resonance with perfect absorption [30]. Coupling
between resonances from multiple separate resonators also admits perfect absorption [31,32]
and allows the existence of multiple double-negative bands [33]. Using Fano resonance, high
TL performance was only achieved within a narrow band [23,34,35]. Further exploiting multiple
Fano resonances induced by four different Mie resonators [15], a broader band up to 1.25kHz
was observed in numerical simulations. However, the corresponding design with a low open
ratio (20%) is still quite thick (0.46 m). To obtain efficient and ultra-broadband TL performance in
a compact design, not only fundamental but also higher-order Fano resonances must come into
play. That is to say, all of them should be involved and distributed more optimally to cover the
broader frequency range of interest [36].

In this research, based on multiple Fano resonances, we propose an acoustic barrier consisting
of multiple SCMs to realize ultra-broadband sound reduction. We first aim to deliver a
comprehensive theoretical model to characterize the SCM and the Fano resonance associated
with it. The analysis involves replacing the actual SCM with an effective model which contains
an effective, straightened channel filled with slow-wave materials. The effective channel, which
supports both monopolar and dipolar modes, interacts with the background continuum, giving
rise to Fano resonances. Because of their coupling nature, the effective model is hence called
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(b) A-A
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Figure 1. (a) Schematicillustration of the acoustic barrier assembled from SCMs. It efficiently blocks the incoming sound waves
(p) indicated by the blue arrows. The substantially reflected (p,) and heavily suppressed transmitted (p;) sound fields are
indicated by red and green arrows, respectively. (b) Sectional view of the cross-section of an SCM unit cell. (Online version in
colour.)

a coupling unit throughout the paper. The Fano resonances are thoroughly studied using a
transfer matrix method and effective medium theory, and are fully characterized in terms of TL.
Corresponding numerical simulations are then conducted to validate the theoretical prediction
and also to better illustrate the Fano-resonance-based broadband sound reduction. Lastly, we
construct an acoustic barrier using the proposed SCMs with different geometrical properties, and
conduct experiments to demonstrate potential applications of ultra-broadband sound reduction.

2. Theoretical formulation of Fano-based metamaterials

The Fano-based acoustic barrier consists of arrays of the SCMs, as shown in figure 1a. It is
designed such that the incoming sound waves are efficiently blocked over a broad frequency
range, achieving broadband high TL. The broadband nature of the acoustic barrier originates
from multiple Fano resonances supported by the SCM coupling unit. As illustrated in figure 10,
the design of the SCM unit cell involves two identical ventilation channels located on the top
and bottom of the coupling unit and a curled channel connecting the upstream and downstream
with a space-coiling path. Space-coiling designs are usually used to generate linear resonances
with optimal occupied space [8] and present an excellent capability to control the frequency
distribution of not only fundamental but also higher-order modes [36,37]. In this work, these
strategies are employed to manipulate the local resonances and the resulting Fano resonances
uniformly over the frequency region of interest.

To study acoustic wave transmission and reflection behaviour of the acoustic barrier, we
introduce a simplified acoustic model of the SCM unit with the rigid side-wall boundary
conditions shown in figure 2 subjected to a normal incidence p; = P; e *. In the simplified model,
the actual curled channel is replaced with a straightened effective channel filled with effective
fluid. The effective fluid is characterized by constitutive parameters (p. and c.) such that the
weight of fluid inside the channel and sound travelling time in the two channels are guaranteed
identical [15]. The ventilation channels are filled with air (o9 and c).

The effective channel behaves as a linear resonator supporting both monopolar and dipolar
local resonances [8,34]; however, the ventilation channels only support resonances at higher
frequencies and the acoustic pressure is linear in terms of phase change at lower frequencies.
The transmission is the radiation from channels to the downstream, while the reflection is the
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Figure 2. Schematic of an effective SCM coupling unit cell submerged in an impedance tube. p;, p, and p; represent the incident,
reflected and transmitted pressure fields, respectively. (Online version in colour.)

combination of the radiation from the channels to the upstream and the reflection by the external
hard wall of the coupling unit [29,38] as

pi,y)=ps and p(x,y)=P;e* +p,, (2.1)

where p,, and p; are the radiation fields in the upstream and downstream, respectively. They are
related to the velocities at the inlet (x = 0) and outlet (x = L) of the channels via Green’s functions
[13],

b/2 a/2
pu (x,y) = —ipocokver J Gu (x,y10,y0) dyo — 2ipocokvy J Gu (% yl0,y0) dyo  (2.2a)
—b/2 a/2—d/2
and
b/2 a/2
pa(xy) = iPOCOkUEZJ oo Gy (x,yIL, yo) dyo + 2ipocokvyn J e Gy (x,yIL, yo) dyo. (2.2b)
_ 22—

Here, (ve1, ve2) and (vy1, vy2) are the velocities of the effective and ventilation channels at their inlet
and outlet, respectively. G, (x, y|0,yo) and Gy(x,y|L, yo) are the Green’s functions of the upstream
(x <0) and downstream (x > L). They can be presented in terms of the mode shape functions of
the waveguide [38,39],

Gu (x,yl0,y0) = — { ki Z %; (p(pn( y)o ) e“”x} (2.3a)
71 n
and
Gd (X }/IL yO) — i —lk(x L) +i Z $n )§0n (yO) e—a,,(x—L) (23b)
T ika =1 o <g0n (y)) ’

where ¢, and «;, are the nth-order mode shape function and corresponding eigenfrequency of the
waveguide’s cross-section, respectively (see electronic supplementary material). Assuming that
the effective and ventilation channels are narrow, the pressure fields inside them can be estimated
by the fundamental mode [13] as

Pe (X) = A, e~tkex 4 B, glke(x=L) (2.4a)
and
po (1) = Aye 4 B, kD)) (2.4D)

respectively, where A and B are the amplitude coefficients by linearity in the channels and
the wavevector of the effective channel k, = w/c.. The relations between the velocities and the
pressures of the channels at their inlet and outlet are obtained by applying Euler’s equation
p(d0/9t) = —Vp. Substituting equation (2.4) into equations (2.1) and (2.2) leads to the following set

V2001207 :LLb ¥ 905§ 201 edsyjeunol/buo'Buysyqndiraposjefos H



Downloaded from https://royal societypublishing.org/ on 26 April 2021

of equations in a matrix form for determining the normalized volume velocities at the inlet/outlet
of the channels:
Vel
M ?62 —
Uyl
l_)1)2

(2.5)

O N ODN

where the normalized volume velocities ve1, Ue2, 0,1 and v, are defined by v = oppcov/P; with o
being the open ratio of the corresponding channels. M is a 4 x 4 matrix representing the coupling
between the radiation fields of the channels (see electronic supplementary material). Considering
|x| = oo, equations (2.1) and (2.2) result in the expressions of transmission and reflection in the
far field,

pr () = Pi (V2 + D) e KE—D) (2.6a)

and
pr (0 =P; (1 = 51 = 5,1) €, (2.6b)
respectively. As a result, the transmission and reflection coefficients are readily obtained as
T=0p+vy and R=1— v, — vy1, (2.7)

respectively. Now, we consider an effective homogeneous medium representing the coupling unit
under the long-wavelength assumption. The effective medium is acoustically characterized by the
effective mass density pefr and the effective bulk modulus Begs, which can be retrieved using the
scattering matrix approach [40],

Py| _ | coslkera)  iZegsin(kega) | | P2 (2.8)
U, iZe_f} sin(kegsa) cos(kefsa) U, |’
where Py, Uy and P, U; are the total pressure and velocity fields evaluated on the left and right

sides of the effective medium. Solutions to equation (2.8) lead to the effective velocity, impedance,
mass density and bulk modulus, respectively, being

w wd

Coff = 77— = ’ (2.9(1)
kg cosT1[(PrUy + Palln)/(P1 U + Poly)]
. P3-P? (P1Up + PoUy)?
Zogt = L TP U RS e (2.9b)
1Uz + PoUn | (P5 — P7) (UT — U3)
Lot .
and Peff = and  Beff = ZeftCeft- (2.9¢0)

Ceff

To validate the above analysis, an effective unit cell with 2 =88.89 mm, b =11 mm, d =26 mm,
L=63mm and p./pg = cp/cc =4.375 is investigated theoretically and numerically. The numerical
simulation is conducted using COMSOL Multiphysics. To investigate the Fano resonance
involved and its associated sound reduction application, TL, defined as 20 x log, |pi/p:l,
is assigned as the characterization measure of the sound reduction performance. Excellent
agreement between the analytical and numerical TL spectra can be observed in figure 3a, proving
the correctness of our theoretical model. As illustrated in figure 3a, two asymmetrical profiles of
TL peaks and dips of the unit are clearly observed, similar to the Fano-like resonance. Note that
the high TL region can be formulated between the two TL peaks for broadband sound mitigation
if we design the unit cell properly. Those two asymmetric transmission profiles are due to the fact
that the portion of the acoustic wave travelling through the resonating effective channel interferes
with the portion of the acoustic wave travelling through the non-resonating ventilation channel.
The asymmetric transmission profile, based on a Fano-like interference, possesses a peak region
due to destructive interference resulting in attenuation of the transmitted wave.

The TL peaks and dips, from another point of view, can be considered as the resonances and
anti-resonances of the unit cell, respectively [13,38]. The working mechanism of the unit cell at
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Figure3. (a) TL spectra of the effective SCM unit cell. Theoretical and numerical results are shown, together with the numerical
result of the actual SCM unit cell. At the two TL peaks, both the magnitude and phase of the velocity distributions of the effective
SCM coupling unit are llustrated as insets. (b) Frequency-dependent phase spectra of the normalized volume velocities v at the
outlet of the channels. (c) Frequency-dependent amplitude spectra of the normalized volume velocities v at the outlet of the
channels.

low frequencies can be explained by the weakly coupled effective and ventilation channels. For
the interested frequency regime, the effective channel supports two local modes, i.e. monopolar
and dipolar, evidenced by two TL dips at 560 Hz and 1121 Hz, respectively, while the ventilation
ones support an acoustic linear flow in terms of the phase change, evidenced by the smooth
TL profile (see electronic supplementary material). The coupling between these two channels
induces resonance and anti-resonance in the unit cell. Since the former is much stronger than
the latter, the induced resonance and anti-resonance are located in the close vicinity of the
local resonances of the effective channel. Therefore, the mode shape of the TL peaks and dips
are mainly characterized by the mode shapes of the effective channel local resonances (see the
pressure field (p) described in the inset of figure 3a). It is noteworthy that the distributions of the
resonances and anti-resonances for the monopolar and dipolar modes are in the opposite order.
Specifically, the monopolar mode at 600 Hz and dipolar one at 1121 Hz excite the resonances
and anti-resonances of the coupling unit at 560 Hz and 658 Hz and at 1175Hz and 1089 Hz,
respectively, to realize a broadband TL spectrum.
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To quantitatively interpret TL peaks and dips, we further plot the phase and magnitude of v at
the two channel outlets in figure 3b,c, respectively. According to equation (2.7), the occurrence of
TL dips represents the condition ve1 + v,1 =1 or |ve2 + V2] = 1, meaning zero reflection. In other
words, the total volume velocity transmitted through the inlets is equal to the incident volume
velocity (see points D and E on figure 3c), which obviously refers to the acoustic impedance
matching condition. By contrast, the TL reaches a maximum when the transmission coefficient
vanishes. The condition for TL peaks reads ve + vy2 =0, which indicates that the normalized
volume velocities at the outlets of ventilation and the effective channels are identical in amplitude,
but are out of phase (see the phase distribution (arg(v)) shown on the inset in figure 34 and
points A and B on figure 3b,c). In addition, the normalized acoustic admittance at the outlet
of the effective coupling unit, 1/Z, =1/Z 2 + 1/Zx» = vy2/p + Ve2/p, is zero, indicating that the
normalized acoustic impedance, Z, — oo, and the outlet now are equivalently an acoustically
rigid wall. In this case, the effective coupling unit blocks all the incoming pressure fields, leading
to transmission zeros. Finally, as illustrated in figure 3b,c, the phase difference between v, and
vy2 is nearly constant (7) in the region between points A and B while their amplitudes show small
difference. Therefore, high TL in the region between two peaks can be expected.

The excellent sound reduction performance can also be explained using an effective medium.
Following equation (2.9), we plot the real part of the normalized effective density pl;=
Re{peft/po} and bulk modulus B = Re{Bes/Bo} in figure 4a. Two separate single-negative stop
bands (SNBs), i.e. a negative density region (590-733 Hz) and a negative bulk modulus region
(936-1178 Hz), can be seen. The negative bulk modulus is responsible for the first Fano resonances
with the monopolar mode and the negative density can be used to capture the second Fano
resonances with the dipolar mode. The normalized decaying factor (NDF), defined as yj; =
Im{—kefa}, is presented in figure 4b. It can be observed that yj; is zero everywhere except
within the SNBs, whereas Re{kqf} (not shown here), which represents the propagating part of the
sound wave, is zero within SNBs and positive at other frequencies. Within the SNB regions, the
NDF takes large values and reaches a maximum at the Fano resonances, meaning that the wave
amplitude exponentially decays. In brief, the two Fano resonances result in two SNBs providing
considerably high TL, efficiently blocking the sound field.

3. Dampened space coiling metamaterial

Although the combination of two symmetrical Fano-like profiles leads to a broadband TL
spectrum, two dips corresponding to two coupling resonances of the coupling unit still need to
be fixed to optimize the performance of an acoustic barrier built from an array of coupling units.
For real applications, which often require an ultra-broadband working region, the previously
achieved TL profile is not optimal. Weakening the local resonances gives weaker Fano resonances,
lifting the TL dips but inevitably lowering the peaks simultaneously. This process results in a more
practically optimal TL profile. Dampening the SCM is the most straightforward way to weaken
the local resonances. In theory, this can be achieved by considering the intrinsic thermal and
external acoustic viscosity.

(@) Thermal viscosity

In real structures, there always exists thermal viscosity inside the viscous boundary layers. Its
effect is non-negligible around the resonances [6,13] when the induced velocity is large, especially
within the SCM where the friction area is massive. The intrinsic thermal viscosity may help to lift
the dips of the Fano TL profile, ensuring optimized TL performance within the range of interest.
To take into account the thermal viscosity, the density and sound velocity inside the SCM should

be modified as [41]
o / Y
=— and ¢y=¢|———F——, 3.1
=y, b y=—-D¥% G-
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Figure 4. (a) Real part of the normalized effective mass density oy = Re{pe/ 00} and the bulk modulus B =
Re{Best/Bo}. (b) The decaying factor of the unit cell yer = —Im{kea}. Two single-negative bands are highlighted in grey.
(Online version in colour.)

respectively, where ¥, and ¥, are the viscosity-geometry and thermal-geometry functions for
slits,

kyb/2 kpb/2

g, =1 Bkb2) oy, - ankib/2)

kob/2 knb/2 3.2

Here, the viscous and thermal lengths are k, = «/=iwp/n and k, = ,/=iwpC, /k, respectively, with
1 being the dynamic viscosity and Cp the heat capacity at constant pressure of air. The thermal
viscous effect can be observed in the TL spectra of two cases: the SCMs without (lossless, blue
in figure 5d) and with viscosity (viscous, red curve in figure 5d) applied in the curled channel.
They are identical within most regions except around the resonances, as predicted. At the Fano
resonances, instead of reaching oo in theory, thermal viscosity dampens the resonances, making
the peaks less sharp with the maximum TL decreased to less than 35 dB. By contrast, the TL dips
are lifted slightly. The thermal viscous effect of these regions can be enhanced using narrower
channels with a smaller open ratio b/a. However, narrower channels are usually adverse to
improving the TL performance [36]. For practical noise reduction applications, the TL dips should
be lifted by using a stronger dampening mechanism.

(b) Acoustic hyper-damping

In this work, acoustic hyper-damping is introduced by deploying acoustic foam layers at the
velocity anti-nodes of the SCM, as shown in figure 5a. Figure 5b exhibits the velocity and pressure
profiles, which are opposite to each other in space. The acoustic foam is an open-cell porous
material, comprising two phases, i.e. an elastic matrix (solid phase) phase and a fluid phase filling
the elastic matrix. The porous matrix gives a large friction area (contacting surface) between
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Figure 5. (a) Diagram of the deployment of viscous foams. All foam layers have identical thickness . (b) Velocity and pressure
profiles along the effective channel at its monopolar and dipolar modes. (c) TL spectra of the actual SCM with different
configurations of the space-coiling channel: without thermal viscosity, with thermal viscosity and with dampening foam layers
of thicknesses Tmm, 3 mm and 5 mm. (d) The pressure and velocity fields at the monopole and dipole in three cases: lossless,
viscous and 5 mm foam employed. The velocity representing the strength of the resonances is heavily dampened in the case of
viscous foam employed, so it is called ‘acoustic hyper-damping’. (Online version in colour.)

the two phases. Therefore, when submerged into a high fluid velocity region, it is expected
to absorb a substantial amount of fluid flow energy. The well-known Biot model [42,43] is the
most comprehensive model for describing the vibro-acoustics of the coupling between the two
phases. It requires several experimental inputs, and the corresponding calculation is quite time-
consuming. For this reason, the effective medium theory is used to model equivalently the porous
acoustic material. Among all the existing models, the five-parameter model proposed by Johnson-
Champoux—Allard (JCA) is the most widely used as it provides simplicity and high accuracy. In
the JCA model, the mass density characterizing the visco-inertial effects was proposed by Johnson

etal. [44] as
e 4 2
Fy=2 |14 2 |y jthents | (330)
&p 1wPToo gqufAv

and the bulk modulus is [45]

~ P
Blw) = v Po/df

(3.3b)

1
y—(y—1) [1 —i(Bka/pCpa) /1 + i(,oa)CpA%/16kd):|

where Py and k; denote the fluid equilibrium pressure and thermal conductivity of the fluid
phase. The five parameters of the JCA model, ¢, ¢r, Ay, A and 7.0, used to describe the acoustic
foams are estimated by fitting the absorption of a pure foam layer, backed by a rigid wall under
normal incidence in simulations and experiments (see electronic supplementary material). The
optimal values are listed in table 1.

The TL spectra for three foam layer thicknesses, 1 mm, 3mm and 5mm, are presented in
figure 5c. It is found that the local resonances of the SCM are heavily dampened. Even with
the foam layers of only 1 mm thickness, the TL dips are completely removed, giving rise to the
optimized TL profile. This is exactly the function of hyper-damping in the SCM. The evidence of
hyper-damping can also be recognized through the velocity field inside the heavily dampened
coiling channel (figure 5d), which represents the strength of its resonances. Since the relation
between TL dips and peaks is causality [20], lifting the dips means dampening the local resonance
of the SCM, which inevitably dampens the TL peaks as well. The foam thickness plays an
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Table 1. Porous matrix properties of the acoustic foam.

parameter symbol value

porosity &p 96%

important role in optimizing the TL profile. Increasing the foam thickness #; leads to a relatively
more uniform TL profile. When #; = 5 mm, the peaks and dips are nearly unrecognizable because
the SCM is over-dampened. Further increasing the foam thickness will eventually make the TL
profile approach the case where the unit cell includes only ventilation channels (see electronic
supplementary material). This is simply because the foam filling the effective channel results in
high impedance, driving the channel to perform as a solid medium rather than as a linear acoustic
channel.

4. Application in ultra-broadband sound insulation

(a) Ultra-broadband acoustic barrier

(i) Design the acoustic barrier

We employ the SCMs to construct an acoustic barrier possessing efficient ventilation (see
electronic supplementary material), sound isolation and absorption functions across an ultra-
broadband 0.44-0.385kHz. This range completely covers nine third-octave bands (0.447-
3.548 kHz), including the frequency spectrum of most typical airborne noise in living and working
environments [1]. The target frequency range is selected such that the metamaterial barrier can
work well within the stable region of the impedance tube since the cut-off frequency of the tube
is around 3.85kHz (see electronic supplementary material). The proposed barrier, as shown in
figure 6a, consists of the super-cell bars detailed in figure 6b. The super-cell bar is only 220 mm
thick (tpar =220mm), and comprises three SCMs with the same open ratio, i.e. 6,=1—L/a=
29.25%, but different curled channel widths (5.9 mm, 7.9 mm and 11 mm). The super-cell bars
without and with the dampening foam layers are considered, as shown in figure 6b. As presented
in figure 6c, under normal incidence, the TL spectra of individual SCMs (see the blue, red and
orange curves) show Fano profiles of not only fundamental but also higher-order resonances.
They are distributed nearly uniformly over the frequency range of interest. The barrier consisting
of all three SCMs under normal incident sound therefore shows satisfactory sound reduction
performance (see the purple curve) within the broad region 0.3-4 kHz. However, there still exists
many sharp TL dips due to the local resonances of the SCMs and the Fabry—Pérot resonances
between the SCMs [31]. To get rid of these TL dips to make the high-performance band (overall
>10 dB) broader and smoother, 5mm thick foam layers are employed to introduce the acoustic
hyper-damping in the acoustic barrier. The simulation result is highlighted by the green curve
in figure 6c. Significantly better overall performance with TL dips dampened or removed is
shown, although most of the TL peaks are dampened as well and even disappear. It is worth
mentioning that some TL dips are even converted into peaks (at 1234 Hz corresponding to the
monopolar mode of the second SCM and at 1590 Hz corresponding to the monopolar mode of
the first SCM). In fact, noise usually covers a broad range of incident angle. Therefore, we also
numerically investigate the angular dependence of this barrier, and show that very good sound
insulation performance can be found even for a large oblique angle of incidence (see electronic
supplementary material).
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Figure 6. (a) Schematic of the acoustic barrier wall comprising three space-coiling cells with the same open ratio but different
channel widths. (b) Zoom-in views of the super-cell bar without and with the dampening foam layers. (c) Numerically obtained
transmission loss spectra of the lossless individual unit cells (blue, red and yellow curves with symbols), lossless super-cell
(purple solid) and dampened super-cell (green dashed). (Online version in colour.)

(b) Experimental validation

To verify the proposed design and the simulation results, a super-cell sample is fabricated using a
3D printer. The sample containing acoustic foams, installed in the impedance tube, is shown in the
inset of figure 7a. The performance of the super-cell, which equivalently represents the barrier’s
performance under normal incidence, is then evaluated in an impedance tube, as illustrated in
figure 7a. The experimental results for the dampened acoustic barrier (see the red curves) are
presented to make a comparison with the simulation results (see the blue curves) in the top
panel of figure 7b. Good agreement is observed. The experiment exhibits ultra-broadband sound
reduction performance within the range 0.3-3.85kHz. The dampened design exhibits the TL of
at least 10 dB within 0.44-3.85 kHz covering completely nine third-octave bands, with an average
TL of 17.7 dB.

In addition to the TL, sound absorption of the dampened barrier defined as A=1 — R|?2 — |T2
is also experimentally studied. Presented in the bottom panel of figure 7b is the absorption of the
dampened barrier under normal incidence. Overall, the simulation (blue curve) and experimental
(red curve) results match well. The averaged absorption within the range 0.44-3.85kHz is 65%.
Several high-absorption bands are recognized experimentally: over 80% within the range 0.3—
0.41kHz and near 100% at 340 Hz, 490 Hz, 2965 Hz and 3810 Hz. After all, the proposed barrier,
together with the acoustic hyper-damping, not only achieves ultra-broadband sound reduction
while preserving ventilation efficiency but also exhibits excellent absorption capability.

5. Conclusion

We have studied, analytically, numerically and experimentally, SCMs supporting two types
of Fano resonances for the realization of ultra-broadband sound reduction application. The
proposed SCMs support both monopolar and dipolar modes which interact with the background
continuum mode and eventually produce acoustic Fano resonances. The resultant Fano
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Figure 7. (a) Sectional view of the impedance tube and the samples in the experiment. The inset shows the detailed view
of the dampened super-cell. (b) Comparison of the transmission loss (TL) and absorption (A) spectra between simulation and
experiment results for the dampened super-cell. (Online version in colour.)

resonances are beneficial in producing ultra-broadband TL. The acoustic barrier with a thickness
of 220 mm and an open ratio of 29.25%, derived from deploying periodically super-cells of three
different SCM cells, shows satisfactory sound reduction performance within the broad frequency
region 0.44-3.85 kHz, with the help of acoustic hyper-damping. Moreover, the acoustic absorption
of the dampened barrier is measured to be overall beyond 65% with several perfect absorption
regions. We believe this work paves the way for realizing effective broadband sound insulation
and sound wave control devices.
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