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A light-weight periodic plate with embedded acoustic black
holes and bandgaps for broadband sound radiation reduction

Liling Tang,! Nansha Gao," Jiali Xu," Kean Chen," and Li Cheng®®
School of Marine Science and Technology, Northwestern Polytechnical University, 127 YouYi West Road, Xi’an 710072, China

’Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 999077, China

ABSTRACT:

Conceiving lightweight structures with low vibration and sound radiation properties is an important topic. The
concept of Acoustic Black Hole (ABH) offers new impetus to tackle this problem. Most existing ABH structures are
based on simple ABH cells. Apart from the reduced structural strength, systematic ABH effects occur typically
above the cut-on frequency of the ABH element, which is perceived as a bottlenecking problem. To tackle the prob-
lem, this paper examines the sound radiation properties of a plate comprising periodically tangled ABH cells.
Through combining ABH effects with sub-wavelength bandgaps (BGs), numerical and experimental studies show
that the plate exhibits reduced sound radiation properties in an ultra-broad frequency range, far below the cut-on fre-
quency of an ABH element. This is owing to the tangled nature of the ABH elements, which extends the actual
dimension of the ABH, lowers its onset frequency and reduces the sound radiation efficiency through creating slow
waves. Inside the BGs, the reduced sound radiation is mainly due to the redistribution of the vibration energy, basi-
cally confined to the excitation area. Capitalizing on the combined ABH and BG features alongside improved
mechanical properties, the proposed structure shows promise as a light-weight solution for broadband noise reduc-
tion. © 2021 Acoustical Society of America. https://doi.org/10.1121/10.0007067
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I. INTRODUCTION overall structural weight compared with conventional uni-
form structures. Existing research has demonstrated multiple

Efforts for developing lightweight structures with low appealing properties of the ABH designs as an effective

vibration and sound radiation properties have been persis-
tent in the structural acoustics community, and the topic is
of vital importance for a large variety of engineering prob-
lems in fields like aerospace and transportation. However,
traditional acoustic theory indicates that lightness in struc-
tures seems always be in conflict with the demand for lower
vibration and noise, exemplified by the well-known mass
law which governs the mid-to-high frequency sound trans-
mission. Sound radiation from thin-walled structures heavily
relies on the wave propagation properties of flexural waves
and its interaction with the surrounding acoustic medium.
Therefore, an effective wave manipulation would greatly
benefit the design of light-weight and sound-proofing
structures.

Acoustic Black Hole (ABH) effects offer new possibili-
ties to accomplish the aforementioned task. ABH phenome-
non stems from the flexural wave propagation properties in
a structure with its thickness tailored according to a decreas-
ing power-law function to achieve diminishing phase veloc-
ity and energy accumulation along the propagation path.'?
The resultant highly focalized energy can then be efficiently
dissipated by a small amount of damping layers coated over
the vibrating structure. This, alongside the reduced thickness
and material removal, also contributes to reducing the
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vibration  mitigation measure theoretically’>®  and
experimentally.®~"?

Compared with the extensive research in vibration, stud-
ies of ABH structures for noise control are much less.
Among existing works, Bowyer er al.'* experimentally dem-
onstrated that a plate with six ABH indentations can achieve
substantial sound radiation reduction as a result of the overall
reduction of vibration response. Almost simultaneously,
Conlon er al."* numerically analyzed the physical mecha-
nisms behind the sound radiation reduction in ABH plates
through examining modal loss factors. Wavenumber trans-
form method was also used to demonstrate the acoustic
decoupling phenomena and the vibration reduction resulting
from the ABH effects.'” Subsequently, Li et al.'® studied the
sound radiation of a single one-dimensional ABH beam
structure and proposed ways to enhance the interaction
between the bending waves and the ABH elements for better
low-frequency performance. Ma e al.'” then established a
two-dimensional wavelet model to study the sound radiation
and transonic boundaries of a plate containing a single ABH,
based on which a topological optimization was later pro-
posed to determine the layout of the damping layer to mini-
mize sound radiation.'® Apart from the aforementioned free-
field problems, Ji ef al."” investigated the feasibility of using
ABH structures to reduce the interior sound field in a plate-
cavity system and explained the underlying mechanism

© 2021 Acoustical Society of America
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through a vibroacoustic coupling analysis.”’ The potential of
ABH structures for sound transmission was also addressed
by Feurtado et al.*' and Deng et al.** from numerical and
experimental perspectives. It should be noted that all above
research studies focus on basic ABH design which incorpo-
rates simple or multiple ABH cells in their primitive form.
As such, structures suffer from structural strength problems
arising from the thin thickness of the ABH cells. Most
importantly, this imposes a low frequency barrier, below
which the expected ABH effects can hardly play out system-
atically. Typically, this frequency barrier for a simple ABH
structure is delimited by the so-called cut-on/characteristic
frequency of a single ABH cell which depends on the ABH
size.”® For practical applications, however, noise control in
the mid-to-low frequency range is of paramount importance
and technically challenging. Efforts have been made in
improving low-frequency ABH performance from a vibra-
tional perspective through exploiting system nonlinearities to
achieve low-to-high frequency energy transfer.”*2°
However, exploration on low-frequency acoustic perfor-
mance of ABH structures is still scarce. Therefore, the main
motivation of this work is to explore possibilities to conceive
light-weight ABH structures for better and broadband acous-
tic performance, especially at low frequencies relative to the
conventional cut-on frequency.

While conventional ABH design allows for the manipu-
lation of wave propagation velocity, new concepts like peri-
odic or phononic crystals provide additional means to
fundamentally change the wave propagation nature through
the creation of bandgaps (BGs) to completely prohibit wave
propagation in an infinite lattice. Even when the lattice is
truncated into a finite size, vibration energy can still be
redistributed over the structure or confined to a certain area
in the frequency range corresponding to the BGs, which also
plays a vital role in determining the ultimate sound radiation
properties of the structure. By embedding periodic one-
dimensional (1D) ABH elements into beams or plates, ultra-
wide and sub-wavelength BGs have been achieved, which
show promise for vibration energy isolation and con-
trol.””~?° Subsequently, various ABH-based designs of peri-
odic structures were reported for vibration reduction
purposes.®**! We also preliminarily demonstrated that BGs
in plates with periodic 1D tunneled ABHs are also beneficial
for reducing the sound radiation by lowering the radiation
efficiency,®” but only within narrow and directional BGs.
The resultant sound radiation reduction was also quite
limited.

To achieve omni-directional BGs for flexural waves, we
proposed a plate containing periodical double-layer two-
dimensional (2D) ABHs in our previous work.>® Despite the
attractive vibration properties revealed, it is not clear how
the complete sub-wavelength BGs would affect the acoustic
radiation properties of the structure. Meanwhile, whether
the proposed design with tangled ABH elements would
bring any acoustic benefit also remains unknown. This con-
stitutes another main motivation of the present work,
namely to explore possible acoustic benefits as well as the
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underlying physics of such periodic plates, empowered with
embedded ABH and BGs features.

To this end, this paper examines the sound radiation
properties of a plate comprising periodically tangled double-
leafed ABH cells. The plate features light-weightiness by
tangled holes, improved stiffness by double branched facing,
and BGs by the periodic arrangement of the ABH cells. As
such, analyses focus on its sound radiation properties and
their inherent relationships with ABH features and BG prop-
erties. The outline of the paper is as follows. The plate and
the analysis method are first introduced. Then, predominant
acoustic radiation phenomena, i.e., sound radiation effi-
ciency and radiation sound power, are investigated and com-
pared with a uniform plate. Supersonic intensity and
wavenumber analyses are then carried out to reveal underly-
ing mechanisms. Finally, experiments are conducted to vali-
date the observed sound radiation phenomena as well as the
reduced sound radiation properties of the designed plate.
Conclusions are finally drawn.

II. MODEL AND ANALYSIS METHOD
A. Structure model

Consider a plate composed of L x M periodically
arranged ABH cells, exemplified by an 8 x 6 cells in Fig. 1(a).
The lattice constant and the thickness of the unit cell are a and
h, respectively. Seen from outside, the plate resembles a uni-
form plate, with flat surface outside but hollow structure inside
(depicted by dark gray area), as sketched in Fig. 1(b). The
inner structure of the unit cell excised by a quarter is displayed
in Fig. 1(c). Each unit cell is a uniform plate excavated inside
with a symmetrical circular ring, tapered according to an
ABH profile. The thickness of the ABH profile is tailored
according to h(x) = &(x — r)™ + hy with m being the taper
power index, Ay the residual truncation thickness and r the
reserved length, as shown in a cross-sectional view in Fig.
1(d). The radial length of the ABH is /agy-7. The design phi-
losophy stems from the consideration of wave propagation
properties in a 2D ABH plate, mainly from three aspects.™
These considerations are briefly recapped here for complete-
ness. First, to achieve local resonant BGs, all incoming waves
should be forced to pass through or fall into the ABH indenta-
tion area through intersection of outer periphery of the ABH
and the boundary of the uniform plate element. Therefore, an
intersecting condition should be satisfied by v/2/xpy < a
< 2lapy. Second, a cylinder with radius r is used to connect
the two branches of the ABH indentation and to create a large
impedance mismatch, thus realizing broader BGs through
combined local resonances and Bragg scattering. Finally, the
double-layer ABH indentation design is adopted to achieve
dual benefit: reducing the coupling between the ABH-induced
local resonance and the global vibration of the unit cell, which
is shown to be conducive to creating broadband BGs, and
ensuring better structural integrity and overall strength. Such a
design leads to a light-weight plate owing to the periodically
tangled double-leaf ABH connections inside the structure.
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FIG. 1. (Color online) Structure model: (a) a finite plate composed of 8 x 6 cells with a harmonic point force excitation; (b) a unit cell; (c) a unit cell excised

by a quarter; (d) local cross section as circled by the red dash line in (c).

COMSOL Multiphsics 5.2 with Solid Mechanics Module
is used to calculate the vibration velocity v, when the plate is
subject to a point excitation force. Considering the sound radia-
tion into a light fluid like air, the fluid loading effects on the
plate due to the acoustic radiation are ignored when calculating
structural responses. The plate is densely meshed to ensure at
least ten elements per wavelength for the highest frequency of
interest, i.e.,5000 Hz in present case. Specifically, the plate sur-
face is meshed with equally distributed trilateral elements, com-
patible with subsequent sound radiation calculation using
elementary radiator acoustical model, while the rest is meshed
with tetrahedral elements. The whole model consists of
1013595 tetrahedral elements. The plates used in the simula-
tion are made of aluminum with a mass density of 2700 kg/m’,
Young’s modulus of 70 MPa, Poisson’s ratio of 0.3, and
damping loss factor of 0.001. The structural parameters are a
= 60mm, & = Smm, hy = 0.3mm, m = 4, r = 10mm, and
lapyy = 40 mm. For analyses, the conventionally defined cut-on/
characteristic frequency for one single ABH cell is used as an
indicative reference, knowing that the current structure with
tangled ABH cells is a complex one. This makes it difficult, if
not theoretically impossible, to precisely define the actual char-
acteristic dimension 2 /gy to calculate the corresponding cut-on
frequency. Nevertheless, using 2 /4z;; = 80 mm, the characteris-
tic frequency for a single ABH cell is estimated at 7564 Hz, as
obtained from fopa = 11/ (2lap)>/ER?/3p(1 — 12).3 Note
this frequency is far above the highest frequency of interest, i.e.,
5000 Hz. Therefore, the main focus of the present study is on
the low frequency range, relative to the conventional cut-on/
characteristic frequency of a single ABH cell.

B. Acoustical model

The plate is mounted on an infinite rigid baffle with
exclusion of the edge diffraction of acoustic waves. Based
on elementary radiator acoustical model,** upon obtaining
the transverse velocities vector v of each element on the
plate surface through the finite element method (FEM), the
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sound pressure vector can be expressed by using the radia-
tion impedance matrix Z as

p=12y, ey

where Z;j = jopyAe i /21R; with p, being the density of
air, w and k the angular frequency and wavenumber, respec-
tively, A the area of each element, and R; the distance
between the ith and jth elements. Then, the total sound
power radiated by the plate can be obtained by the summa-
tion of the power radiated from each element as

W:

N
lARe{vi*p,»} —ARe{y"20} )
) , 2

i=1

in which * and represent complex conjugate and
Hermitian transpose, respectively; N is the total number of
meshed elements on the plate surface.

The sound radiation efficiency of the plate is used as
the key metric to quantify the sound radiation properties of
the plate, which is defined as

_ w
PocoS(2)

where ¢ is the sound speed; <v_2) is the average mean square
velocity over the whole vib@tion surface, which can be
expressed in present case as (v2) = (A/2S)vy with S being
the total area of the vibration surface.

In the calculation, the density p, and the sound speed ¢,
of air are set to be 1.21 kg/m’ and 343 m/s, respectively. The
critical frequency f, of the corresponding uniform plate is
2430 Hz, calculated by

2
_ ¢ [12p(1 —v?)
fe= 2n Eh* @)

Above f, flexural waves bear wavelengths larger than those
of the radiated acoustic waves in air and they are supersonic
and efficient in sound radiation.

3

g
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C. Analysis method

Supersonic intensity>> and wavenumber analyses'> will
be employed in due course to analyze the underlying mecha-
nisms, which are briefly introduced hereafter.

In comparison with classical acoustic intensity, super-
sonic intensity, by filtering out the subsonic wave compo-
nents, allows direct identification of regions which dominate
the sound radiation to reach far field.*® The supersonic
intensity is defined as

I
19(x,5) = 5Re{p¥ (39 (w.3)" 5)

where p®) and v* are the supersonic pressure and velocity,
respectively, which can be obtained as®’

(6)
(7

P (x,y) = plx,y) * 9 (x,y),
VO (x,y) = v(x,y) * hY (x,y),

in which * denotes the two-dimensional convolution opera-
tor, h(s)(x, y) is the filter function of subsonic waves,

expressed as h")(x,y) = (k/27r\/x2 + yz)Jl (k«/)c2 +y2)

with J; being the Bessel function of the first kind.

Wavenumber spectra decompose the vibration field into
different wavenumber components with the amplitude
showing the energy distribution in supersonic and subsonic
waves. Therefore, these features can be exploited here to
understand the sound radiation mechanisms of the ABH
structures.

Specifically, the velocity field v(x,y,f) in the spatial
domain can be transformed into wavenumber domain
through a two-dimensional Fourier transform as

Viky ky,f) = JJv(x,y,f)e’jk"'“e’jk’ydxdy, )

with &, and k, being the wavenumbers in the x and y direc-
tions, respectively.

c (dB)

2000 3000 4000

SHz)

0 1000

5000

lll. RESULTS AND DISCUSSIONS
A. Acoustic radiation performance

Numerical simulations first demonstrate the superior
sound radiation properties of the proposed plate in terms of
sound radiation efficiency, o, (64py for ABH panel and g,
for uniform panel) in a baffled infinite free space for two dif-
ferent boundary conditions, as shown in Fig. 2. Results from
a uniform plate of the same thickness and dimension are
also included for comparisons. For the free plates, Fig. 2(a)
shows that ABH plate exhibits a generally lower ¢ than its
uniform counterpart, except at the very low frequency range
and inside the marked shadow area where both panels show
very similar ¢. More specifically, g4z is systemically lower
than g, before 1100Hz with a maximum reduction up to
nearly 20dB. Then, o4py experiences a sudden increase to
approach the same level as the uniform plate, roughly from
nearly 1100 to 2400 Hz, which corresponds exactly to the
BG obtained from the analysis on the corresponding infinite
periodic ABH plate (marked by gray area). Note the broad-
band BG is obtained by examining the band structures of a
unit cell under Floquet-Bloch periodic boundary conditions
and by using a parametric sweep of the reduced wave vector
km/a over the first irreducible Brilliouin zone, details of
which can be found in our pervious paper.33 Above the BG,
while ¢, shows an upward trend when approaching and
exceeding the critical frequency of the panel (2430 Hz in the
present case), g4y on the contrary reduces in the same
region. As a result, g4 1s again significantly reduced com-
pared with the uniform one, resulting in an overall reduction
of around 10dB. The same analysis is repeated for the
clamped boundary condition, as shown in Fig. 2(b). Albeit
some differences in levels, the general variation trends of ¢
in relation to the two types of panels, is very similar to the
previous free-boundary case. In addition, an obvious reduc-
tion in o4py inside the BG is also observed. Despite the sud-
den rise within the BG, g4py is generally lower than o,
above 190Hz. Since the radiation efficiency measures the
sound radiation capability of a structure in radiating sound

Clamped

—— Uniform
---- ABH

-40 §

0 1000 2000 3000 4000 5000
Jf(Hz)

FIG. 2. (Color online) Sound radiation efficiencies of the periodic ABH plates compared with their uniform counterparts under free (a) or clamped (b)

boundary conditions.
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FIG. 3. (Color online) Radiation sound power comparison between the periodic ABH plate and the counterpart uniform plate under free (a) or clamped (b)

boundary conditions.

into the far field for the same given amount of vibration
energy, the above observation demonstrates the superior
sound radiation properties of the proposed ABH panels. The
observed systematic and broadband reduction in the sound
radiation efficiency of the proposed periodic ABH plate
indicates that its acoustic radiation ability is remarkably
weakened compared with its uniform counterpart, and this
phenomenon starts from low frequencies which are far
below the cut-on/characteristic frequency of a single ABH
cell. Moreover, the ABH plates also stand out by their light
weight: 31% the mass and 54% the stiffness of the uniform
plate in the present case. Note the so-called stiffness refers
to the equivalent overall bending stiffness, which can be
obtained by integrating the sectional bending stiffness EI
over the whole plate, with / being the inertia moment. This
indeed evidences the light-weight feature of the design and,
albeit reduced, can still offer acceptable structural stiffness,
which can hardly be achieved by conventional ABH design.

Figure 3 further compares the radiated sound power
from the ABH plate and the uniform plate under a unit har-
monic force excitation at the arrow position shown in Fig.
1(a) for the same two sets of boundary conditions examined
above. Interesting is that different from radiation efficiency,
the radiation sound power of the ABH plate is significantly
reduced compared with the uniform plate within the BG for
both cases, with the maximum reduction reaching up to more
than 30 dB. Note the BG is far below the cut-on/characteristic
frequency of a single ABH cell, i.e., 7564 Hz. Therefore,
with only one third of the mass and in the absence of damp-
ing layers, systematic and significant reduction in the radiated
sound power can be achieved at relatively low frequencies
far below the characteristic frequency of a single ABH cell
through achieving broadband sub-wavelength BGs.
However, outside the BG, although ¢ is systematically
reduced, the radiation sound power of the ABH plate is com-
parable with or even larger than that of the uniform plate, due
to the assumption of the constant input force.

To further verify the above, a comparison is made based
on constant input power instead of constant input force.

3536  J. Acoust. Soc. Am. 150 (5), November 2021

Note in practice, the real input force depends on the interac-
tion between the driving element and the receiving structure.
As a result, due to the differences in the reacceptance of the
two plates, energy input into the two plates can be very dif-
ferent. Therefore, the above comparison is re-examined by
normalizing the radiated sound power to the input power,
Re{Fv*} for each plate. Results are shown in Fig. 4, which
demonstrates that the normalized radiated power of the
ABH plate is systematically lower than that of the uniform
plate over almost the entire frequency range, again for both
types of boundaries. The reduction inside the BG is particu-
larly remarkable, amounting to 40 dB. This further confirms
the superior ability of the proposed periodic ABH plate in
reducing acoustic radiation over broadband, including low
frequencies far below the cut-on/characteristic frequency of
a single ABH element.

B. Underlying mechanisms

To reveal the mechanisms underpinning the observed
low sound radiation properties of the periodic ABH plates,
analyses are conducted using wavenumber analyses and
supersonic intensity with comparisons with the correspond-
ing uniform plates at selected representative frequencies,
i.e., outside and inside the BG, respectively. Without loss of
generality, plates with free boundary under a unit force exci-
tation are used in analyses.

1. ABH effects outside BG

Outside the BG, exemplified by 950 Hz, the transverse
velocity distribution over the plates (both uniform and
ABH) are compared in Figs. 5(a) and 5(b). It follows that
the vibration energy is spread out over the ABH plate with a
level, which is typically four orders of magnitude higher
than that of the uniform plate. The significant increase in the
vibration level on the ABH plate can be attributed to the
reduction in mass by 70.9% and in bending stiffness by
46%, as compared with its uniform counterpart. Despite the
high vibration level, its sound radiation efficiency, oapy, is

Tang et al.
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FIG. 4. (Color online) Comparison of radiated sound power per unit input power between the periodic ABH plates and uniform plates under free (a) or

clamped (b) boundary conditions.

reduced oppositely as shown in Fig. 2. To reveal the under-
lying mechanisms, corresponding wavenumber spectra of
the square of the wavenumber transform of the velocity are
displayed in Figs. 5(c) and 5(d), with amplitudes presenting
the energy distribution in the wavenumber domain. A radia-
tion circle is also included as reference, along which the
acoustic wavenumber equals to the structural wavenumber,
ie., K2+ k2 =k2 = (2nf/co)” with k. being the acoustic
wavenumber. Within this circle, structural wave components
are supersonic, which efficiently radiate sound into the far
field. Outside the circle, energy components are subsonic
with much reduced sound radiation ability to the far field.
Figure 5(c) shows that the uniform plate mainly contains
subsonic vibration energy components around and outside

Uniform

2

dB ref 1 (m/s)

00
-200  -100 0

the radiation circle. This is because 950 Hz is below the crit-
ical frequency of 2430 Hz. Nevertheless, the sound radiation
efficiency is still relatively high albeit less than 1 [shown in
Fig. 2(a)], as compared to the ABH plate. In fact, as shown
in Fig. 5(d), high energy components of the ABH plate are
spread out to higher wavenumber domain outside the radia-
tion circle. As a result, the energy from supersonic compo-
nents inside and around the radiation circle is much lower
than that of the uniform plate, as shown in Figs. 5(c) and
5(d), also confirmed by Fig. 2(a). The observed super-to-
subsonic wavenumber transformation is due to the ABH-
induced wave phase velocity reduction.

Interesting is that the effective ABH frequency is far
below the cut-on/characteristic frequency of an ABH

dBref 1 (m/s)’

1
[}
o]

X

FIG. 5. (Color online) (a), (b) Velocity distribution, and (c), (d) wavenumber spectra comparison between the uniform plate and ABH plate at f = 950 Hz

below the BG, with solid line denoting the radiation circle.
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element. As further evidence of the early onset of the
ABH effects, the modal loss factors of the plates are shown
in Fig. 6, after the whole outside surfaces are covered by
damping layers with a thickness #; = 0.3 mm. The damping
layers are made of 3M™ VHB™ F9473PC with a mass
density of 980kg/m>, Young’s Modulus of 30 MPa, Poisson
ratio of 0.499, and damping loss factor of 0.9. As can be
seen, with the deployment of the damping layers, the modal
loss factors of the ABH plate significantly increase even for
the lower-order modes, in drastic contrast to the quasi-
invisible increase in the uniform plate. This is due to the
ABH-induced energy concentration and the subsequent
effective dissipation, as evidenced by the typical local ABH
mode shape shown in Fig. 6. This systematic increase in the
modal loss factors, starting from lower-order modes, is
totally different from the previous research based on con-
ventional ABH designs.” '

It is obvious that the ABH plate and the uniform plate
used above have different overall mass and stiffness. As an
attempt to eliminate these effects for a fair comparison, a
uniform plate with the same equivalent stiffness and mass as
the ABH plate is examined, whose loss factors are also
included for comparison (shown by blue triangles) in Fig. 6.
Clearly the corresponding modal loss factors are also much
less than that of the ABH plate in the entire frequency range.
This suggests that the aforementioned damping enhance-
ment is indeed due to the onset of the ABH effect, rather
than the reduced structural stiffness and mass.
Corresponding wavenumber transformation from supersonic
to subsonic at low frequencies in the presence of damping
materials (not included here) also confirms this. To further
demonstrate the earlier cut-on of the ABH effects, Fig. 7
shows a comparison in terms of ¢ between the ABH plate
and the uniform plate with equivalent stiffness and mass.
The equivalent uniform plate resembles the original uniform
plate in that its ¢ is also systematically higher than that of
the ABH plate, including the low frequencies. This echoes
the above observation that the sound radiation efficiency
reduction at low frequencies results from the earlier cut-on
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FIG. 6. (Color online) Structural modal loss factors with damping layers
applied.
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FIG. 7. (Color online) Sound radiation efficiency comparison between the
ABH plate and the uniform plate with equivalent stiffness and mass.

of ABH effect instead of the effect from reduced mass and
stiffness. In fact, the tangled nature of the ABH elements
arising from the special design significantly extends the
actual characteristic dimension of the ABH. As a result, the
ABH is effective at lower frequencies and therefore reduces
the sound radiation efficiency by creating slow waves inside
the structure, even at quite low frequencies.

The same analysis is conducted for frequencies above
the BG, exemplified by 4190 Hz. The wavenumber spectra
are shown in Fig. 8, again for the two plates. Since the fre-
quency is now above the critical frequency, most vibration
components of the uniform plate are supersonic and located
inside the radiation circle [shown in Fig. 8(a)], radiating far
field sound power effectively with a ¢ approaching one. In
contrast, Fig. 8(b) shows that ABH plate contains much
reduced supersonic energy components inside the radiation
circle. In fact, the contrast between the reduced energy level
inside the radiation circle and the increase outside testifies
the typical structural wave speed transformation process,
from supersonic to subsonic, typical of ABH effects.

2. Effects of the bandgap

Within BG, the velocity distribution and the corre-
sponding wavenumber spectra at the representative fre-
quency 1880Hz are presented in Fig. 9. For the uniform
plate, the vibration velocity is rather evenly distributed over
the entire plate. However, for the ABH plate, the vibration
is only confined to the excitation area with an amplitude
level typically four orders of magnitude lower than the uni-
form plate. The vibration is significantly attenuated when
passing through the ABH cells near the excitation because
of the BG properties in stopping wave propagation, and can
hardly be observed in the rest part of the plate, as shown in
Fig. 9(b). This rather singular spatial distribution of the
vibration energy over the ABH plate results in a spreading
out of the wave numbers, as evidenced by Fig. 9(d), which
is quite different from Fig. 9(c) for the uniform plate. It can
be seen that, outside the BG, though with a much reduced
amplitude, energetic energy components of the ABH plate
are inside and around the radiation circle, similar to the
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FIG. 8. (Color online) Wavenumber spectra of (a) the uniform plate and (b) the ABH plate at representative frequency f = 4190 Hz above the BG, with solid

line denoting radiation circle.

uniform plate. This can be understood from two aspects. On
one hand, as observed in Fig. 9(b), the BG leads to a redistri-
bution of the vibration energy and its concentration within
the excitation area. In the process, the prohibited wave prop-
agation to other ABH cells weakens the wave speed reduc-
tion effects of the ABH. On the other hand, the vibration
distribution over the plate at the frequencies inside the BG
becomes more singular, close to a Dirac function in the
extreme case. Therefore, the spatial Fourier transform
becomes more broadband in terms of wave numbers, con-
taining more supersonic components. As a result, the sound
radiation efficiency is almost at the same level as the uni-
form plate despite its reduced vibration level, consistent
with results shown in Fig. 2(a).

Despite a very similar ¢ level, the radiated sound power
from the ABH plate is much less than that from the uniform
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plate, as observed before. This obviously cannot be
explained from the angle of structural wave speed reduction
as discussed before. To better understand this, the corre-
sponding supersonic intensity maps for the two plates are
presented in Fig. 10. It can be seen that the maps are consis-
tent with the vibration velocity distribution for each plate.
More specifically, while the sound energy is effectively
emanated from multiple energetic areas over the uniform
plate, in the ABH plate, however, the supersonic intensity is
basically confined to the limited excitation area, same as the
vibration velocity. With significantly reduced vibration
level, averaged over the plate, the magnitude of supersonic
intensity is also considerably decreased, so is the radiation
sound power.

To demonstrate that the aforementioned features indeed
originate from the intrinsic properties of the ABH due to the
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FIG. 9. (Color online) (a), (b) Velocity response and (c), (d) wavenumber spectra comparison between the uniform plate and ABH plate at representative fre-

quency f = 1880 Hz within the BG.

J. Acoust. Soc. Am. 150 (5), November 2021

Tang etal. 3539


https://doi.org/10.1121/10.0007067

(a) Uniform (Wim?)
3.0E-02

S
o

_ 2.1E-02
(=)

ES o

~
s 1.0E-02
- -1.0E-05

0 100 200 300 400
x (mm)

(W/m?)

H
3.0E-02
2.1E-02
I 1.0E-02
-1.0E-05
400

(b)

300

y (mm)

(=3
(=3
N
(=3
(=
—
(=]

AB
0 100 200 300
x (mm)

FIG. 10. (Color online) Supersonic intensity of (a) the uniform plate and (b) the ABH plate at representative frequency f = 1880 Hz.

power-lawed thickness variation, an extreme case with an
infinitely large m is considered. The case degenerates from
the nominal ABH case, leading to a structure with a cylin-
drical cavity between the double walls. It is observed that,
although BGs can still be achieved at low frequencies, the
total bandwidth is much narrower compared with the present
ABH case with m = 4. This is because an ABH with an infi-
nite taper power index would break the smoothness criteria,
and generate adverse wave reflections at the connection
between the uniform and the thinned parts. This jeopardizes
the creation of the slow waves, thus adversely impacting on
the generation of BGs induced by the combined effect of
local resonances and Bragg scattering. Meanwhile, the
bandwidth and the radiated sound power reduction are also
significantly reduced. This confirms the key role that ABH
effect plays in the designed structure which leads to the
observed sound radiation reduction.

To sum up, the superior sound radiation properties
brought by the designed periodic ABH plate can be attrib-
uted to two factors. The ABH-induced wave speed reduction
explains the systematic reduction in sound radiation effi-
ciency outside the BG, through transforming supersonic
waves to subsonic ones. This takes place at low frequencies
far below the cut-on/characteristic frequency of an ABH ele-
ment. This is attributed to the tangled nature of the ABH
elements arising from the design, which extends the effec-
tive characteristic dimension of the ABH to lower the ABH
effective frequency. Within the BG, however, the reduced
sound radiation is the result of BG-induced vibration energy
redistribution over the plate and its confinement to the exci-
tation area. This prohibits the energy from spreading out
over the plate. Though a reduction in the sound radiation
efficiency is not guaranteed with the BG (as in the case of a
free plate), the overall weak vibration level averaged over
the plate still warrants a reduced sound radiation.

The above mechanisms can be further confirmed by
comparing the radiated sound power (with constant energy
input) when damping layers are applied, as shown in Fig. 11.
For the uniform plate, the reduction in the normalized radia-
tion sound power is insignificant since the energy dissipation
by thin damping layers is limited. In sharp contrast, a system-
atic and significant reduction can be observed in nearly the
entire frequency range outside the BG, which demonstrates
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the earlier cut-on of ABH effect and the resultant accumu-
lated energy for efficient dissipation by damping layers.
Inside the BG, damping layers show little effect on the sound
radiation reduction because of the vibration concentration
within the small energy input area. Overall, the proposed
periodic ABH plate shows prominent ability in reducing radi-
ation sound power within ultra-broad frequency bands, espe-
cially with the help of a suitable damping treatment.

IV. EXPERIMENTAL VALIDATION

For validations, experiments were carried out on a peri-
odic ABH plate with 6 x 4 cells in a semi-anechoic chamber.
The cut-off frequency of the chamber is roughly 80 Hz. The
plate was three-dimensionally (3D) printed using aluminum
powder with a mass density of 2550 kg/m3, Yong’s modulus
of 70 GPa, Poisson’s ratio of 0.3, and a damping loss factor
of 0.001. The structural parameters of the plate were set as a
=80mm, A = 7.2mm, hy = 0.6 mm, m = 3, r = 15mm, and
Iapr = 50mm. The experimental system is shown in Fig. 12.
Through four elastic strings, the tested plate was horizontally
suspended at the center of a thick wooden baffle of
2200 mm x 2200 mm x 20 mm, as shown in Fig. 12(a). Four
wooden panels with 2200 mm x 600 mm x 20 mm were used
to support the wooden baffle at the four edges to further
reduce the sound diffraction. Gaps between the tested plate

180

90 E | W —— Uniform - - -- Uniform+dampig
Vo ——ABH ---- ABH+damping
0 1000 2000 3000 4000 5000
Hz)

FIG. 11. (Color online) Effect of damping layers on radiated sound power
per unit input power.
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FIG. 12. (Color online) Experimental setup for radiation sound power test: (a) schematic of the test sample and installation in a semi-anechoic chamber; (b)

measurement system.

and the wooden baffle are around 1.5 mm, which along with
four elastic strings help achieve the free boundary conditions.
As shown in Fig. 12(b), A Bruel & Kjaer Pulse system was
used for signal generation and data acquisition. The gener-
ated sweep sine from O to 5kHz drove an electromagnetic
shaker (MB Dynamics MODALS0) after being magnified by
a power amplifier, and then applied at the point A on the
plate, as shown in Fig. 12(a). To minimize the background
noise, the shaker was sealed inside a thick-walled box filled
with sound-absorbing cotton. The excitation force was mea-
sured by a force transducer (PCB PIEZOTRONICS 208C02).
The vibration acceleration was picked by an accelerometer
(Briel & Kjaer 4533b) at the point B. The radiation sound
power was obtained through sound pressure measurement
according to the international standard ISO 3744.°® Twenty
microphones were located over a hemisphere with a radius R
of 1100mm to measure the sound pressure level L,; (i = 1,
2,...20). All measured data were fed back to the Pulse system
for fast Fourier transform (FFT) post-processing. The radiation
sound power was obtained by L, = L, + 101g(S/So) w1th
S = 27R? being the area of hemlspherlcal surface, Sy = 1 m?,
and L, being the surface time-averaged sound pressure level

, can be obtained by L, = 10log 10(1/N -N 10%14) — K,
Where K, is the background noise correction, which is zero,
and N is 20, respectively, in the present case.

~~
)
g

()00

The experimental results are presented and compared
with numerical ones in Fig. 13. The measured cross-point
mobility agrees reasonably well with that from numerical sim-
ulations, in terms of both peak locations and amplitude levels,
especially at low frequencies. The difference at higher fre-
quencies may be due to the local machining error of the ABH
plate and the torsional modes which are ignored in the simula-
tion. Particularly, a broad vibration attenuation band (corre-
sponding to a strong vibration energy reduction) can be clearly
seen, roughly from 2000 to 3800 Hz, showing again a consis-
tency between experimental and numerical results. Within this
attenuation band, the measured radiation sound power is also
significantly reduced, also consistent with the numerical pre-
diction. Below the attenuation band, the measured radiation
sound power agrees roughly with the calculation in terms of
variation tendency, although some additional peaks and differ-
ences in level are clearly observable from 800to 2000 Hz.
Nevertheless, the experiments agree reasonably well with the
numerical results and thus validate the above calculation
results as well as the revealed predominant sound radiation
properties brought by the proposed periodic ABH plate.

V. CONCLUSIONS

As an attempt to conceive light-weight structures for
better and broadband acoustic performance, this paper
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FIG. 13. (Color online) Comparisons of (a) cross-point mobility and (b) radiated sound power between the experimental and numerical results.
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investigated the sound radiation properties of a tactically
designed plate comprising periodically tangled double-leaf
ABH cells. Through proper combination of the ABH effects
and sub-wavelength BG features, the plate is shown to
exhibit superior sound radiation properties in an ultra-broad
frequency range, far below the cut-on frequency of the con-
ventional ABH elements.

Analyses show that, outside the BGs, the sound radia-
tion efficiency of the proposed plate is systematically lower
than that of its uniform counterpart, which results from the
tangled nature of the ABH elements to extend the actual
characteristic dimension of the ABH and to lower the ABH
effective frequency through creating slow waves inside the
structure. The earlier onset of the ABH effects is evidenced
by a systematic increase in the modal loss factors of the
structure starting from low frequencies and a reduction of
the sound radiation efficiency through super-to-subsonic
transformation of the vibration energy, in contrast to the uni-
form plate with equivalent stiffness and mass. Benefiting
from the low radiation efficiency, the radiated sound power
under the same energy input is also systematically and sig-
nificantly reduced over a broad frequency range. Inside the
BGs, the vibration energy is redistributed and mainly con-
fined within the limited excitation area. This results in a
reduction in the overall vibration energy level over the plate.
Consequently, even in the absence of systematic sound radi-
ation efficiency reduction, the radiated sound power can still
be significantly lower than that from the uniform plate, even
without damping layers.

Some of the above phenomena are confirmed by experi-
ments. Clearly, BGs can be tuned by changing ABH param-
eters to cope with targeted frequency ranges for noise
reduction. Moreover, the proposed ABH design ensures the
light-weight nature of the structure by tangled holes and
improved stiffness by double branched facing, as compared
with conventional ABH structures. Capitalizing on the com-
bined ABH effects and BG features alongside its improved
mechanical properties in structural weight and stiffness
compared with conventional ABH design, the proposed
ABH plate shows promise as a light-weight solution for
broadband noise reduction.
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