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The Fano resonance is a widespread wave-scattering phenomenon associated with an ultrasharp line
shape, which just serves a narrow working frequency range around the interference frequency, rendering
the realization of Fano-based applications extremely challenging. Here, we present and experimentally
verify a mechanism of acoustic consecutive Fano resonances (ACFRs) with a symmetric profile for broad-
band sound attenuation, and extend to a practical implementation of a tunable low-frequency double-helix
metasilencer. Based on the ACFRs’ dependence on material parameters in the bilayer metamaterial model,
we employ an inverse design using Bayesian machine learning to search the optimal broadband insulat-
ing performance with a rapid convergence speed (15 iterations). For practical requirement, we extend
the ACFRs’ prototype to a continuously tunable double-helix metastructure for broadband low-frequency
sound attenuation. This broadband effect can be interpreted by the dual-band single-negativity property.
A good agreement between numerical simulation and experiment evidences the effectiveness of the pro-
posed metasilencer with tunable sound attenuation (>90%) in 425–865 Hz and high ventilation (>80%)
at various double-helix combinations. Our proposed ACFRs’ mechanism and its associated metastructure
would open routes to promising acoustic metamaterial-based applications, such as filtering, switching, and
sensing, and beyond.
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I. INTRODUCTION

In recent decades, the Fano resonance [1,2] has become
a research hotspot because of its applications in vari-
ous branches of science and engineering like atomic and
solid-state physics [3,4], electromagnetism [5], electronic
circuits [6], photonics [7,8], nonlinear optics [9], and
acoustics [10,11]. Fano resonance with asymmetric profile
and ultranarrow linewidth is induced by the interference
between a discrete resonant state and a smooth continuum
state in background media, which limits its application in
many actual wideband scenarios with complex frequency
components. It is desired to break the narrow-bandwidth
limitation of Fano resonance in physics, and consequently
to obtain a broad working frequency range. With the
advances of optical metamaterials, the constructive idea of
consecutive Fano resonances [12–14] (CFRs) was intro-
duced to extend the operation bandwidth. Wu et al. pro-
posed a concept of a low-symmetry three-dimensional
metamaterial to exhibit optical CFRs, slowing down light
over a spectrally broad band [13]. CFRs of high-contrast
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dielectric gratings were used to design broadband filters
whose lineshapes have mirror symmetry [14]. However,
acoustic consecutive Fano resonances (ACFRs) have not
been mentioned until now, which may have potential in
some real acoustic applications, such as acoustic filters,
switches, and sensors, etc.

Conventional acoustic metamaterial (AM) design has
relied on extensive experimentation and a trial-and-error
approach where analytical or computational models pro-
vide only a posteriori explanations. With advances in com-
putational engineering, inverse design of AMs for desired
material properties has been performed using intelligent
algorithms [15–22], including genetic algorithm (GA)
[15,16], and artificial neural network (ANN) [18–21], etc.
However, a major drawback of GA is slow convergence
speed because the fit individuals quickly degenerate in
mutation. Machine learning using ANN may require large
amounts of data for training and could often be notori-
ously difficult to train. Recently, machine learning using
the Gauss-Bayesian (GB) model has emerged as a low-
cost and flexible solution for AM inverse design [22]. The
GB model provides an adaptive paradigm to sample the
design space more efficiently for identifying the global
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optimum by properly selecting the Gaussian kernel and
acquisition function without large database. In addition,
the direct mapping relationships between metamaterial
input parameters and particular functionalities enables the
parameters to be inversely adjusted independently from
physical models.

As a problem in acoustics, low-frequency (<1000 Hz)
sound insulation finds wide applications in diverse appli-
cation scenarios. In recent years, researchers have put
forward a few AM proposals addressing the challenge of
sound attenuation [23–32]. Zhang et al. proposed a nar-
rowband Fano-based low-frequency sound silencer, while
comprising a large open area for air passage [31]. Further-
more, a strategy for broadband shielding is theoretically
proposed with a helical metasurface [32]. However, the
aforementioned existing AMs with predefined microstruc-
tures can operate only in a fixed frequency range [33].
To break this restriction, increased attention has been
paid to AMs with reconfigurable metastructure [34–38].
Typically, coding metamaterials [36] and programming
metamaterials [37] have demonstrated numerous intrigu-
ing properties, such as anomalous reflection and refraction
[39,40], wave bending [41,42], and wave focusing [43],
etc. Both of them were based on the assembly of var-
ious fixed components, and therefore, are inflexible and
not continuously adjustable. Hence, a continuously tunable
self-assembling structure would be tremendously helpful
to realize the flexible acoustic metamaterials and expand
the working bandwidth.

In this work, we propose and experimentally demon-
strate a mechanism of symmetric profile ACFRs for broad-
band sound suppression and present a practical application
of a tunable low-frequency double-helix metasilencer. To
remove the narrowband restriction of Fano resonance,
we employ an inverse method based on machine learn-
ing using the GB model to seek the material param-
eters in the bilayer metamaterial to obtain the optimal
ACFRs’ insulating spectrum. Considering the key prob-
lem of broadband low-frequency sound attenuation, we

extend the above ACFRs’ prototype to a tunable double-
helix metasilencer and interpret its broadband effect by the
dual-band single-negativity property. Continuously tun-
able resonance spectral shift of ACFRs can be realized via
rotating this self-assembling double-helix metastructure.
An agreement between numerical and experimental results
validates the effectiveness of the proposed metasilencer,
bearing the advantages of broadband low-frequency sound
attenuation, continuous tunability, and high ventilation
performance.

II. MACHINE-LEARNING-ASSISTED ACFRS IN
THE BILAYER METAMATERIAL

Previous studies introduced the acoustic Fano reso-
nance with narrowband characteristic as a result of the
interference between the discrete resonant and contin-
uum states [11,31]. Here, we present a mechanism of
ACFRs because of the consecutive interferences between
the above two states in the bilayer metamaterial. Accord-
ing to the effective-medium theory [44], region 1 (r < r1)
is composed of a material with acoustic refractive index
of n1 and mass density of ρ1, and region 2 (r1 < r < r2)
is composed of a material with acoustic refractive index
of n2 and mass density of ρ2 [Fig. 1(a)]. Two regions
are separated with the acoustically rigid spacer at (r = r1)
of negligible thickness that eliminates the cross-coupling
between them. The entire metamaterial is assumed to be
confined within a rigid circular waveguide filled with a
medium with acoustic refractive index of n1 and mass
density of ρ1 for the purposes of obtaining the acoustic
transmission spectrum. Imagine that an incident acoustic
wave along z direction in a waveguide normally impinges
the bilayer metamaterial. Then ACFRs of symmetric trans-
mission profile occur due to the fact that the portion of the
acoustic wave traveling through region 2 interferes con-
secutively with the portion of the acoustic wave traveling
through region 1. As shown in Fig. 1(b), region 1 remain-
ing in a continuum state always allows a high transmission.
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FIG. 1. (a) Schematic diagram of the bilayer metamaterial placed perpendicular to the direction of wave propagation. The two-
colored parts of the metamaterial are characterized by two effective mediums with different acoustic properties. (b) Transmission
spectra through region 1, region 2, and the bilayer metamaterial, respectively. Here, the radius ratio r1/r2= 0.5, the refractive index
ratio n1/n2= 0.2, and mass density ratio ρ1/ρ2= 0.1.
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Region 2, which provides the resonant state, possesses
two consecutive transmission peaks where the Fabry-Perot
resonances occur. The N th order Fabry-Perot resonance
occurs at n2t = Nλ/2. Here, N = 1 and 2 are used in this
work. The transmission of the whole bilayer metamaterial
illustrates that the transmission peaks of ACFRs occur out-
side these Fabry-Perot resonances, the transmission dips
take place inside, and the areas are bounded by the spec-
ular Fabry-Perot resonances. Of note, the polarity of the
Fano resonance, i.e., the relative spectral position of the

peak and the dip in the Fano resonance spectrum [45] flips
when a Fabry-Perot resonance is passed, which shapes two
asymmetric Fano profiles into a symmetric ACFR profile.
This symmetry is critical for the formation of the middle
broadband transmission region between two Fano reso-
nance dips, as it enables the resonance spectra of two Fano
resonances to merge without passing through a zero.

We first perform comparative simulations to study the
relationship between material parameters and the occur-
rence of broad low-transmission band of ACFRs. As
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FIG. 2. (a) Transmission spectra through the bilayer metamaterial for various values n1/n2 (r1/r2 = 0.5 and ρ1/ρ2 = 0.2). (b) Trans-
mission spectra for different values r1/r2 (n1/n2 = 0.25 and ρ1/ρ2 = 0.2). (c) Transmission spectra for different values r1/r2 (n1/n2 = 0.25
and r1/r2 = 0.5). (d) Schematic diagram of the proposed design method. (e) Maximum bandwidth in the current dataset as a function
of the number of evaluations, where NF is the sampling step length in the target frequency range [0.2n2t/λ, 1.2n2t/λ]. The initial
dataset is marked with brown. (f) The optimal transmission spectrum for the bilayer metamaterial where n1/n2 = 0.32, ρ1/ρ2 = 0.29,
and r1/r2= 0.50.
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shown in Figs. 2(a)–2(c), the transmission of the mid-
dle region between two Fano resonance dips rises with
an increasing value of n1/n2, growing value of r1/r2, and
decreasing value of ρ1/ρ2. Of note, there is a trade-off
between the transmission and bandwidth of the middle
region between two Fano resonance dips. It is difficult
to find the optimal parameters and acoustic performance
using the forward design method for such multivariate
physics problems because it consumes a lot of comput-
ing resources simultaneously. Then, we adopt machine
learning using the GB model to inversely design the
desired ACFRs with maximum low-transmission band-
width. An optimization framework is set forth with a
MATLAB implementation of the GB model used in con-
junction with the bilayer metamaterial implemented in
the COMSOL Multiphysics pressure acoustic module [46],
as shown in Fig. 2(d). The objective function is cho-
sen as the total bandwidth and defined as F = ∑n

i=1 NF ,
where NF is the sampling step length and n represents
the number of NF where transmission coefficients of
the sampling frequency are less than or equal 0.1. In
Gaussian process, a Gaussian kernel [47,48] k(xj , xk) =
σ 2

F ,mexp(−√
5r)

[
1 + √

5r + (5/3)r2
]

is selected to fit the
function in the current task, where xj and xk are the inputs,

r =
√

(xj − xk)
T�m(xj − xk) represents the distance of xj

and xk in function space, �m is a diagonal matrix of d
squared length scales l21:d,m in the mth iteration. Here, σ 2

F ,m
and l1:d,m are the hyperparameters of the GP as well as the
intrinsic parameters of the GB model. The training of the
GB model is essential to find an estimate of hyperparam-
eters under which the existing samples have the greatest
probability of occurrence. Based on Bayesian inference,
the logarithm of the probability (marginal-likelihood func-
tion) is calculated as

log p(F|x1:m, αm) = −1
2

FTK−1F − 1
2

log(|K |)

− m
2

log(2π), (1)

where F = [F1, F2, . . . , Fm]T, Kjk = k(xj , xk), and m
denote output vector, Gaussian kernel matrix and the num-
ber of the current data, respectively. The acquisition func-
tion reconciles the trade-off between exploration of the
search space and exploitation of the current promising
areas in the optimization process. Here, UP-confidence-
bound (UCB) function is picked up as the acquisition
functions, which is defined as

FUCBm(x) = μm(x) + βσm(x), (2)

where μm, σm, and β are the posterior mean, uncer-
tainty, and the trade-off index, respectively. To accelerate
convergence, adaptive acquisition function is creatively

employed in the GB model by adjusting the index β auto-
matically to balance exploitation and exploration. Due to
the use of adaptive acquisition functions, GB machine
learning allows the parameters of AMs to be highly effi-
ciently designed. To illustrate the convergence rate in the
design, Fig. 2(e) shows the maximum bandwidth in the
current dataset plotted as a function of the number of itera-
tions. The current maximum rises steadily just through 15
evaluations, including the establishment of the five initial
dataset and ten iterations. It can be seen that the maxi-
mum bandwidth expanded by 126% from the initial 23NF
to the final 52NF . Such GB machine learning assists the
bilayer metamaterial to produce a broadband and low-
transmission ACFR spectrum, breaking the narrowband
physics limitation of Fano resonance. To illustrate the
broadband sound suppression of ACFRs, Fig. 2(f) shows
the optimal transmission spectrum for the bilayer metama-
terial as a function of n2t/λ, where the refractive index ratio
(n1/n2), mass density ratio (ρ1/ρ2), and radius ratio (r1/r2)
are 0.32, 0.29, and 0.50, respectively. The rationale for this
machine-learning-assisted broadband effect is the strength
of ACFRs is enhanced, i.e., more interference coupling
occurs between the resonant scattering of a discrete state
and the background scattering of a continuous state. As the
coupling increases, consecutive Fano resonances broaden
to the extent that they overlap, forming broad regions of
uniformly high reflection.

III. ACFR REALIZATION: TUNABLE
LOW-FREQUENCY DOUBLE-HELIX

METASILENCER

A. Double-helix metastructure with continuous
tunability

In order to achieve continuously tunable characteristics,
we propose a double-helix metastructure consisting of a
set of matched internal and external helixes based on the
bilayer metamaterial, as shown in Fig. 3(a). The matched
double helixes contain hollow and helical channels, cor-
responding to region 1 and 2 of the bilayer metamate-
rial, respectively. The central channel of the metastructure
(r < r1) is a completely open area, which yields nature
air transport, whose refractive index n1= 1. In the helical
channel (r1 < r < r3), four air passages are coiled by dou-
ble helix in which the extended path length of the acoustic
wave provides a large effective refractive index n2 [49].
The four air channels can still ensure a high degree of
air circulation. The difference in acoustic properties of the
two channels may provide the discrete resonant state in
the helical channel, whereas the central channel remains
in the continuum state. Note that the internal helix can
be screwed flexibly into the external helix, thus realizing
continuously tunable channel length, without changing the
original structure. It is such a continuous tunability that
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FIG. 3. (a) Schematic diagram
of the double-helix metasilencer
placed perpendicular to the direc-
tion of wave propagation. The
internal helix can be continuously
screwed into the external helix.
(b), (c) Geometrical details of the
internal and external helixes.

makes a single structure for different working frequen-
cies possible. The proposed metastructure involves inner
radius r1, outer radius of internal helix with thread r2,
outer radius r3, helical depth h, and the total thickness H.
Figures 3(b) and 3(c) illustrate the matched internal and
external helixes, whose spatial constructs can be described
by Eqs. (3) and (4), respectively, as

⎧
⎨

⎩

x = r sin(θ + ϕ),
y = r cos(θ + ϕ),
z = Pθ/(2π),

θ ∈ [0, θ0], r ∈ [r1, r2], (3)

⎧
⎨

⎩

x = r sin(θ),
y = r cos(θ),
z = Pθ/(2π),

θ ∈ [0, θ0], r ∈ [r1, r3], (4)

where r and θ represent the radius and angle of the blades,
respectively; P expresses the parameter to describe the
variable spacing of helical pitch.

B. ACFR performance and effective properties of the
metasilencer

Inspired by the ACFRs’ prototype in the bilayer meta-
material, we design a tunable broadband low-frequency
metasilencer using the double-helix metastructure, provid-
ing rich geometrical parameters to flexibly tune its acoustic
property. The coupling of the discrete resonant and con-
tinuum states of ACFRs are affected by the various inner

radius r1 and variable spacing of helical pitch P. The for-
mer corresponds to the radius ratio in the bilayer metama-
terial. The latter is related to the refractive index and mass
density ratios. Based on the GB-based machine-learning
method, one could find the optimal values to achieve
a broadband spectrum with low transmission. Here, the
detailed geometrical parameters are presented in Table I.
The corresponding relative refractive index and relative
mass density ratios in the double-helix metastructure is
provided within the Supplemental Material [46].

Under the above geometrical parameters, the thickness
of our metasilencer is only 0.03λ of the lowest work-
ing frequency. As shown in Fig. 4(a), the central channel
provides the continuum state. While the helical channel,
remaining in the discrete resonant state, behaves as a
linear resonator, possessing two consecutive Fabry-Perot
resonances at 340 and 685 Hz, respectively. The N th
order Fabry-Perot resonance of the helical channel occurs
at n2h = Nc0/2f , where c0 is the velocity in air. The
weak coupling between these two states induces reso-
nance and antiresonance at 320 and 430 Hz and at 695

TABLE I. Geometrical parameters of the double-helix
metasilencer.

r1 (mm) r2 (mm) r3 (mm) θ0 (rad) P (mm) H (mm) ϕ (rad)

25.0 26.0 50.0 14.2 66.3 150.0 0.21
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FIG. 4. (a) Transmission spectra of the helical channel, central channel, and the whole metasilencer (h = 150 mm). (b) Sound-
pressure distributions and velocity streamlines on a metasilencer cut plane. (c) Illustration for the formation of the negative effective
material parameters. The negative EBM and EMD frequency ranges are shaded orange and blue, respectively, and the positive passband
is white. (d) Sound-pressure distributions and local velocity at two surfaces of the helical channel at the monopole and dipole modes.

and 580 Hz, respectively. It is noteworthy that the distri-
butions of the resonances and antiresonances are in the
opposite order. Hence, this ACFR-based metasilencer can
block more than 90% incident sound waves in the range
of 409–605 Hz (h = 150 mm). Considering the symmetric
profile of ACFRs, three representative frequencies (320,
430, and 505 Hz) corresponding to transmission peak, dip,
and middle region, respectively, are chosen to visualize
the insulating performance of the metasilencer [Fig. 4(b)].
Complete transmission peak can be observed in the output
side of the metasilencer, indicating the induced resonance
mode. Zero transmission dip occurs at the antiresonance
point, revealing the interference pattern in the output side
between the continuum state of central channel and dis-
crete resonant state of the helical channel. A remarkably
degraded amplitude and localized streamline at 505 Hz
indicates that sound blocking is consistently effective in the
whole middle frequency range in between. Beyond that,
the proposed metasilencer is effective under a wide-angle
range of incidence, which is given within the Supplemental
Material [46].

Furthermore, to gain a deeper insight into the physical
mechanism of the designed broadband metasilencer, we

propose a physical model based on effective mass den-
sity (EMD) and effective bulk modulus (EBM) retrieved
from the reflection and transmission coefficients [50].
In Fig. 4(c), a dual-band single-negativity band, i.e.,
a negative EBM (360–490 Hz) and a negative EMD
(520–680 Hz) are obtained, which coincide with the broad
sound insulation band. Single negativity in the effective
parameters gives rise to a pronounced imaginary part of
the effective wave vectors within the band gaps even
in the absence of dissipative effects, so that the acous-
tic wave must be evanescent [51]. Therefore, the broad-
band sound attenuation can be achieved in this dual-band
single-negative case. Additionally, the monopolar mode
and dipolar mode are illustrated in Fig. 4(d), where arrows
represent the local velocity at two surfaces of the helical
channel. It is noteworthy that the negative bulk modulus is
responsible for the first Fano resonance with the monopo-
lar mode and the negative density can be used to capture
the second Fano resonance with the dipolar mode. The
monopolar mode at 340 Hz and dipolar one at 685 Hz
excited the mentioned two sets of resonance and antires-
onance modes to generate a broadband low-transmission
spectrum.
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C. Continuously tunable ACFR spectra

Thanks to continuous tunability of the proposed double-
helix metastructure, selective ACFRs insulating bands of
the metasilencer can be realized by means of screwing the
matched internal helix into the external helix. The tun-
ing of double helixes leads to the helical depth h altering,
accordingly causing the the channel’s length, which deter-
mines the Fabry-Perot resonances of the helical channel.
Here, the specular Fabry-Perot resonances are located at
f = c0/2n2h and f = c0/n2h. As mentioned above, the
transmission peaks of ACFRs occur outside these Fabry-
Perot resonances, the transmission dips take place inside,
and the areas are bounded by the Fabry-Perot resonances.
Thus, the broadband low-frequency region of ACRFs
shifts with Fabry-Perot resonances. Figure 5 illustrates the
transmission spectra of the tunable double-helix metasi-
lencer versus helical depth h. The resonance frequencies
of ACFRs decrease with the increase of helical depth h,
enabling the double-helix metasilencer to possess rich yet
selective wide insulation bands. Through tuning the helical
depth h (50–150 mm), continuously tunable sound insula-
tion bands from 410 to 1950 Hz can be obtained to further
expand the working bandwidth due to the ACFRs’ spec-
trum shift. In addition, it is worth pointing out that the good
matching of double helixes avoids the acoustic energy
leakage in the helical channel of the structure, which is par-
ticularly useful for sound insulation device. Therefore, our
self-assembling double-helix metastructure is a significant
step to promote metamaterials for practical applications.

IV. EXPERIMENTAL DEMONSTRATION

Acoustic attenuation in the low-frequency regime
(<1000 Hz) is challenging and necessary. In order to

verify the validity of the tunable metasilencer in the low-
frequency regime, experiments are conducted when the
chosen helical depth h ranges from 10 to 14 cm. Fig-
ures 6(a)–6(c) show the three-dimensionally (3D) printed
specimen of the designed double-helix metasilencer, exter-
nal helix, and internal helix, respectively. The metasilencer
sample is made by a printer (type ZRapid iSLA660) with
a printing resolution of 100 μm and the printing material
used here is acrylonitrile butadiene styrene (ABS) plas-
tic, whose density is 1230 kg/m3, and in which the speed
of sound is 2230 m/s. The internal helix can be tightly
screwed in the external helix at various helical depths h.
The thicknesses of the cylindrical shell and helical blades
are both 2 mm. The raised thread of the internal helix is
1 mm, whose effect on sound waves is negligible. The
experiment setup is displayed in Fig. 6(d). The sound trans-
mission loss (STL) of a 3D-printed sample is measured
in the impedance tube (Brüel & Kjær type-4206) with a
diameter of 10 cm and a plane wave cut-off frequency of
approximately 2010 Hz utilizing the two-load method in
which open-end and semianechoic terminations are uti-
lized [52]. A sound source (loudspeaker) is mounted at
one end of the impedance tube, and a sample is placed
in a holder. The loudspeaker generates broadband, station-
ary random sound waves that propagate as plane waves,
ranging from 50–1600 Hz. By measuring the sound pres-
sure at four fixed locations (two in the source tube and
two in the receiving tube) and calculating the complex
transfer function using a four-channel digital frequency
analyzer, it is possible to determine the transmission loss
of the sample. The microphone used here is a 1/4-in.
microphone (Brüel & Kjær type-4187). The simulated and
experimental results of the transmission loss and transmis-
sion as functions of frequency for the tunable metasilencer
are illustrated in Figs. 6(e)–6(g). Good agreements can
be observed between the simulated and measured results,
demonstrating that the propagation of the incident wave is
virtually blocked in a wide band except that the simulated
transmission is slightly lower than the experimental trans-
mission. The experimental errors are primarily because of
the viscous energy dissipation of the sample surfaces and
the unavoidable fabrication and assembly errors, which are
not taken into consideration in simulations. We discuss the
influences of viscothermal loss on insulating performances
in detail [46].

For a quantitative estimation of the ventilation prop-
erty of our metasilencer, we also measure the ventila-
tion rate without and with the metasilencer. An electric
fan (type UGREEN LP149) is placed at one end of the
impedance tube to generate steady airflow. A wind speed
meter (type TECMAN TM856) is placed at another end of
the impedance tube and make it parallel to the sample. As
shown in Fig. 6(h), the measured ventilation rates at differ-
ent helical depths (5–14 cm) all exceed 80%, revealing a
high-efficiency ventilation performance.
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(a)

(b) (c)

(d)

(e) (f)

(h)(g)

FIG. 6. (a), (b), (c) Photos of the 3D-printed specimen of the designed double-helix metasilencer, external helix, and internal helix,
respectively. (d) Schematics of the experimental setup. Measurements of the ventilation rate employ the same experimental setup. (e),
(f), (g) Measured transmission loss, measured transmission, and simulated transmission for the metasilencer at various helical depths.
(h) Measured ventilation rate for the metasilencer at various helical depths.

V. CONCLUSION

In conclusion, we introduce a mechanism of symmet-
ric profile ACFRs with broadband sound attenuation to
break the physic narrowband limitation of conventional
Fano resonance. Based on the ACFRs’ dependence of
material parameters in the bilayer metamaterial, a fast
GB-machine-learning-assisted inverse method is used to
obtain the optimal broadband insulating performance. An
ACFR practical realization of the double-helix metasi-
lencer is then proposed for continuously tunable broadband
low-frequency sound attenuation from 425 to 865 Hz.
Consecutive negative EMD and EBM bands derived from
ACFRs interpret the generation of broadband sound sup-
pression. Both numerical and experimental results ver-
ify the tunable broadband sound attenuation and highly

efficient ventilation capability of the proposed metasi-
lencer. Our proposed ACFR mechanism and its associated
metastructure may provide avenues to metamaterial-based
applications, such as filtering, switching, and sensing, and
beyond.
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