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ABSTRACT

Acoustic Black Holes (ABHs) are tapered features that
can either be surface mounted or embedded into structures
to provide effective broadband structural damping. Gen-
erally, structures with embedded ABHs require material to
be removed from the structure to create the required geo-
metric features. However, for thin plates, it is not straight-
forward to embed ABHs, since the removal of the mate-
rial in this case will significantly impact the strength of
the structure. Therefore, this paper presents an numeri-
cal model based investigation into how surface mounted
ABHs can be used to control the vibration of a thin beam
over a broad frequency range. The numerical investiga-
tion compares the performance of the proposed surface
mounted ABHs with a beam treated using conventional
passive measures via evaluation of the total kinetic energy
of the primary structure. The results presented in this pa-
per show that the surface mounted ABHs achieve greater
total kinetic energy attenuation compared to the conven-
tionally treated beam over the presented bandwidth due
to the ABH effect. The proposed surface mounted ABHs
could be used as an effective broadband vibration control
solution for thin structures, where it is not straightforward
to design effective embedded ABHs.
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1. INTRODUCTION

ABHs have the ability to provide effective broadband
structural damping for beams and plates via tapered ge-
ometrical features, where the thickness of the structure
is smoothly decreased. For one-dimensional beams, the
flexural wave speed is related to the thickness profile of
the ABH taper, such that the phase velocity gradually re-
duces as the wave propagates along the taper, which leads
to low reflection from the tip. In practice, the taper re-
quires a small amount of damping material to achieve
good passive performance and it has been shown that the
location of the damping material can be optimised to min-
imise the vibration [1-3] or radiated sound [4, 5]. For
plates, the thickness profile of the ABH can smoothly
vary in the radial direction to create a type of lens, which
focuses the flexural wave energy to the thinnest part of
the ABH. Similarly to the beam case, a small amount of
damping material can also be applied to the ABH to dis-
sipate the flexural wave energy. ABHs in this case have
been realised through surface-mounted vibration dampers
[6,7] or embedded tapered features [8—13], where mate-
rial is typically removed from the host structure to create
the desired taper. It has been shown that the ABH effect
can be used in a wide range of applications, for example,
vibration and noise control and energy harvesting [14, 15].

Although embedded ABHs can achieve good damp-
ing performance, they require the removal of material
from the host structure, which can affect the stiffness and
strength of the host structure. In terms of thin plates, it
may not be straightforward to design an effective embed-
ded ABH without significantly reducing the structural in-
tegrity of the host structure. To address this limitation, this
paper presents a simulation-based investigation into how a
surface-mounted ABH can be used to control the vibration
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of a thin two-dimensional cantilever beam. Although pre-
vious surface-mounted ABHs have been proposed [6, 7],
these devices were still used to control vibration of thick
beams and plates. The proposed surface-mounted ABH
aims to control the vibration of the thin beam over a large
bandwidth, whilst the mass of the addon device is signifi-
cantly lower than the mass of the host structure.

This paper is structured as follows: Section 2 de-
scribes the proposed surface-mounted ABH and the three
different beam configurations used to assess the perfor-
mance of the proposed surface-mounted ABH. Section 3
presents the results of the numerical simulations and Sec-
tion 4 presents the conclusions.

2. THE SURFACE-MOUNTED ABH AND BEAM
CONFIGURATIONS

This section describes the proposed surface-mounted
ABH and the three different beam configurations used to
assess the performance of the proposed ABH: a cantilever
beam with no passive treatment, the cantilever beam with
the proposed surface-mounted ABH and the cantilever
beam with an equivalent damped mass attached.

The surface-mounted ABH used in this paper is
shown in Figure 1. This addon device consists of a pri-
mary taper, which is defined by a power-law height profile
and it can be calculated as

w
hr) =s( ) o )

Tinner

where € = humin — hepn 1S a scaling factor, hp,, =
habh — ho 1s the minimum height of the ABH, hy is the dif-
ference between the overall height of the ABH and min-
imum height, p is the power law used to define the gra-
dient of the taper and 7., 1S the radius of the ABH.
A thin layer of damping material is applied to the mini-
mum height region of the ABH as shown in Figure 1. The
geometric parameters of the ABH shown in Figure 1 are
presented in Table 1. These geometric parameters were
selected to be consistent with existing embedded ABHs,
for example [13]. The geometric parameters presented in
Table 1 are not the optimal set of geometric parameters for
the proposed ABH, however, they can provide an initial
case to assess the performance of the proposed ABH. To
evaluate the performance of the proposed ABH, this pa-
per compares kinetic energy for the three different beam
configurations stated earlier in this section and the kinetic
energy has been calculated via numerical simulations.
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Figure 1. The proposed surface-mounted ABH.

The numerical models of the three different beam
configurations have been developed in COMSOL
MultiPhysics® using a 2D solid mechanics model in
the frequency domain and these numerical models are
shown in Figure 2. The ABH shown in Figure 1 and the
beam shown in Figure 2 were assumed to be constructed
from aluminium and the inherent damping within this
material was included via an isotropic loss factor of
Nveamm = 0.0001, which is consistent with previous litera-
ture [12, 16, 17]. The damping layer within the minimum
thickness region of the ABH has been modelled using
an isotropic loss factor of napy = 0.2 and an evenly
distributed mass of 9.4g has been applied to this region
of the ABH to represent the mass of the damping. This
method for modelling the damping layer is consistent
with previous literature and it has been shown to provide
a good approximation of the behaviour of the damping
layer. The dimensions of the beam and damped mass
shown in Figure 2 are also presented in Table 1.

Table 1. The geometrical parameters used to design
the proposed surface-mounted ABH.

Parameter Symbol | Value
Inner Taper Radius Tinner 70 mm
Minimum height of the ABH | hpin 0.5 mm
Overall height of the ABH habh 1.5 mm
Attachment Point radius Touter 5 mm
Inner Taper Power Law n 4
Beam width w 0.2m
Beam length l 0.5m
Beam height h 1 mm
Radius of the damped mass Tmass 75mm
Damped mass height Rimass 1.5mm

In order to compare the performance of the damped
mass and ABH, both of these devices need to have the
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723, 1078 and 1115 respectively. Using the three numer-
ical models described in this section, the kinetic energy
for each configuration has been calculated directly from
each numerical model over the frequency range 10 Hz to
10 kHz, in steps of 2 Hz, and these results are presented
in the next section.
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Figure 2. The three different numerical models used
to evalulate the performance of the proposed surface-
mounted ABH: a cantilever beam (a), a cantilever
beam with a surface-mounted ABH attached at the
centre (b) and a cantilever beam with a damped mass
attached at the centre.

same area of damping. This has been achieved by scaling
the isotropic loss factor of the damped mass by the ratio
between the damped ABH region, A 4 57, and the damped
mass, A,,qss areas, which can be calculated as

_ AaBH
Nmass NABH A .

@
mass

Using Eq. 2, the isotropic loss factor for the damped mass
in this case iS 455 = 0.033.

In each beam configuration, the initial conditions have
been set to stationary and a fixed boundary condition has
been applied to one end of the beam and a vertical point
excitation force has been applied on the opposite end as
shown in Figure 2. To ensure that each numerical model
has sufficient accuracy, a mesh convergence study has
been conducted at the upper frequency limit for each con-
figuration. When fully converged, the number of elements
for the beam, proposed ABH and damped mass models are
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Figure 3. The frequency response of the kinetic en-
ergy for the three beam configurations: an untreated
cantilever beam (black line), a cantilever beam with
a damped mass attached (red line) and a cantilever
beam with the proposed ABH attached (blue line).

3. RESULTS

The kinetic energy has been calculated directly from the
three beam numerical models described in Section 2 over
the frequency range of interest and these results are pre-
sented in Figure 3. The black, red and blue lines in Fig-
ure 3 show the frequency response of the untreated can-
tilever beam, the beam with the damped mass attached and
the beam with the proposed ABH attached respectively.
From Figure 3, it can be seen that the untreated cantilever
beam and damped mass cases have clear resonant peaks in
the kinetic energy response, however, the resonant peaks
in the damped mass treated case are lower in magnitude
compared to the untreated case and the additional mass
and stiffness of the damped mass on the system has shifted
the location of the resonant peaks. In the case of the
surface-mounted ABH, Figure 3 shows that the addon de-
vice achieves a higher level of attenuation in the resonant
peaks compared to the damped mass case at the majority
of the resonances above 500 Hz. Since the damped mass
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and proposed ABH both have the same dimensions, mate-
rial and area of damping, this suggests that the higher level
of broadband damping achieved by the proposed ABH is
due to the ABH effect, although it could also be related
to the differences in the contact regions of the two devices
and the resulting coupling to the beam. Below 500 Hz, the
proposed ABH achieves a similar level of attenuation to
the damped mass case because the ABH does not absorb
the incident waves, since the incident wavelength is much
larger than the ABH taper length at these frequencies and
this frequency is defined as the cut-on frequency of the
ABH. It can be seen in Figure 3 that the proposed ABH
achieves a similar level of attenuation to the damped mass
at three resonant peaks above the cut-on frequency of the
ABH because this ABH does not have sufficient coupling
to the beam and, therefore, the incident waves at these fre-
quencies do not enter the ABH. There are two main rea-
sons for the decoupling between the beam and the ABH
at these frequencies: the positioning of the ABH on the
beam and the mode shapes of both the ABH and the beam.
Despite the decoupling between beam and plate at certain
frequencies, the results presented in Figure 3 show that
the proposed ABH achieves significant effective damping
over the presented bandwidth. The broadband average ki-
netic energy attenuation has also been calculated for both
the surface-mounted ABH and damped mass configura-
tions, where the surface-mounted ABH and damped mass
configurations achieve 3 dB and 1 dB respectively. The
broadband average kinetic energy attenuation and the re-
sults presented in Figure 3 show that the proposed surface-
mounted ABH provides more effective broadband damp-
ing compared to the damped mass configuration.

4. CONCLUSIONS

ABHs are structural features that can achieve broadband
effective damping in beams and plates. These structural
features are typically combined with the host structure by
either surface-mounting or through embedding into the
host structure. Although surface-mounted ABHs have
been previously proposed [6, 7], these devices were still
implemented on thick beams and plates.

This paper presents a simulation-based investigation
into how a surface-mounted ABH can be used to con-
trol the vibration of a thin cantilever beam. The perfor-
mance of the ABH has been assessed by comparing the
frequency response of the kinetic energy for three beam
configurations: an untreated cantilever beam, a beam with
an equivalent damped mass attached and a beam with the
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proposed ABH attached. Although the geometric param-
eters of the ABH have not been optimised, the simula-
tion results presented in this paper have shown that the
surface-mounted ABH achieves significantly more damp-
ing compared to the equivalent damped mass case over the
cut-on frequency of the ABH. The advantage of the pro-
posed surface-mounted ABH is that this device could be
retrofitted to existing thin structures, which enables ABHs
to be used in a wider range of applications.
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