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Realistic prediction and engineering of
high-Q modes to implement stable Fano
resonances in acoustic devices
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Quasi-bound states in the continuum (QBICs) coupling into the propagating
spectrummanifest themselves as high-quality factor (Q) modes susceptible to
perturbations. This poses a challenge in predicting stable Fano resonances for
realistic applications. Besides, where and when the maximum field enhance-
ment occurs in real acoustic devices remains elusive. In this work, we theo-
retically predict and experimentally demonstrate the existence of a Friedrich-
Wintgen BIC in an open acoustic cavity. We provide direct evidence for a QBIC
by mapping the pressure field inside the cavity using a Laser Doppler Vib-
rometer (LDV), which provides the missing field enhancement data. Further-
more, we design a symmetry-reduced BIC and achieve field enhancement by a
factor of about three compared to the original cavity. LDVmeasurements are a
promising technique for obtaining high-Q modes’ missing field enhancement
data. The presented results facilitate the future applications of BICs in
acoustics as high-intensity sound sources, filters, and sensors.

Bound states in the continuumwere first established by Neumann and
Wigner1 in the context of an electron that remains in its orbit, although
it has enough energy to overcome the attractive forces and propagate
to infinity. The transfer to acoustics was made by Ursell2 followed by
seminal works on symmetry-protected BICs3–6, Fabry–Pérot BICs7–9,
and Friedrich–Wintgen BICs8,10–12.

In linear acoustics, the continuous spectrum of an open system
is spanned by propagating waves that radiate to infinity, i.e., the
solutions corresponding to complex eigenfrequencies greater than
or equal to the cut-off frequency of the system. Propagating waves
can also be described as extended states with an outgoing energy
flux. Apart from the continuum or several continua, the total fre-
quency spectrum of the open system includes localized solutions
corresponding to discrete eigenvalues. Localized solutions corre-
sponding to discrete eigenvalues outside the continuous spectrum
are called bound states. Bound states are perfectly confined waves

since they are completely decoupled from open propagation chan-
nels and carry no outgoing energy flux, hence they can’t radiate
away. In contrast, localized solutions in the continuum generally
couple to open propagation channels, becoming leaky resonances.
The eigenfrequency of the highly localized quasi-trapped modes is
complex, in which the real part denotes the resonance frequency,
and the imaginary part characterizes the radiation loss13,14. For a
particular configuration of the geometric parameters, the radiation
loss vanishes and the resonances become confined states. These
localized solutions to discrete eigenvalues coexisting with propa-
gating waves are known as embedded trapped modes or, more
commonly BICs. From the mathematical point of view, the discrete
eigenvalues of BICs can be described by purely real eigen-
frequencies. Since BICs are localized solutions, they are invisible to
extended states in the first propagation channel, hence they cannot
be excited by them.
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In recent years, extensive theoretical studies on numerous BIC
configurations and BIC tuning have been conducted15–23. Additionally,
geometrical phase engineering of BICs extending Fano resonances
beyond their conventional limits is investigated17. Furthermore, the
theoretical and experimental demonstration of BIC-induced high
Q-factors24,25 can be applied to the design of novel, high-performance
acoustics sensors. Huang et al.26 demonstrate a Friedrich–Wintgen
quasi-BIC leading to emission enhancement of a sound source by
nearly two orders of magnitude. Recent studies have suggested that
acoustodynamic devices can be used for quantum computing27–30,
where the application of mechanical BIC-induced high-Q Fano reso-
nances (e.g., Yu et al.31) could be of further interest. A comprehensive
review of BICs can be found in Hsu et al.32, Pagneux33, Joseph34, and
Sadreev35.

All aforementioned studies lack information on the exact sound
pressure field inside the resonant cavity leading to BIC formation
under realistic conditions. Here, we demonstrate a BIC induced by
mode interference or Friedrich–Wintgen BIC. The specific design of
the resonator geometry and measurement technique allows us to
measure the transmission spectrum and map the sound pressure field
inside the cavity using laser Doppler vibrometry. This technique leads
to the first visual proof of an acoustic BIC and, most notably, provides
direct access to the pressure distribution inside the cavity. Thus, it is
possible to run a detailed analysis of the sound pressure field and its
contribution to the reflection or transmission spectrum. Our findings
lead to a new type of Friedrich–Wintgen BIC relying on reduced sym-
metry and the principle of mirror sources resulting in a high-Q mode
without exciting unwanted resonances. We further present the first
direct visualization of a Friedrich–Wintgen BIC using laser Doppler
vibrometry as a pressure field mapping technique. We use laser Dop-
pler vibrometry measurements to obtain a complete mapping of the
sound pressure field to better understand BIC formation in the pre-
sence of realistic losses. The reflection and transmission spectra are
obtainedusingmicrophones but donot provide information about the
exact pressure enhancement inside the cavity. The pressure distribu-
tion inside the cavity is needed to develop high-performance acoustic
devices based on BICs, such as acoustic sources and sound lasers.
Because BICs are extremely sensitive, any perturbation of the high-Q
mode, energy extraction, or backscattering from microphones will
degrade the BIC, so we use this technique to avoid any perturbation of

the pressure field. By mapping the sound pressure field of the BIC, we
have direct access to the actual pressure values and thus to the critical
information of when and where the pressure magnitude reaches a
maximum. The interaction between the localized thermo-viscous los-
ses and the concentrated high-intensity fields of the BIC is the key to
determining the achievable Q-factor and pressure field enhancement.
We facilitate the accurate analysis of high-Q modes in the presence of
realistic losses, determine the configuration with maximum pressure
enhancement, and enable the future application of high-Q Fano reso-
nances to acoustic devices.

Results
Here, we consider a BIC associated with the Friedrich–Wintgen full
destructive interference of degenerate modes of the same symmetry.
Friedrich and Wintgen10 demonstrated the formation of BICs due to
the interference of resonances belonging to different channels. In
contrast to symmetry-protected BICs in waveguides, Friedrich-
Wintgen BICs occur above the cut-off frequency of the first duct
cross-mode (antisymmetric about the duct axis) and close to the point
of modal degeneracy of the closed system. Friedrich-Wintgen BICs
have the special feature that BICs still form, even if the symmetryof the
system is broken8. An open system with a non-Hermitian Hamiltonian
is a prerequisite for the observation of BICs since they are forbidden in
compact systems36,37. We use coupled-mode theory15,23,35,38 to predict
the point of modal degeneracy for a closed cavity. See Supplementary
Information Section 1 for a complete theoretical analysis. By coupling
the cavity to an acoustic waveguide, the localized solutions of the
closed cavity turn into leaky resonances. Hence, we investigate the
complex eigenfrequencies and corresponding modes of a resonant
cavity with open ends. By variation of the geometrical parameters, the
relevant eigenfrequencies and modes are identified, forming a BIC.
The existence of a Friedrich-Wintgen BIC is numerically shown for a
non-rotationally symmetric duct-cavity structurewith open ends, i.e., a
rectangular cavity placed in a tubular waveguide. A schematic illus-
tration of the structure is displayed in Fig. 1a.

We chose this structure since the formed BIC is stable against
asymmetry and isolated in the studied frequency range, i.e., the BIC is
robust even in the presence of manufacturing imperfections and no
further resonance peaks are found. Embedded trapped modes can
only be found for a particular configuration of the geometric

Fig. 1 | BIC in an open acoustic resonator. a Schematic of a resonant cavity
coupled to an acoustic waveguide. The z-axis is perpendicular to the xy-plane. The
length Ly is set to 160mm and the diameter d of the pipe to 40mm. b Avoided
crossing of the real parts of high-Q and low-Q modes for varying length Lx of the
resonant cavity. c Vanishing imaginary part of the BIC, where the BIC mode

dominates the decay process. d–h Interactingmodes of different configurations of
Lx (dM131 (at point 1 in (b)), eM311 (at point 2 in (b)), fM311 (at point 3 in (b)), gM131

(at point 4 in (b))), as well as the mode shape of the BIC (h M331), are shown,
corresponding to the points marked in (b).
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parameters of the system and are a result of modal coupling via a
common continuum, i.e., the interaction of modes of the same sym-
metry. As a consequence of the interaction, avoided crossings are
observed, where the real parts of the eigenfrequencies cross with
modal interchange and a weakly damped resonance dominates the
decay process. This is also called resonance trapping39,40 and is shown
by the blue and orange lines in Fig. 1b, c. The exact mechanism of BIC
formation as well as the complex eigenfrequencies are presented in
Supplementary Information Sections 2 and 3. The thin black dotted
lines are the results of the coupled mode theory for a closed cavity.
Consequently, the crossing point of the black lines is the point of
modal degeneracy and exactly predicts the BIC. We solve a numerical
problem, including thermo-viscous losses, to take dissipation in the
boundary layer into account, leading to a reduced Q-factor (shown in
Supplementary InformationSection 4). Referring to Lyapina et al.15, the
leakymodes are denoted by Mpqr, with p, q, and r being the number of
maxima in the pressure field along the x-, y-, and z-axis, respectively.
ThedistanceLx is variedwith the resultingmodal interchangedepicted
regarding mode M131 in Fig. 1d, becoming mode M311 in Fig. 1e and
mode M311 in Fig. 1f, turning into mode M131 in Fig. 1g, respectively.
Additionally, the BICmodeM331 is shown in Fig. 1h. The BIC is observed
at a frequency of f = 2145Hz with a cavity length of Lx = 160mm.
Excellent agreement is found between the numerically computed
eigenfield profile of the Friedrich–Wintgen BIC and the eigenfield
profile predicted by the analytical solution, see Supplementary Infor-
mation Section 1.

Experimental verification of BIC
To experimentally demonstrate the existence of the predicted BIC, we
manufacture three samples of the resonant cavity with varying
dimensions Lx shown in Fig. 2a.

The samples are fabricated using selective laser sintering to keep
manufacturing tolerances small and avoid asymmetry inour geometry.
Furthermore, the walls are designed to be thick enough to suppress
structural resonances in the frequency range of interest. In experi-
ments, we use an impedance tube to obtain the transmission spec-
trum. Themeasurement setup is depicted in Fig. 2b, where the sample
is integrated into the tube. The diameter of the tube, as well as the

height and depth of the cavity, are kept constant at d = 40 mm,
Ly = 160mm, and Lz = d = 40mm, cf. Fig. 1a. The length of the cavity Lx
is set to 160, 165, and 170mm (left to right in Fig. 2a), respectively.
Hence, we realize a parameter variation in the vicinity of the BIC
configuration.

BICs couple into extended states and become QBICs if the BIC
configuration of the system is disturbed. QBICs are slightly damped
complex resonances that radiate energy and reveal themselves in the
form of Fano resonances. Fano resonances are a well-studied phe-
nomenon in many different fields of physics, e.g., see the detailed
review by Miroshnichenko et al.41. Therefore, the second and third
samples are designed such that QBICs can be measured. Due to the
destructive interference of bound states and continua, the typical
resonance and antiresonance features of the asymmetric Fano reso-
nances can be observed, in the sound transmission spectrum, see
Fig. 2c. In contrast to the BIC, we identify Fano peaks of finite height
and increased width.

The Fano peak widens and a frequency shift toward lower fre-
quencies is observed due to the increased cavity volume as Lx is
increased from the BIC configuration. We can see that the numerical
results coincidewith the experimental ones and also show the expected
behavior. Additionally, the transmission loss (TL) of the system is
plotted over the frequency for all three configurations. The Fano peak
of the transmission spectrum leads to ahigh amplitude in theTL. Similar
to the previously mentioned behavior of the Fano peaks, the TL peaks
broaden and lessen with increasing Lx. Nevertheless, the TL peak of
Lx = 165mm seems to be lower than the one of Lx= 170mm shown in
Fig. 2d. Thermo-viscous losses affect the amplitude of the TL more
strongly the closer we get to the BIC configuration. The measured
Q-factors for Lx= 165 mm and Lx = 170mm are 328 and 302, respec-
tively. In the case of the BIC configuration being restored, the Fano
resonances collapse. This state is described as the ghost of the Fano
resonance by Ladron de Guevara et al.42 and can be identified in Fig. 2c,
d regarding the blue lines, i.e., no Fano peak is present.

Visualization of QBIC
Three continua exist in our duct-cavity structure. The first continuum
is symmetric to the duct axis, with a lower limit defined by the cut-off

Fig. 2 | Transmission spectra of cavities of varying lengths. a Images of three
manufactured samples with different dimensions Lx. b Transmission measurement
set-up. c, d Transmission coefficient as well as the transmission loss in the fre-
quency range 1900–2250Hz. The blue lines represent the results of the

measurement and the numerical simulation of the BIC configuration (Lx = 160mm),
respectively. The orange lines represent the results of Lx = 165mm, and the yellow
lines are the ones of Lx = 170mm.

Article https://doi.org/10.1038/s41467-023-42621-8

Nature Communications |         (2023) 14:6847 3



frequency of the duct. The second and third continua have lower limits
defined by the cut-off frequencies of the first duct cross-mode and the
first cavity cross-mode (symmetric to the y-axis), respectively. The
shortest side of the cavity is chosen such that it matches the diameter
of the pipe. Therefore, we expect unitary pressure distribution in this
direction. This enables experiments applying refracto-vibrometry to
visualize the sound pressure field of the QBIC. A new sample is man-
ufactured, allowing a laser to pass through the structure. To do so, two
side walls are replaced by high-transmission glass, as shown in Fig. 3a.

We chose the Lx = 170 mm configuration of the previous mea-
surements for the new sample since the Fano peak is the widest. This is
crucial for the measurement, in which we have a single excitation
frequency matching the frequency of the QBIC. Due to the sensitivity
of the QBIC, the gradient of the Fano peak should be as low as possible
to ensure that we find theQBIC. The sample is placed in the impedance
tube set-up.

To conduct the refracto-vibrometry, a laser Doppler scanning
vibrometer PSV-500 from Polytec (Polytec Gmbh, Waldbronn,

Germany) is used tomeasure the changes of the refractive index of the
fluid, which is proportional to the acoustic pressure variation within
the cavity43–46:

vðωÞ=ω 1
γp0

n0 � 1
n0

Z
L
pðl,ωÞdl ð1Þ

where ω is the angular frequency, v is the LDV velocity, p is the sound
pressure, n0 is the refractive index of air at standard atmospheric
pressure, p0 is the static atmospheric pressure, and γ is the specific
heat capacity ratio of air. The basic principle of the LDV is based on the
well-knownDoppler shift. The pressure waves inside the cavity slightly
shift the phase of the emitted monochromatic laser light. The
superimposition of the reflected and emitted laser light produces a
speckle pattern on the photodetector, which allows the measurement
of the corresponding frequency of the pressure waves and the change
in the refractive index. The latter is proportional to the sound pressure
inside the cavity. This makes it possible to visualize the corresponding

Fig. 3 | Experimental set-up for the visualizationof the soundpressurefield. aPrinted samplewithhigh-transmission glassmountedas sidewalls.b Experimental set-up
for the refracto-vibrometry measurements.

Fig. 4 | Sound pressure field visualization. a Visualization of the real part of the
sound pressure field inside the cavity. The red color indicates a pressuremaximum
and the blue color a minimum, respectively. b Absolute value of the measured
pressure field. c Superposition of the four most dominant modes (modes with the

highest FFT coefficients). d Superposition of the next four modes with high coef-
ficients. e Simulation results. The colored scales display the absolute values of the
pressure in Pa, with the pressure being normalized to the incident pressure field.
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pressure distribution. Themeasured pressure distribution of the QBIC
is displayed together with the results of the corresponding finite
element simulations in Fig. 4.

The visualized sound pressure field of the QBIC within the
experimental set-up is presented in Fig. 4a. In addition, we show a
mapping of the absolute values of the pure measurement data in
Fig. 4b for better comparison with the numerical data displayed in
Fig. 4e. We observe that the measurement is in good agreement with
the numerical prediction. As expected, the pressure maxima are
located at both the edges and the center of the cavity. Minor inac-
curacies within the numerical prediction are due to real losses and
uncertainties within the experiments, i.e., imprecise alignment of the
parts or imperfect plane wave excitation. We note only a slight pres-
sure fluctuation in the center, just below the marked node in Fig. 4a.
The position of the LDV for this measurement point is normal inci-
dence to the glass. This results in a lower signal-to-noise ratio, which
leads to higher measurement errors. We obtain a stable image of the
QBIC that is in good agreement with the simulated sound pressure
field. Thus, we present the visual evidence of a QBIC.

The visualized field allows us to further analyze the pressure field.
For this purpose, we apply a fast Fourier transform (FFT) on the BIC
mode, which is the same as applying an overlap integral withmodes of
the closed cavity. The values of the Fourier coefficients indicate the
contribution of themodes.We take the first four dominantmodes that
are degenerate with the (0, 1) mode (for mode indexing, see

Supplementary Information Section 5). Thus, we consequently reas-
semble themodes by conducting an inverse FFT. The result is depicted
in Fig. 4c. By further analyzing the FFT coefficients, we identify the
modes being excited alongside the BICmode. Themodeswith the next
higher FFT coefficients are the modes that are degenerate with the
(1, 1) mode. Figure 4d shows the result of their modal superposition.
Thismode is slightly shifteddue to the incomingwaves from the sound
source and can also be found by conducting a modal analysis. We
observe this mode due to an anti-symmetric excitation because we
place our sound source on one side of the cavity. We, therefore,
deduce, being consistentwith the coupledmode theory15,23,35,38, thatwe
can create a perfect BICmode by eliminating the contribution of other
modes. This is done by applying the principle ofmirror sources, where
we retain the properties of the full cavity but suppress all anti-
symmetric modes, as shown in Fig. 5.

Figure 5a–c shows three schematics of the previously studied
resonant cavities reduced in size by applying the principle of mirror
sources. We cut the geometry in half at a particular axis of symmetry
(marked by the red lines in the schematicsmentioned above). The axis
of symmetryhas to be chosenwith care since theBICmodeneeds tobe
sustained, and all anti-symmetric modes with respect to this axis need
to be suppressed. Figure 5c depicts the schematic of the fully reduced
geometry. We manufacture three additional samples for impedance
tubemeasurements, shown in Fig. 5d. Figure 5e shows the numerically
obtained absorption coefficients of the configurations in Fig 5a–c with

Fig. 5 | Experimental verification of symmetry-reduced BICs. a Schematic of a
resonant cavity similar to that shown in Fig. 1a. The z-axis is perpendicular to the xy-
plane. The length Ly is set to 160mm, and the diameter d of the pipe to 40mm.We
halve the cavity at the axis of symmetry (highlighted in red) based on the principle
ofmirror sources and thus obtain a cavity length of Lx = 85mm, which corresponds
to half the length of the configuration with Lx = 170mm. b Further reduction of the
configuration in a using the principle ofmirror sources once again. c Fully reduced
configuration. d Manufactured samples for configurations b (Lx = 85 mm) and
c (Lx = 85 mm for the top sample and Lx = 77 mm for the bottom sample).
e Absorption coefficient α in the frequency range 1900–2250Hz. The blue line
represents the result of the numerical simulation of the BIC configuration of cwith
Lx = 77 mm. The orange dotted line, the yellow dash-dotted line, and the purple
dashed line represent the numerical results of Lx = 85mm for the configurations

(a–c), respectively. f Absorption coefficient α in the frequency range
1900–2250Hz. The blue and yellow lines represent the results of the numerical
simulation of the BIC configuration of c with Lx = 85mm and Lx = 77mm, respec-
tively. The orange and the purple dashed lines represent the measurement results
of configuration c with Lx = 85mm and Lx = 77mm. g The computed andmeasured
absorption coefficients for configuration b are represented by the blue and orange
dashed lines, respectively. h Sound pressure field of the BICmode inside the cavity
with Lx = 170mm. i Sound pressure field of the BIC mode inside the fully reduced
cavity with Lx = 85mm for configuration (c), framed by the black lines and extra-
polated to the rectangular cavity. j Measured absolute sound pressure inside the
fully reduced cavity with Lx = 67mm excited at 2315Hz. The color scale represents
the absolute pressure in Pa.
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Lx = 85mm and also of the BIC configuration in Fig. 5c determined at
Lx = 77mm. The more we reduce the geometry, the more unwanted
modes are removed. Accordingly, we observe a clear peak in the
absorption spectrum. We perform impedance tube measurements to
validate our observations. The measured absorption coefficients are
presented in Fig. 5f for the fully reduced configuration, see Fig. 5c, and
in Fig. 5g for the configuration shown in Fig. 5b. The measurement
results agree with our prediction. We observe the collapse of the Fano
resonance (yellow and dashed purple lines in Fig. 5f), the sharp peak of
the Fano resonance with no further absorption in the spectrum shown
(blue and dashed red lines), and thus prove the existence of a
Friedrich-Wintgen BIC based on the concept of fully reduced sym-
metry without exciting unwanted modes. Figure 5h shows the unex-
cited QBIC mode for a rectangular cavity with Lx = 170mm. The sound
pressure field of the fully reduced geometry framed by the black lines
is depicted in Fig. 5i. For comparison, we extrapolate the reduced
sound pressure field onto the rectangular cavity. We infer from com-
paring Fig. 5h, i that identical sound pressure distributions are
obtained. Finally, we manage to preserve the BIC mode although the
geometry is reduced significantly and thus present a new type of fully
reduced high-Q mode without exciting unwanted modes.

Pressure enhancement
Impedance tube studies allow us to extract values for reflection
spectra and absorption but not for cavity pressure enhancement. The
missing cavity pressure information is provided by the LDV. The
numerical and experimental procedure to determine the maximum
pressure is presented in detail in Supplementary Information Sec-
tion 6. Figure 5j shows themeasured absolute pressure field inside the
fully reduced cavity with Lx = 67mm excited at 2315 Hz. This config-
uration leads to the maximum pressure enhancement possible for this
structure with a measured peak value of 36.74 Pa. We additionally
measure the sound pressure fields of the fully reduced cavity with
Lx = 64mm and Lx = 70mm to prove the existence of a pressure peak.
The measurements show peak pressures of 26.08 Pa and 32.26 Pa,
respectively. To demonstrate the magnitude of the pressure
enhancement, wemeasure the pressure field inside the full cavity with
Lx = 170mmfor several frequencies. Themaximumpressure is 12.61 Pa.
Thus, the fully reduced cavity leads to the highest pressure enhance-
ment of the investigated Friedrich–Wintgen BIC by a factor of about
three compared to the full cavity.

Finally, we extract the sound pressure field of a QBIC mode. The
sound pressure field inside the cavity gives us accurate information
about the influence of losses and hence the stability and confinement
of themode.We also show that LDVmeasurements are a powerful tool
for predicting the maximum pressure enhancement of high-Qmodes,
can resolve even small deviations fromnumerical predictions, and thus
provide seminal guidance for the application of QBICs. Thus, we pre-
sent the realistic sound pressure field of a stable high-Q mode,
enabling further analysis and its application to acoustic devices.

Discussion
We report the theoretical design, computation, experimental ver-
ification, and visualization of an acoustic Friedrich-Wintgen BIC in an
open rectangular cavity. This is not only the first visual proof of an
acoustic BIC but, above all, enables direct access to the pressure values
inside the cavity. An exact analysis of stable high-Qmodes facilitates its
application to acoustic devices.

For this purpose,we design andmanufacture three versions of the
cavity with varying lengths. One to match the BIC configuration and
two more to broaden and stabilize the Fano peak in the transmission
spectrum. For an accurate prediction of the BIC, thermo-viscous losses
are taken into account, leading to reduced peaks in the sound trans-
mission spectrum. We find that the numerical results match the
experimental ones accurately.

Furthermore, we manufacture a sample with high-transmission
glass side walls to facilitate experiments applying refracto-vibrometry,
andpioneer thedirect visualizationof an acousticQBIC. Consequently,
we have direct access to the pressure information of the high-Qmodes
inside the cavity. Exact mapping of the pressure field gives us a better
understanding of real QBICs, including losses of all kinds, and hence
enables further analyses of the excited modes.

We decompose the pressure field and identify higher-order
modes excited simultaneously with the BIC mode. In addition, we
further adapt the concept of designing BICs proposed byHuang et al.23

and thus reduce the resonant cavity to the smallest possible size. As a
result, we design a new type of BIC relying on fully reduced symmetry.
Hence, we only excite the QBIC mode and suppress all unwanted
modes. We verify our predictions by impedance tube measurements.
Finally, we determine the configuration with maximum pressure
enhancement by mapping the pressure fields of the fully reduced
cavity with varying lengths. The fully reduced cavity leads to the
highest pressure enhancement of the investigated Friedrich–Wintgen
BIC by a factor of about three compared to the full cavity.

Our findings are a fundamental contribution to the study of BICs
and open up entirely newopportunities in thisfield of research. Recent
studies demonstrate an emission enhancement based on acoustic
BICs. Nevertheless, prior to this work, it has not been shown when the
large field enhancement happens if thermo-viscous losses are con-
sidered in real acoustic devices. Mapping the pressure field of the BIC
is a promising technique to obtain the missing data and hence facil-
itates the application of BICs to high-intensity sound sources, acoustic
devices, and nonlinear acoustics.

Methods
Analytical model
The eigenfield profile of the Friedrich-Wintgen BIC can be predicted
from the following equation

ψBIC ðx,yÞ≈ cosθψ31ðx,yÞ+ sinθψ13ðx,yÞ ð2Þ

where

cosθ=
Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 +B2
p , sinθ=

Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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with δ1
n and δ1

m being the Kronecker delta. See Supplementary Infor-
mation Section 1 for a complete theoretical analysis.

Numerical simulations
All Simulations in this article are performed with the commercial
software COMSOL Multiphysics (Acoustics Module). The speed of
sound and the air density is c0 = 343m/s and ρ0 = 1.2 kg/m3, respec-
tively. We consider the walls of the cavity as well as the walls of the
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waveguide to be rigid and hence apply sound hard boundary condi-
tions. Additionally, we consider thermo-viscous losses in our system.
We apply the no-slip condition for the velocity field and an isothermal
condition for the temperature at thewalls of the cavity. To ensure non-
reflective boundary conditions at the ends of the waveguide, we apply
perfectly matched layers. We perform modal analyses to compute the
eigenvalues and corresponding modes and time-harmonic studies to
predict the transmission or reflection spectrum.

Device fabrication
The ten experimental samples are fabricated by additive manufactur-
ing (3D-printing) using selective laser sintering with a manufacturing
precision of ±0.2mm. The material of choice is polyamide (PA 2200
from EOS).Wemanufacture four samples with high-transmission glass
side walls to facilitate experiments using refracto-vibrometry. The
glass is bonded to the sample and the sample is hermetically sealed.

Measurement
The complex transmission (and reflection) coefficients of the samples
aremeasured using anAED 1200—AcoustiTube transmission tubewith
a diameter of 40mm. The transmission coefficient and the transmis-
sion loss are calculated by applying the two-load method with four
microphones according to the transfermatrixmethod. The absorption
coefficients of the symmetry-reduced cavities are measured using an
AED 1000—AcoustiTube impedance tube with a diameter of 40mm.

Visualization
Weuse refracto-vibrometry to visualize the sound pressure field inside
the cavity. A laser Doppler scanning vibrometer PSV-500 from Polytec
is used to measure the changes in the refraction index of the fluid,
which is proportional to the acoustic pressure variation within the
cavity. Overall, 225 measurement points were sequentially recorded
with a sampling frequency of 50 kHz for a duration of 2ms, while the
measurements were triggered by the sinusoidal sound generator. To
ensure an optimal signal-to-noise ratio, a highly reflective sheet was
placed against the rigid surface behind the sample to improve diffuse
light reflection. Note that LDV is usually used for surface normal
vibrationmeasurements of structures but captures the pressure wave-
induced variation in the refraction index when measured against a
rigid surface. In the case of a low-vibration surface, the velocity mea-
surement from the LDV is dominated by the dynamic phase caused by
the sound pressure fluctuations and the changed refractive index of
the acoustic medium along the traveling path of the light. To ensure
the required rigidity, a single point LDV (Polytec PDV-100) measured
the surface vibration of the rigid surface from the opposite direction.
The surface velocities were found to be orders of magnitude smaller
than the signal of the scanning PSV500, confirming that the acoustic
pressure dominates the measured results. As the LDV works up to
frequencies of 1MHz, the frequency range is not a limiting factor for
pressure field mapping. The size of the structure can be much smaller
than those presented in this article and is only limited by the focal
point of the laser (25 μm). We use such large structures here because
we need to measure the transmission/reflection spectra using an
impedance tube with a diameter of 40mm. Since the Helmholtz
equation is linearly scalable, our results can be transferred to different
frequency ranges.

Data availability
The data used in this study are available in the figshare database under
[https://doi.org/10.6084/m9.figshare.24211515].

Code availability
The codes used in this study are available in the figshare database
under [https://doi.org/10.6084/m9.figshare.24211515]. Additionally,
we host a COMSOL server, where we provide free access to vibro-

acoustic applications: https://apps.vib.ed.tum.de:2037/app-lib. We
particularly created an application to give people an understanding of
BICs and their influence on sound attenuation: https://apps.vib.ed.
tum.de:2037/app/BIC_TL_EF_App_V02_mph?id=0012.
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