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This paper explores recent theoretical advancements and experimental observations of bound states
in the continuum (BICs) in acoustic, elastic, and optomechanical systems. We focus on three main
types of BICs: symmetry-protected, Friedrich-Wintgen, and Fabry-Pérot BICs, and discuss their
extensions to complex systems. Our work aims to bridge the theoretical and experimental validations
of BICs, highlighting their utility and future development in mechanical wave systems.

High-quality wave localization has long been a topic of intense exploration.
Recently, bound states in the continuum have garnered considerable
attention due to their infinite quality factors in open resonant systems.
Specifically, BICs describe a class of localized states that exists in the con-
tinuum radiation spectrum of a spatially confined open system. This is
counterintuitive, because an open resonant system will inevitably couple
with the external radiation state and lead to energy leakage, thus energy
losses are usually unavoidable. However, due to some special conditions
such as symmetry mismatch or destructive interference, certain modes are
separated from the radiated waves and thus become eigenmodes with real
frequencies. The resonant energy of these modes is fully localized, and their
lifetimes extend to infinity, defining them as bound states in the continuum
or trapped modes. BICs were first mathematically proven by von Neumann
and Wigner in the field of quantum mechanics in 1929', and subsequently
expanded by Stillinger and Herrick in atomic and molecular systems”.
Although the concept originated from quantum mechanics, the develop-
ment of wave physics, such as electromagnetic, acoustic and elastic waves
has provided simple platforms for effectively observing BICs in experiments.

It is worth mentioning that although BICs have infinite radiation
quality factors in theory, they are ideal situations from pure mathematics.
Due to many factors such as manufacturing errors, limited sample size, and
material viscous effects, the quality factor of BICs can only be finite, which is
regarded as quasi-BICs. For BICs based on symmetry mismatch, since the
manufacturing structure usually does not have strict symmetry rules, the
localized modes cannot be completely decoupled from the radiation con-
tinuum, resulting in leakage. For the BICs based on destructive interference,
energy will leak unless the geometric parameters and frequency satisfy the

destructive interference conditions. Nevertheless, one can achieve quasi-
BICs to realize compact wave functional devices such as sensors, filters, and
low-threshold lasers with high quality factors. Some excellent review articles
summarize the recent efforts in the field of BICs from different perspectives,
including formation mechanisms of BICs*, BICs in resonant
nanostructures’, applications of photonic BICs*’, and acoustic resonances’.

In this perspective paper, we start from the introduction of types and
formation mechanisms of BICs, then provide a comprehensive evaluation of
the current research trends on BICs by analyzing key developments across a
wide range of disciplines, including acoustics, elasticity, topology and
optomechanics. This cross-disciplinary perspective enables a deeper
understanding of BICs and uncovers novel opportunities for innovation and
practical applications that might be overlooked when confined to a single
research domain. By presenting this holistic view, the current work serves as
avaluable resource for researchers looking to explore the untapped potential
of BICs in emerging technologies.

Types and formation mechanisms of BICs
For the two-dimensional phononic crystals composed of periodic holes as
shown in Fig. la, its wave vector k can be decomposed into out-of-plane
(k) and in-plane (kH) components which are related by

k, =&/ —k* 1

where c is the bulk wave velocity. The corresponding momentum space is
divided into two regions by w = ck; (sound line), as shown in Fig. 1b. Below
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Fig. 1 | The concept and formation mechanism of different types of BICs. a Two-
dimensional phononic crystals and Brillouin zone. k denotes wave vector with the
out-of-plane (k, ) and in-plane (k;) components. b Symmetry-protected BICs (red
dot) and accidental BICs (green dots) in the momentum space. The blue shaded area
above the sound line (w = ck;) represents the radiation continuum. ¢ Left panel:
Fabry-Pérot BICs. w, and § represent the resonance frequency and loss coefficient,
respectively. ¢ is the phase shift, while d is the distance of the two resonators. Right
panel: Friedrich-Wintgen BICs. w and & with different subscripts represent the
resonance frequencies and loss coefficients of the two modes, respectively.

the sound line, k, is a pure imaginary number, which means the related
wave is evanescent, forming the regular bound states. On the contrary,
radiating waves with real wave vectors k| will occupy the entire blue region
above the sound line, which is called the radiation continuum. Therefore,
the traditional view is that all resonant modes in the radiation continuum
have energy leakage. However, symmetry mismatch and destructive inter-
ference mechanisms provide opportunities for the emergence of BICs.

Based on the formation mechanisms, BICs can be roughly divided into
three categories, including symmetry-protected (SP) BICs’"?, Fabry-Pérot
(FP) BICs"", and Friedrich-Wintgen (FW) BICs""". SP BICs, as the
simplest type, appear at T point and are formed by symmetry protection, see
the red dot in Fig. 1b. Energy leakage is inhibited due to the spatial symmetry
constraints of the system, which prevent specific modes from coupling with
radiation states that possess different symmetry characteristics. This
mechanism strictly depends on the symmetry of the structure. Any per-
turbation that preserves the symmetry will not affect the existence of SP
BICs, granting them a certain degree of robustness. In the I'X or I'K region
that deviates from I point (also called off-T' points), at least one of the
components of the in-plane wave vector k (k, and k) will not be zero, and
the strict symmetry will be destroyed, resulting in leakage. Relevant
experimental works have shown that special BICs can exist in these regions,
called accidental BICs as denoted by the green dots in Fig. 1b, and the basic
mechanism has been given based on the polarization in the optical
context™”. Compared to electromagnetic and acoustic waves, the
mechanism of accidental BICs in elastic waves, where longitudinal and
transverse polarizations coexist, requires further exploration. The original
definition of accidental BIC applies to the first Brillouin zone of infinite-
periodic systems, where the radiation channel is accidentally closed by fine-
tuning the physical parameters. Later, this concept was also extended to
finite systems, where the Brillouin zone cannot be defined’.

FP BICs arise from destructive interference between the resonances
typically supported by two resonators. As shown in the left panel of Fig. 1,
the Fabry-Pérot cavity is formed by two identical resonators acting as a pair
of mirrors. When the distance is adjusted so that the phase shift of round-
trip wave is an integer multiple of 27, a standing wave field forms inside the
cavity, while destructive interference in the radiation channels traps the
waves within the cavity. The fundamental mathematical interpretation of FP
BICs can be derived from coupled-mode theory. The dynamic equations for

a system of two resonators separated by a distance d are given as follows:

d .
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where w, is the resonance frequency, § the loss coefficient, x the coupling
strength between the resonators, ¢ = kd is the phase shift, and the influence
on each other caused by loss is described by §¢?. One step further, we have
the matrix form

—id,|ly) = Hly) (4)

where |y) = (7, r2)T and the Hamiltonian is
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The eigenvalues are
w, = wytx—id(1+e?) 6)

If we consider the phase shift of round-trip wave is 277 (¢ = 7), one of
the eigenvalues simplifies to a real frequency w, = w, + x, which is a
FP BIC.

FW BICs are another kind of BICs based on destructive interference.
When we consider the distance of the two resonators zero (d = 0), a real
solution can be also theoretically obtained from Eq. (6). Actually, Friedrich
and Wintgen'” realized that for a single resonator, if we consider two modes
with different resonance frequencies and loss coefficients, the coupling
between the modes also provides an opportunity to form a BIC, as shown in
the right panel of Fig. 1c. In this case, we can also apply the coupled-mode
theory, but the Hamiltonian would be

w, —i6,  k—iy/6,0,
H= 7)
K—iy/6,6, w,—id,

Thus, the eigenvalues are
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The condition for the existence of real solution is*
k(0 —8,) = /8,8, (0, — w,) )

Substituting Eq. (9) into Eq. (8), we get a FW BIC with real frequency

1 1 s,
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We know that specific symmetry mismatch or destructive interference
of resonances/modes is responsible for the formation of BICs. Additionally,
the design of BICs in classical wave systems involves the complexity of
polarization states. Therefore, research in BICs in acoustic, elastic, topolo-
gical, and optomechanical systems has different challenges and application
values, resulting in different levels of development at present.

(10)
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Fig. 2 | BICs in acoustic systems. a Acoustic resonator that can realize three types of
BICs (SP, FW, and accidental BICs). The inset on the right shows the mirror-induced
BIC. b Perfect EPs induced by chiral radiation quasi-BICs. The left panel is the

experimental platform with sample and the right panel shows the complete reflec-
tion with right-handed incident wave. ¢ Visualization of FW QBICs using laser

Doppler vibrometer. The left panel shows the visualized sound pressure field of the
QBIC within the experimental set-up, while the right shows the QBIC supported by
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dominant modes. d Measurement of BICs supported by circularly-arranged blind
holes in two-dimensional, fully open space. The left panel is the experimental setup
and the right is one BIC’s modal shape. ais adapted from ref. 31. with permission, CC
BY 4.0; bis adapted from ref. 37 with permission, Copyright 2023 American Physical
Society; ¢ is adapted from ref. 39 with permission, CC BY 4.0; d is adapted from
ref. 40 with permission, CC BY 4.0.

Acoustic BICs

The development of acoustics plays a leading role in the expansion of BICs’
research into the field of mechanical waves. As early as the end of the last
century, a series of pioneering works by Evans et al. obtained numerical
evidence of acoustic BICs in airborne acoustic waveguides and hydro-
acoustic systems™ . In 2006, Sugimoto and Imahori further demonstrated
that the acoustic waveguide connected to the Helmholtz resonator can trap
sound waves™. Later, an important work by Hein et al. revisited the classical
system of pipes with side-branched rectangular cavities in 2012". The three
types of trapped modes in the pipe cavity system, i.e., SP BICs, FW BICs and
FP BICs, are fully confirmed and analyzed from a numerical perspective.
They also discussed the phenomenon of transition to quasi-trapped modes
due to energy leakage, which manifests as a Fano resonance with symmetric-
antisymmetric characteristics. Lyapina et al. 7 obtained FW BICs by
adjusting the length of the cavity in acoustic axisymmetric duct-cavity
structures to meet full destructive interference condition. In their sub-
sequent work™, they added two waveguides on both sides of the resonator to
form an asymmetric structure. This structure brings a freedom of azimuthal
angle of the two waveguides, and explores the SP BIC obtained by adjusting
this degree of freedom. In another interesting work presented by Sadreev
et al. ’ square and triangular resonators with C,, and Cs, symmetries were
used to realize twofold-degenerated FW BICs, maintaining high quality
factors over a range of larger size deviations compared to those for regular
BICs. Such remarkable robustness helps overcome accuracy issues during
the manufacturing procedure.

Later, experimental observations of acoustic BICs were successfully
performed and showed the potential applications in acoustic sensors, filters,
and harvesters. Farzad et al. * first included the topological Fano resonance
into the category of BICs in 2019. From the perspective of simulation and
experiment, this work revealed the basic principle of the dark mode existing
as a local state in the bright mode continuum to form a SP BIC. In 2020,
Huang et al. observed FW quasi-BICs from the designed detuned resonant
cavity and discussed the possibility of arbitrarily increasing the quality factor
of the BICs by increasing the opening width of the cavity and reducing the
thermo-viscous losses'®. In 2021, they found that by simple parameter
adjustments, three types of BICs could be realized in a classical system
consisting of a thin neck connecting a circular duct and a rectangular

resonant cavity, as shown in Fig. 2a’". The SP BICs are determined by the
position of the rectangular resonant cavity on the circular duct, and a slight
offset form quasi-BICs, while the FW BICs depend on the size ratio of the
cavity to induce mode interference. More importantly, this work proposed
the new concept of mirror-induced BICs. The principle is that if the
eigenmodes (BICs) of a full-sized cavity (see the left panel of Fig. 2a) are
symmetric, BICs can also be found by constructing a semi-structure (right
panel of Fig. 2a). The direction in which the structure is halved can be chosen
according to the symmetry of the eigenmodes. In 2022, Huang et al. studied
the super-cavity resonance in a system of two coupled cavities””. By adjusting
the distance between the cavities, they observed moving, merging, and
vanishing of FW BICs. Subsequently, they reported another work based on
parameter adjustment of BICs in a coupled acoustic waveguide-resonant
system'®. In general, there are two main contributions. First, both single-port
and two-port structures can support FW BICs. Second, when the ports are
adjusted to some specific positions, BICs can still be supported despite the
structural asymmetry. These BICs are analogous to the accidental BICs
found at off-I' points in momentum space, see Section II and Fig. 1b.
Moreover, a recent theoretical work by Yin et al. ** showed that by intro-
ducing rotational obstacles, some accidental BICs can be obtained at specific
rotation angles. The method of realizing accidental BICs is similar to that in
ref. 18 in a sense that, by continuously adjusting the port positions, one can
switch from FW to SP BICs or accidental BICs. Based on this work, they
further explored the asymmetric structure consisting of two waveguides
connected to a rectangular or cylindrical resonator, and discovered a series
of SP and accidental BICs". To enrich the freedom of the BICs-modulation,
they introduced the concept of “bridging near-field coupling” to adjust the
FW BICs of two asymmetric acoustic cavities'”, showing that the near-field
coupling can be changed by adjusting the diameter and position of the
bridge tube to achieve FW or quasi-BICs. When the adjustment is appro-
priate, the radiation loss completely compensates for the intrinsic loss of the
system, and perfect absorption can be consequently achieved. In non-
Hermitian physics that considers dissipation in the system, exceptional
points (EPs) are a special type of frequency points that support asymmetric
scattering’”. In a recent work, perfect EPs induced by chiral radiation
quasi-BICs were demonstrated’**, whose characteristic is weak chiral
radiation, as shown in Fig. 2b”. The left panel shows the experimental
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platform and chiral meta-surface sample. The incident sound vortex is
generated by setting the phase of the speaker array, the right panel shows the
complete wave reflection from the sample with right-handed incident wave
at perfect EP. On the contrary, the incident wave will be absorbed com-
pletely with left-handed polarization, so that the system exhibits extreme
asymmetry.

Krasikova et al. ** presented an experimental study by using a pair of
coupled C-shaped Helmholtz resonators. Quasi-BICs and EPs can be
achieved by adjusting the relative distance or intrinsic loss. An experimental
work done by Kronowetter et al. in 2023 brought research on acoustic BICs
into a new perspective”’. They designed a sample with high-transmission
glass side walls, which can support FW BICs, using laser Doppler vibrometer
to measure the transmission spectrum and plotting the sound pressure field
inside the cavity, as shown in Fig. 2c. Direct visualization provides essential
information about the formation of BICs, such as field strength distribution
and loss inside the cavity. Based on this visualization, the authors further
demonstrated the optimized reconstruction of QBIC. The dominant modes
were screened out after performing the fast Fourier transform on the ori-
ginal sound field, and the QBIC supported by these modes was recon-
structed by inverse fast Fourier transform, as shown in the right panel of Fig.
2¢. In a recent work, Marti-Sabaté et al. ** used a Micro-Electro-Mechanical
System (MEMS) based microphone to conduct a comprehensive visual
characterization of the BICs formed by a structure with circularly-arranged
blind holes, as shown in Fig. 2d. Unlike zero- or one-dimensional BICs that
are confined in a cavity, their BICs were formed by confining energy to two-
dimensional, fully open space through clusters of scatterers, whose structure
has a large number of open boundaries.

In general, the acoustic systems serve as excellent experimental plat-
forms, enabling rapid development of acoustic BICs and their practical
applications. The future of acoustic BICs may focus on the development of
advanced acoustic devices that require ultrahigh Q-factors, such as acoustic
emission-enhancement devices, which have been demonstrated by acoustic
emission experiments based on BICs"'; highly sensitive sensors based on the
extreme acoustic confinement caused by BICs'*' and perfect sound
absorbers based on extremely asymmetric chiral BICs”. Strong localization
properties can also make acoustic devices more compact, which will help the
development of miniature devices such as micro sensors and other ultra-
sonic transmission equipment.

Elastic BICs

In the practical development of quantum to classical waves, BICs have been
fully verified in electromagnetic, water, and airborne acoustic waves.
However, the research progress of BICs on elastic waves in solid systems is
relatively slow since there are more wave modes involved in elastic
media***’. This turns more difficult to conduct theoretical analysis and
experimental observation. Recently, several excellent works on elastic BICs
have been shown in the literature. Clamping losses exist in the connections
between different elements of mechanical systems and result in mechanical
energy dissipation. Chen et al.  found that the elastic energy dissipation in
resonant, stem-supported microsphere or micro-disk structures, can be
reduced by the concept of SP BICs. They succeeded in confining the
mechanical waves in the microsphere or micro-disk based on the modes
decoupling from the stem. This was done by designing suitable clamp
conditions to induce symmetry mismatch. Later, Zhao et al.  further
revealed the SP BICs of slab-on-substrate optomechanical crystals through
numerical simulations. Group theory methods were applied to identify all
the mechanical BICs at T’ point in momentum space and explored the
coupling between mechanical BICs and optical modes. Traditional opto-
mechanical structures adopt a suspended configuration to avoid energy
leakage to the substrate, which leads to problems such as slow heat dis-
sipation. A BICs-based mechanism was used to change the configuration,
which helped to solve the problem fundamentally. Another experimental
work concerning the mechanical BICs in optomechanical micro-resonators
to reduce the clamping loss was done by Yu et al. **. They studied a kind of
wheel-shaped thin-plate resonator in which the so-called radial-contour

mode and wine-glass mode coupling caused destructive interference. The
principle is that the two dissipative modes of a single resonator couple with
each other to form a FW BIC. The energy was trapped in the wheel-shaped
structure with low leakage to the supporting structure. Generally, energy
dissipation caused by clamping loss is one of the main challenges in the
manufacturing of optomechanical systems, and greatly limits their appli-
cation to precision metrology equipment. Traditional approaches to reduce
the clamping loss include surrounding the resonator with phononic band-
gap structures”’, minimizing the supporting structures®, supporting the
resonator at its nodal points”, and so forth. Studies on BICs in opto-
mechanical micro-resonators have, to a certain extent, opened new possi-
bilities for building high-quality nanomechanical resonators. The
mechanism of BICs can enhance manufacturing processes while main-
taining high-quality factors.

In 2021, Cao et al. ** designed a perfect absorber for bending waves
in elastic beams based on the FW quasi-BICs principle. With the support
of BICs, this absorber no longer relies on traditional damping materials,
thus potentially circumventing problems such as poor heat resistance. At
the same time, they reported the use of quasi-BICs to achieve perfect
mode conversion between flexural and longitudinal waves, as shown in
Fig. 3a. The possibility of transforming quasi-BICs into BICs by utilizing
the FP resonance frequency was discussed”. Haq et al. > demonstrated
theoretical work on realizing FP BICs based on two cylindrical scattering
arrays embedded in a matrix medium. The most important result is that,
by adjusting the distance between the arrays, destructive interference of
in-plane transverse and longitudinal modes can be achieved at some
specific values of the Bloch phase, or ratio of the phase velocities, thereby
obtaining an analytical solution of BICs. In 2022, Deriy et al. ** stated
that if a solid resonator with rotational symmetry is placed in gas or non-
viscous fluid, its torsional mode is a genuine BIC in finite structure. This
is because the torsional modes will be completely separated from the
environment that supports only longitudinal waves. Rahman et al. **
indicated FP BICs in some compact regions induced by adding defects to
the spring-mass chains or waveguide arrays. As a natural extension of
spring-mass chains, they have extended the same concept to structural
beams in their recent work™. They made FP BICs by adding side beams
in arbitrarily compact regions. Jin et al. ** also reported the formation of
FP BICs in a thin plate with two lines of pillars deposited on top. Marti-
Sabaté et al. " developed the quasi-BICs of elastic flexural waves in
symmetric clusters of scatterers when placed regularly around the cir-
cumference of the circle. They found that the quality factor is propor-
tional to the number of scatterers and will theoretically go to infinity if
the scatterers form a cylinder. In addition, they also revealed the phe-
nomenon that energy in high multipolar orders gathers at the border to
form whispering gallery modes, as shown in Fig. 3b. In another work, Lee
et al. > embedded the acoustic cavity into the elastic beam and realized
FP quasi-BIC through acoustic-elastic interaction in experiments. Their
work revealed that under the action of acoustic-elastic coupling, in-plane
elastic waves can be effectively trapped. Gao et al. ** introduced silica as
an inclusion to assilicon plate. In this way, they realized the quasi-BICs of
Lamb waves by utilizing the total internal reflection mechanism caused
by the wave velocity of the inclusion being lower than that of the matrix.
An et al. “ designed a Lamb waveguide with two pairs of side-branch
resonant pillars, as shown in Fig. 3c. Their work fully reveals (from
theory and experiment) that the monopolar or dipolar oscillations of
pillar resonators under symmetric configurations will lead to symmetric
and antisymmetric quasi-BICs.

Overall, the development of elastic BICs is relatively lagging due to
experimental difficulties. With more experimental input, research on elastic
BICs is moving towards the design of highly efficient devices, such as ultra-
narrowband filters, high-Q resonators, and highly sensitive sensors. In
addition, the development of tunable BIC structures is also one of the main
directions, which can respond to external fields or dynamically adapt, such
as achieving efficient energy conversion or storage through highly localized
wave properties.
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Fig. 3 | BIC:s in elastic and topological systems. a Elastic-wave trapped mode with

perfect mode conversion between flexural and longitudinal waves. b Whispering

gallery modes with different resonant index formed by clusters of highly symmetric

scatterers. ¢ Multibranch Lamb wave quasi-BICs realized by side-branch resonance
pillars. d Topological BICs induced extreme asymmetric acoustic transmission by FP

cavity side-branch Helmholtz resonators. a is adapted from ref. 51 with permission,
Copyright 2021 Elsevier Ltd.; b is adapted from ref. 57 with permission, CC BY 4.0;
c is adapted from ref. 60 with permission, Copyright 2024 American Physical
Society; d is adapted from ref. 67 with permission, Copyright 2023 Science

China Press.

Topological BICs

Another starting research direction attempts to link the robustness of BICs
with topological physics, namely the so-called topological BICs. Several
works confirming the relationship between BICs and topological properties
have been carried out for electromagnetic waves®' ™. The topic of BICs in the
field of mechanical waves, which is our focus, has been gradually following
up due to the excellent sources of experimental verification. Xiao et al. *
found that the one-dimensional interface state composed of different
topological phases can coexist with the extended state in the continuum, and
this state can be regarded as a topological BICs. They experimentally con-
firmed this idea in a one-dimensional phononic crystal consisting of
acoustic resonators. Chen et al. © identified one type of corner state in the
two-dimensional system as BICs. They clearly showed from both the ana-
lysis of the tight-binding model and the numerical simulation of acoustic
topological insulators that this type of corner state belongs to the continuum
frequency range, which is supposed to radiate, but can still remain as a mode
without leakage. Xia et al. ®° demonstrated the topological bound states by
introducing the disclinations of lattices into the elastic phononic plate. Their
work shows that the bound states captured by disclinations can avoid the
influence of interfering factors, such as the finite size and defects of the plate
while maintaining high-quality local effects. Zhang et al.  designed a
structure with two Helmholtz resonators on the side branches of the FP
cavity to realize topological BICs, as shown in Fig. 3d. One of them is located
at the node of the standing wave field, forming a trivial BIC. The other
provides an additional resonance to change the topological properties. By
adjusting its position, the loss factor of the system can be controlled, which
can cause two singular points carrying opposite topological charges to
merge and form topological BICs. This merged EP has an extremely
asymmetric property, that is, the energy incident from one direction is
confined to the Helmholtz resonator at the node due to the formation of
topological BICs, while that incident from the other is almost completely
reflected. Pu et al. ®® theoretically proposed the bound hinge states in the
continuum (BHICs) based on a parallelogram prism phononic crystal. Their
research shows that the high-order topological insulator formed by this
structure has two groups of triangular Weyl complexes. Each of them
maintains a conventional hinge state connecting the Weyl points or
extending to the boundary of the Brillouin zone. However, a hinge state that

completely crosses the entire Brillouin zone appears in the bulk band
between the two triangular Weyl complexes, which is the so-called BHICs.
They observed the conventional hinge states and BHICs through simula-
tions and airborne acoustic experiments. Recently, Guo et al. © proposed a
synthetic way to realize the merged topological corner states in the con-
tinuum (MTCICs) and experimentally tested its evolution and performance
in an acoustic cavity system. They constructed high-order topological
insulators with corner states by introducing a physical parameter as the
synthetic dimension to the two-dimensional generalized Aubry-André-
Harper model. On this basis, they further proposed a double-layer structure
by mirror-stacking two equal basic structures, and the two corner states are
merged in the energy spectrum and real space by adjusting the interlayer
coupling to form the MTCICs.

The intervention of topology will increase the consideration of
robustness and defect resistance in the study of BICs, which will help
develop mechanical devices suitable for environments that require high
robustness. At the same time, some non-Hermitian characteristics, such as
the concept of EPs, may bring innovations to the study of topological BICs.

BICs in Optomechanics

BICs have also been studied in the context of optomechanical devices, with
promising results for ultra-sensitivity and information processing’’, even
reaching the quantum regime (e.g. quantum transduction)’”" . Under a
“macroscopic” view, it is already well known that in photonic crystals,
cavities, and finite scatterers, optical modes can strongly interact with
acoustic ones via radiation pressure forces*”’*’*. Many excellent reviews
about the origin of such interaction can be found in the literature, for
instance in ref. 75. Review” summarizes the relevant optomechanical
parameters for some implementations that are being currently used for
excitation of BICs or QBICs.

As optomechanics mostly deals with two coupled fields, the reduction
of both optical and mechanical (clamping) losses is crucial for incoming
searches of BICs and high-Q resonance-based devices*. One way to achieve
reduced losses consists of designing strategic band gaps around the modes of
interest in the phase space. However, a smarter strategy to avoid leakage
would seize the framework of BICs, which involves multi-parametric spaces,
to sketch devices. A simple, appropriate combination of geometry and
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Fig. 4 | BICs in optomechanical systems. a Typical setup for optomechanics based
on the Fabry-Pérot geometry. b fiber-based optomechanical system, which does not
require phase matching or cavity enhancement of the pump beam. The inset on the
right shows the modal shapes in such scheme. ¢ Silicon nanobeam optomechanical
crystal. d Trampoline membranes with partial soft-clamping, as an example of the
improvement in fabrication techniques to obtain high-quality resonances. e-g
Micromechanical resonator to measure mechanical BICs via optomechanical cou-
pling; e geometry, f photograph of the configuration to show how light is coupled to
the structure. The inset is a close-up showing the details in the coupling region of the
resonator and bus waveguide. g Zoom of the optical transmission spectrum
obtained, showing a resonance with Lorentzian-fitted (optical) Q factor that can be
tracked to a later detection of a mechanical BIC. h-j A relatively simple, useful device

to introduce optomechanical modulation spectroscopy (OMS), which can be used to
characterize BICs through signal reconstruction using mechanically modulated
signals. h The design consists of a Si metasurface suspended on a Si handle, com-
bining metasurface modes and multiple reflections within the substrate and air layer;
i shows the mechanical modes used to modulate the OMS. j After processing, the
reconstructed signal clearly shows the location of two BICs, labeled Mode 1 and
Mode 2 in the figure. a is adapted from ref. 84 with permission, CC BY 3.0; b is
adapted from ref. 85 with permission, CC BY 4.0; ¢ is adapted from ref. 82 with
permission, Copyright 2009 Macmillan Publishers Limited; d is adapted from ref. 86
with permission, CC BY 4.0; e-g are adapted from ref. 46 with permission, CC BY
4.0; h-jare adapted from ref. 88 with permission, Copyright 2022 American Physical
Society.

constitution can enable metamaterial microcavities to support QBICs at the
desired parameter configuration. In ref. 76, a photonic crystal membrane
suspended above a distributed Bragg reflector mirror was used as a building
block of a metastructure. When implemented with GaAs and AlGaAs,
optical quality factors of 5x 10° were predicted”®”. Many crystals with
multiple relevant properties, such as piezoelectric, acoustic, and optical have
been reported as good candidates with high-quality optomechanical
performance’®". For instance, lithium niobate (LiNbO3) is always a good
candidate to fabricate high-quality photonic microcavities on a chip without
the need for superior etching in the structures™.

The heart of optomechanics lies upon the simultaneous confinement or
overlapping of mechanical and optical modes, broadly facilitated by laser
drives because lasers can greatly enhance electric fields and produce strong
light-matter interactions*>"”. In a standard Fabry-Pérot configuration, Fig, 4a,
a laser-driven optical cavity is enclosed between two mirrors, one of them is
fixed while the other can vibrate™. By this simple setup, the optical modes can
be modulated by the mechanical, but to turn modes into BICs, more complex
setups are in general required to reduce losses and avoid energy leakage. Yet,
some setups are preferable because they present relatively minimal com-
plexity, such as fiber-based systems. In particular, the scheme shown in Fig. 4b
was reported for coherent wavelength conversion with extremely high Q
factors for both fields”. Simply put, a pump beam propagating in the fiber
core exerts an optical force in the transverse direction to excite the mechanical
motion. The mechanical motion modulates a probe field traveling in the fiber
cladding in the transverse plane to generate an optical field with a new
wavelength. This type of fiber coupling not only simplifies the implementa-
tion of coherent wavelength conversion but also extends the tuning

bandwidth from MHz-GHz to tens of THz, which enables a broad range of
coherent-optics-based applications with high-Q modes. To get QBICs, a few
novel designs rely on soft cladding or meticulous arrangement to isolate the
active part of the system and so improve the quality of its resonances, see for
instance Fig. 4b-d*™*. Moreover, a new era of intricate metamaterials,
including the recent optomechanical crystals have launched the engineering
of BIC:s to explore the photon-phonon interaction beyond the framework of
suspended microcavities”. Specifically, ref. 45 reported symmetry-protected
BICs in a simple slab-substrate structure made of anisotropic elastic materials.
However, these anisotropic crystals must be carefully studied in the frame-
work of symmetry group theory since the symmetry-protected BICs may
appear due to symmetry’s incompatibility. An appropriate theoretical sce-
nario, which includes advanced group theory and multi-parametric space
manipulation is still lacking.

Optomechanics can be also used inversely to detect or measure a BIC.
A remarkable example of observation of BICs through an optomechanical
device can be found in ref. 46. In that work, the authors reported the
detection of a mechanical BIC in an optomechanical microresonator by
means of the readout variations due to the optomechanical coupling in the
structure, Fig. 4e-g. By carefully designing the individual resonator and
checking the robustness in its fabrication, Fig. 4e-f, the microresonator was
shown to sustain BICs that can be explained by the FW formalism. Slight
perturbations of the geometry within this framework allowed for FW QBIC
identification. In this way, simple measurements of the light coupled to the
structure by a nearby waveguide were enough to identify the QBIC as a
sharp decrease in the optical transmission, Fig. 4g, which has its counterpart
in the mechanical BIC excited.
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In another example, a novel technique called optomechanical mod-
ulation spectroscopy was implemented to characterize a BIC in a Si
metasurface®, Fig. 4(h). In ref. 88 this technique was successfully used to
detect QBIC:s in the structure, which were confirmed by FEM simulations.
Briefly, let us suppose that we have an optical feature of interest buried in a
wide background signal. This feature could be a mode localized in a pho-
tonic structure, while the background could be coming from an underlying
substrate. Moreover, let us suppose that the two contributions, the “main”
signal and its background, have different optomechanical couplings.
Actuating a proper mechanical mode operating in mild vacuum, the
modulated signals can be evaluated (Fig. 4i) leading to a reconstructed signal
(Fig. 4j), where the relative amplitude of the different features has been
rescaled according to the ratio of their own optomechanical couplings,
resulting in a strongly enhanced feature visibility of an elusive feature®.

As for the near future, one of the most remarkable applications of BICs
in optomechanics is the trapping and manipulation of light, nanoparticles or
subwavelength-sized structures” ™, since they promise to contribute to
nanorobot medicine, sensing, energy harvesting, colloidal assembly, and
analog computing, among others™. Ref. 93 theoretically demonstrated thata
slightly perturbed all-dielectric structure harnessed QBICs to enable the
trapping of nanoscale objects with low laser power and a negligible heating
effect. The QBICs system provides very high electromagnetic-field
enhancement that is an order of magnitude higher than that for conven-
tional plasmonic systems, as well as high-quality-factor resonances com-
parable to photonic crystal cavities.

Summary and Outlook

We present an insight into the theoretical foundation and experimental
progress of BICs in acoustic, elastic, topological, and optomechanical sys-
tems. Originally formulated in quantum mechanics, BICs have since
expanded into the realms of classical waves, notably acoustics and elasticity,
where they exhibit the remarkable ability to trap energy with theoretically
infinite quality factors. This property arises from mechanisms such as
symmetry mismatch and destructive interference, which cancels energy
leakage in open systems.

Focusing on mechanical BICs, this perspective gives the basic
mechanisms of different types of BICs and surveys experimental break-
throughs that have validated the existence of BICs in practical settings, from
waveguides and resonant cavities to optomechanical systems. It emphasizes
how BICs have led to innovations in various technologies, including
emission-enhancement, sensors, sound absorbers, filters, and optomecha-
nical resonators. By synthesizing the latest theoretical models and experi-
mental observations, we believe that the future research directions in the
field of mechanical BICs are as follows:

(1) At the theoretical level, it is necessary to consider the exploration of
different types of BIC mechanisms in a wider range of physical systems.
Possible research topics include the involvement of gain and loss in non-
Hermitian systems and the deep connection between topological theory and
BICs in terms of energy confinement. In addition, in the process of con-
structing elastic non-Hermitian systems, a common method is to use the
electromechanical coupling effect of piezoelectric materials to create gains
and losses. This may lead to research on the regulation mechanism of BICs
by multi-physics coupling, and even the influence of introducing time
variables.

2) At the experimental level, the fabrication and observation of BICs
with higher Q-factors remain the main topic and may involve more fre-
quency ranges. For example, with the development of micro-nano proces-
sing and laser detection technology, observations in the MHz and GHz
ranges should be an important direction. Moreover, due to the lag of
experimental research relative to theoretical studies, experimental verifica-
tion will be accompanied by the development of BICs’ mechanisms in a
wider range of physical systems.

3) At the application level, we believe that the incoming emission-
enhancement devices, sensors, sound absorbers, filters, polarization con-
verters, modulators, and optomechanical resonators, may use BIC-based

technology. In other words, more designs based on high Q-factor devices
should be foreseeable. These may include highly sensitive sensors for
environment change (temperature, pressure, etc.), highly efficient sound
absorbers for sound wave isolation, ultra-narrowband filters for acoustic
signal processing, ultra-low-loss optomechanical systems for advancements
in quantum and cosmological physics, and so forth.
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