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Abstract
Acoustic wave propagation inside sonic black holes
(SBHs) is characterized by a decrease in the speed
of sound and a gradual increase in pressure magni-
tude. Besides their application as broadband sound
absorbers, this paper explores their use as broadband
pressure enhancement devices to improve the detec-
tion of weak signals by exploiting the gradual increase
in pressure magnitude. We numerically and experi-
mentally demonstrate an enhancement of up to 20 dB
in signal detection by placing a microphone inside the
SBH, and compare its performance with that of a mi-
crophone in a free field. This approach paves the way
for passive acoustic wave amplification of weak signals,
enabling low-power devices with enhanced detection
capability.
Keywords: acoustic, weak-signal, amplification, sonic-
black holes

1. Introduction
The detection of acoustic wave signals is limited by
the sensitivity of the acoustic sensor and the strength
of the signals. In the case of weak signals, distin-
guishing from background noise becomes challenging
and requires advanced signal processing to recover the
original signal. In addition, active control methods
can amplify weak signals, as in many applications,
such as hearing aids. However, to further enhance the
detection of weak signals, it is essential to amplify the
acoustic wave before it reaches the receiver. In recent
years, acoustic metamaterials have been employed to
improve the detection limits of weak signals by ex-
ploiting acoustic resonance [1]; however, this approach
is typically limited to narrow frequency bands. By
gradually varying the effective refractive index using
gradient structures, which leads to wave compres-
sion and pressure amplification, broadband devices
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for enhancing weak signals have been demonstrated
[2], [3], [4]. However, the thickness of such broad-
band structures generally increases with bandwidth
and performance. Therefore, an important question
remains: how can the detection limit of weak signals
be enhanced over a broad bandwidth with limited
thickness, without relying on active electro-acoustic
devices?

Acoustic black holes are structures with a gradual
change in thickness that lead to a gradual increase in
wave amplitude and a reduction in the speed of sound.
By placing dissipative material at the end, acoustic
black holes have been commonly used for vibration
reduction [5], [6], [7]. In addition, the increase in am-
plitude has been used to improve the detection of weak
signals of elastic waves over broadband frequencies [8],
[9]. In acoustics, such effects are achieved by the grad-
ual reduction of the opening area, resulting in gradual
impedance matching, which has been widely used for
sound absorption applications by placing dissipative
material within the device. Although the term “acous-
tic black holes” is commonly used, the term “sonic
black holes” (SBH) is adopted here to refer to acoustic
counterparts and avoid confusion. These structures
are commonly used as broadband sound absorbers by
incorporating dissipative materials at the termination.
Recent works have shown the ideal SBH shapes that
lead to better absorption performance and their re-
lation to acoustic wave-focusing characteristics [10].
Recently, SBH-like devices have been demonstrated for
acoustic wave focusing through topology optimization
[11], [12]. The acoustic pressure distribution inside the
optimized SBH shows improvement over conventional
ribbed-SBH designs, providing a new perspective on
the design of optimal SBH structures for acoustic
wave focusing. Following this study, acoustic wave
focusing in optimized SBHs has been verified using
a laser vibrometer, and the effect of geometric asym-
metry on wave focusing has been discussed [13]. To
further characterize the optimized SBH devices, the
effective speed of sound has been analyzed in the time
domain by correlating the peak of the traveling wave
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with a reference [14], and the local phase velocity has
been evaluated using a three-point method [15], which
provides accurate estimation even in the presence of
significant reflection.
Based on our previous work [15], where we demon-
strated that optimizing the pressure inside the design
domain provides improved wave-focusing performance
compared to optimizing the transmission bandwidth
[12], this paper presents a detailed investigation into
the optimization of SBH designs with improved and
broadband wave-focusing characteristics, along with
numerical and experimental validation of their appli-
cation to enhance the detection of weak signals in a
free field.

2. Method
For plane wave propagation in a 2D axisymmetric
waveguide, acoustic topology optimization is formu-
lated in terms of the Helmholtz equation,

∇ ·
(
ρ−1r∇p̂

)
+ ω2κ−1rp̂ = 0, (1)

where the density (ρ) and bulk modulus (κ) are ex-
pressed using nondimensional variables ρ̂ and κ̂ [16]:

ρ̂ = ρ

ρa
=

{
1, air,
ρs

ρa
, solid,

κ̂ = κ

κa
=

{
1, air,
κs

κa
, solid.

Substituting these relations into Eq. (1), the dimen-
sionless Helmholtz equation becomes

∇ ·
(
ρ̂−1r∇p̂

)
+ ω̂2κ̂−1rp̂ = 0, (2)

where ω̂ = ω/c, and c =
√

κa/ρa is the speed of
sound in air. The terms ω and c represent the an-
gular frequency and the speed of sound, respectively.
Neumann and Dirichlet boundary conditions are im-
posed on the sound-hard boundary and inlet/outlet
boundaries, respectively.
The density distribution within the design space is
controlled using ρ̂(ζ), where ζ is a continuous design
variable. A binary final design is achieved when ζ = 0
or ζ = 1, corresponding to solid or air, respectively.
The Solid Isotropic Material with Penalization (SIMP)
method, employing inverse material properties, is used
to represent the continuous variation between alu-
minum and air [16]:

ρ̂(ζ)−1 = 1 + ζ

[(
ρs

ρa

)−1
− 1

]
, (3)

κ̂(ζ)−1 = 1 + ζ

[(
κs

κa

)−1
− 1

]
. (4)

The optimization problem is formulated to maximize
the sum of the absolute total pressures at discrete
points within the SBH, subject to lower and upper
bounds that enforce an increase in pressure toward the
end of the design domain. The design space is divided
into 14 discrete points with equal spacing of 0.02 m
along an axisymmetric line, as shown in Figure 1.

Figure 1: Simulation setup for optimization in COMSOL
Multiphysics. Ωinc represents the background pressure
domain in the Pressure Acoustics module. The objective
is to maximize the sum of pressure along 13 discrete points
while imposing lower and upper bounds [15].

Pressure constraints are applied at all points except
the SBH exit to prevent the design from converging
toward a transmission-based SBH optimization.
The optimization is carried out over the frequency
range from 400 Hz to 1000 Hz in steps of 50 Hz, ac-
counting for the cutoff frequency of the axisymmetric
waveguide. The dimensions of the design space are
defined as: length of the design space (L = 0.126 m),
inlet channel width (R = 0.115 m), outlet channel
width (r = 0.0015 m), and inlet length (L0 = 1 m).
The cost function of the optimization is given by

max
ζ

Jp = 1
N

13∑
n=1

13∑
m=1

Pi,j

s.t. ln,m ≤ Pn,m ≤ un,m

0 ≤ ζ(x) ≤ 1.

(5)

where ln,m and un,m denote the lower and upper
bound constraints for the pressure P at each discrete
spatial location n and frequency index m, respectively.
The cost function is evaluated for a total of 13 spatial
locations and 13 frequency points.

2.1. Results and Discussions
As shown in Figure 2a, the convergence of the cost
function exhibits oscillations due to the large number
of constraints. During the optimization process, the
highest objective function values are associated with
structures exhibiting partial transmission coefficients,
indicating that optimizing the internal pressure leads
to SBH-like devices with improved wave-focusing per-
formance [15]. Optimized designs with broadband
transmission coefficients are associated with moderate
objective values, which are observed near iteration
390, as shown in Figure 2b. In this work, we focus on
validating the optimized shape with broadband trans-
mission for enhancing the detection of weak signals
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Figure 2: (a) Convergence of the objective value over
500 iterations. (b) Transmission coefficient of intermediate
designs at iteration 390. The inset shows the intermediate
shape with intermediate densities.

in a 2D axisymmetric domain, while the discussion of
SBH structures with partial transmission is provided
in Ref. [15].
The optimized shape, as shown in Figure 3a, contains
intermediate densities, which are converted into solid
regions using a threshold value of 0.5. Replacing the
end condition of the optimized SBH with a sound-
hard boundary allows for enhanced wave focusing.
Therefore, transient analysis was carried out in a free
field using COMSOL Multiphysics by placing the post-
processed optimized structure 9.01 m from the source
to evaluate the enhancement of weak signals.
A receiver was positioned inside the design to mea-
sure the pressure enhancement, and for comparison,
the pressure was also measured at the same loca-
tion without the SBH. The boundary was excited
using a normal velocity to mimic a speaker emitting a
Gaussian-modulated sinusoidal pulse with a center fre-
quency of 750 Hz. Since the source size is smaller than
the wavelength, a spherical wave is generated, and its
amplitude decreases with distance due to geometric
spreading. Perfectly matched layers were set on the
external boundaries to minimize boundary reflections,
as shown in Figure 3b (red color).
To validate the measurements, the floating features
of the design were connected to the main structure
using ribs. The rib thickness was kept to a minimum
to avoid altering the acoustic response of the SBH
at higher frequencies while maintaining structural
rigidity. Due to the large dimensions of the structure
(with outer diameter and length of 0.23 m and 0.126 m)
respectively, which exceed the printer size and require
a substantial amount of printing material, the sample
was scaled down by 30% without compromising its
performance, taking advantage of the scalability in
acoustics.

Due to the complexity of the geometry, the samples
were manufactured in separate parts using fused depo-
sition modeling and subsequently assembled using ad-
hesive to ensure that no gaps existed between the con-
nected parts. Acrylonitrile butadiene styrene (ABS)
filament was used for additive manufacturing due to
the higher rigidity of the material compared with air.
To measure the pressure inside the SBH, a hole with
a diameter matching the outer diameter of a 1/2-inch
B&K microphone was created, as shown in Figure 5a.
Without loss of generality, an exact replication of the
numerical setup in the experiment was not possible
due to the size constraints of the isolation room.
Measurements were conducted over a broadband fre-
quency range (up to 4000 Hz) by exciting the speaker
with broadband white noise. The microphone was first
placed 1.5 m in front of the speaker to measure the
pressure without the SBH, and the measurement was
then repeated with the microphone positioned inside
the SBH, as shown in Figure 5b. Due to the geomet-
ric scaling, the frequency range of interest shifted to
higher frequencies (1500–3000 Hz).

Figure 3: (a) Optimized design with intermediate den-
sities and the corresponding post-processed final design
adopted from Ref. [15]. (b) Numerical simulation setup
for free-field measurements with a receiver placed inside
the SBH.

For the numerical simulations, the received signal in
the far field exhibits significant attenuation due to
geometric spreading. Compared to the source signal
shown in Figure 4a, the received signal is several or-
ders of magnitude smaller, representing weak signals,
as shown in Figure 4b. Detection of such signals with
conventional sensors is often masked by background
noise and the sensitivity limits of microphones. How-
ever, by placing the probe inside the SBH the recieved
signal amplitude is enhanced up to 20 dB, as shown
in Figure 4c.
As an exact replication of the numerical simulation
was not feasible, the microphone position was kept
fixed during the free-field measurements, and reflec-
tions from the walls were not explicitly accounted for.
This approach assumes consistency across measure-
ments to validate the weak signal enhancement capa-
bilities. The received signals were transformed into
the frequency domain using the Fast Fourier Trans-
form, and the sound pressure level was calculated as
20 log10(p/pref), where p and pref denote the measured
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Figure 4: Numerical simulation in a free field: (a) source
and received signals with and without the SBH; (b) close-
up view of the received signals; and (c) corresponding
sound pressure level comparison.

Figure 5: (a) Microphone placed inside the SBH with
a holder for positional stability. (b) Schematic represen-
tation of the experimental setup. The microphone was
placed 1.5 m away from the source for both cases (with
and without SBH). (c) Corresponding sound pressure level
comparison.

pressure and the reference pressure (2 × 10−5 Pa), re-
spectively. Due to the scaling of the original geometry,
the transmission coefficient is expected to shift toward
higher frequencies, where weak signal enhancement
is observed as shown in Figure 5c. Nonetheless, the
results demonstrate that pressure enhancement inside

the SBH significantly improves the detection of the
source over a broad frequency range. This improve-
ment is evident when compared with the case without
the SBH, where the received signal remains weak. By
placing the SBH closer to the source, the original sig-
nal can be recovered and even amplified by an order of
magnitude. It should be noted that this work focuses
primarily on maximizing the received signal before it
reaches the microphone to enhance detection, while
the properties of the microphone are not considered
during the optimization process. In future work, mi-
crophone characteristics, such as impedance and a
flat frequency response, can be incorporated into the
optimization process in addition to maximizing the
pressure amplification inside the SBH for practical
applications. Furthermore, the size of the SBH can be
further reduced to enable compact SBH devices for
weak signal detection enhancement.

3. Conclusions
Based on the topology optimization of SBH wave-
focusing devices, we numerically and experimentally
validated the application of SBH-like devices for en-
hancing the detection limits of weak signals. The
results demonstrate up to a 20 dB improvement in
signal detection over a broad frequency range com-
pared to measurements without the SBH. Beyond
their conventional use as sound absorbers, exploiting
the gradual increase in pressure within SBHs enables
effective detection of weak signals. For an ideal SBH,
where the pressure can theoretically become very large,
the detection of extremely weak signals becomes feasi-
ble, which is essential in medical and nondestructive
evaluation applications.
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