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Abstract

The bandgap phenomenon, i.e., the existence of frequency ranges for which waves cannot propagate, is
exploited for their potential use in acoustic mechanical devices such as hearing aids. In this respect, we study the
potential for using a bandgap microstructure for reducing the interaction and resulting vibration problems in
coupled acoustic mechanical micro systems. Finite element analysis with acoustic structure interaction (ASlI) is
used to study the dynamic and acoustic response of representative non planar plate unit cell and the Bloch-
Floquet theory is used to apply the results to an infinite material. We conduct several numerical experiments to
gain physical insight into how coupled bandgaps in the acoustic and mechanical domains can be created and
located at desired frequency ranges and with specific geometrical dimensions. In addition, the bandgap properties
are analyzed in view of the possibility for the control of mechanical waves in the presence of strong ASI. The
coupled bandgap phenomenon is investigated based on the result of a vibro-acoustic analysis for an acoustic
cavity with a corresponding periodic structure made from the non-planar unit cell. Particular attention is given to
the effect on both vibrational/acoustic properties of the finite structure.
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1.  Introduction

The design trend in developing Acoustic-
Mechanical Devices (AMD) such as hearing aids,
headset, mobile phones, and wearable devices is to
obtain the smallest possible size for comfortable wear
and stylish appearance. Thus, this has led to
progressive miniaturization of AMD, so that AMD
become smaller and extremely lightweight. But
designing such hi-tech devices can be a challenge
because it may create new problems. That is, this
miniaturization leads to decrease space inside the
AMD and causes a shorter distance between
vibration/sound components and the shell or other
device parts. As a result, a stronger vibro-acoustic
transmission may generate unwanted vibration and
sound radiation. For example, for the BTE (Behind-
The-Ear, See Figure. 1) hearing aid, a shorter
distance between the receiver (i.e. loudspeaker) and
microphones causes an undesired strong feedback
loop — where parts of the receiver signal to be
transmitted to the ear canal is accidentally picked up
by the microphone - producing uncomfortable
squealing that limits the maximum sound
amplification [1].  This feedback problem often
constitutes the limiting factor in hearing aid design but
the complex nature of the problem makes a general
technological solution difficult. In this respect, it is
seriously requested to develop new technological
platforms that can be used to effectively alleviate high
vibration levels and thereby feedback problems in
BTE hearing aids [2] specifically and AMD in general.

Bandgaps, i.e., frequency ranges in which waves
cannot propagate, can be found in materials for which
there is a certain periodic modulation of the material
properties or structure [5, 6]. This may lead to very
low vibration levels for structures/devices made from
bandgap material and exposed to excitation at

Proceedings of the 4M/IWMF2016 Conference

bandgap frequencies. Such a fascinating
phenomenon can be exploited effectively within
practical areas, such as vibration isolation and
waveguides [7, 8]. Therefore, in direct connection to
finding efficient solutions to the vibration problems in
AMD (specifically, the feedback problem in BTE
hearing aids), it has a potential to be utilized as a
novel building block to reduce undesirable
vibration/sound radiation.

Fig. 1 Simplified BET hearing aid CAD model [2]

In the author’s previous study [3], the bandgap for
bending waves in a thin planar square bi-material unit
cell was analyzed in view of a possibility for the heavy
acoustic loading to occur. We investigated specifically
the waves and vibration in the frequency range
corresponding to the identified bandgap range when
the acoustic-mechanical coupling exists. In this
respect, a vibro-acoustic analysis of a finite structure
created from the bandgap unit cell with an acoustic
cavity on top was explored in forms of the vibro-
acoustic transmission. It was found that the footprint
of the bandgap frequency range is less identifiable
than what could be expected, because the response
is strongly polluted by acoustical modes in the closed
cavity. In addition, the bandgap frequency range was
not visible at all in terms of the acoustic pressure
amplitude. The previous result led us to discover that
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the utilization of bandgap structures to control the
waves and vibration in the presence of strong
acoustic-mechanical coupling may be potentially
useful but requires careful design considerations to
make the bandgap phenomenon significant and more
pronounced. Accordingly, this previous study inspires
us to investigate a different periodic configuration
involving non-planar plate structure which may
generate coupled bandgap frequency range where
there is a considerable overlap between acoustic and
vibrational properties.

It should be noted that the use of bandgap
structures in the practical design of AMD should
address to the limitations in physical space and the
audible frequency range. Therefore, it is challenging
to design a periodic structure that not only has
sufficiently small size to fit AMD, but also exhibits a
bandgap in the audible frequency range. In this study,
we will investigate a thin flexible plate structure for
which the wavelength in upper audible frequency
range may be sufficiently small. Thus a periodic
structure can be feasible.

2. Analysis of band structure
2.1. Dynamic properties of periodic structure.

In the case of a periodic structure the wave
solution to the full dynamic problem can be expanded
with the Bloch-wave theorem [4]

u(x, ) = i(x)e™ e (1)
where w is the wave frequency, k =(ky, k,, k,) is the
wave vector and i is a periodic mode on the unit cell
of the periodic structure. The Bloch-wave theorem
allows for solving the eigenvalue problem for only one
unit cell of the periodic structure. The wave vector k
must be varied within the irreducible Brillouin zone,
which is illustrated in Figure 2 for three-dimensional
periodic structure.

Air cavity | .CT
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Fig. 2. (Left) Unit cell of the periodic structure combined with
an acoustic cavity on top. The cell side is quadratic with side
length L. (Right) lllustration of the irreducible Brillouin zone
and wave vector direction.

We can solve eigenvalue problem along the
irreducible Brillouin zone which is the domain
bounded by the line O-A-B-O in Figure 2, and then
draw a band diagram to illustrate the dispersion
properties, where the eigenfrequencies are plotted
versus the wave vectors along with the boundary of
the irreducible Brillouin zone. In this paper, we will
plot and study the band diagram which reveals the
fundamental characteristics of wave propagation
through a periodic structure.

In order to investigate characteristics of coupled
bandgaps in acoustics and vibration, we create a
periodic vibro-acoustic structure which may generate
bandgaps in acoustic and structural waves (elastic
wave) simultaneously. In this respect, the vibro-
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acoustics unit cell model is applied with a non-planar
plate structure coupling to surrounding acoustic
medium in the form of one-sided loading. We can
tune the geometrical and material properties to match
the elastic wave bandgap frequency range to the
acoustic wave bandgap frequency range. This
empirical model is accomplished by parameters in
Table 1 and 2. The applied unit cell is presented in
Figure 2.

Numerical experiments for the vibro-acoustic unit
cell are presented to fully understand the potential for
utilizing bandgap structures to control the elastic and
acoustic waves. We employ finite element analysis
with an acoustic-structure interaction (ASI) model and
all analyses are carried out using the commercial
software package COMSOL Multi-physics.

Table 1
Geometrical information of the unit cell

Parameters[mm] L Li Wi H T t

Value 15 12 6.0 50 55 12

Table 2
Material parameters

Material E Poiid v c P
(Gpa)  (kgim*3) (mis)  (kgim"3)

Value  2.32 1050 0.34 343 1.25

3. Numerical experiments

In order to identify the presence of coinciding
bandgap frequency, in the following we will study the
bandgap phenomena in the three different periodic
structures based on the unit cell design seen in
Figure 2.

3.1. CASE 1; Structure part only (uncoupled)

First, we perform eigenvalue problems to plot the
band diagram for the pure elastic unit cell model
excluding interaction with a surrounding acoustic
medium, i.e., a uncoupled structural dynamic. In
Figure 3, we show the band diagram for the
uncoupled periodic structure. We obtain the elastic
wave (vibration) bandgap in the frequency range 11.9
~ 14.4 kHz as seen in Figure 3. Propagating modes
(indicated with solid lines with asterisk marks) do not
exist in this range for the particular configuration and
set of parameters values seen in Table 1 and 2. This
implies that no elastic waves in this range can
propagate through the structure regardless of the
direction of propagation.
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Fig. 3. Band diagram with the 6 first modes for the pure
elastic unit cell.



3.2. CASE 2; Acoustic part only (uncoupled)

Secondly, we perform an analysis of wave
propagation in acoustic domain of the unit cell as
seen in Figure 2. Thanks to the configuration of the
solid structure, we naturally obtain the corresponding
complex periodic acoustic domain. We also plot the
band diagram in the case of the acoustic domain only,
i.e., uncoupled acoustics. It is seen from the band
diagram that the acoustic wave bandgap is positioned
in the frequency range 11.2 ~ 14.1 kHz as seen in
Figure. 4. Thus, no acoustic waves can propagate
through the acoustic domain in this frequency.

Frequency [Khz]

o

Fig. 4. Band diagrams for pure acoustic waves for the
acoustic part of the unit cell. Circles and solid dashes
represent results for the case of T=5.5 mm and 7 mm,
respectively.

For a test case, the bandgap analysis with the
T=7mm is repeated to study the effect of the height of
the acoustic domain. The other parameters are
unchanged but the height is increased to T=7mm. In
comparison with the results for T=5.5mm, it is
observed that the bandgap width is smaller.
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Fig. 5. Comparison of the band diagram obtained from the
uncoupled acoustic and structure, respectively.

We note that the bandgap frequency range is
very close to the elastic wave bandgap. In order to
identify total bandgap ranges for acoustic waves and
vibrational waves, we overlap the band diagrams
obtained from the each uncoupled analysis. It is seen
that total bandgap is positioned in the frequency
range 11.9 ~ 14.1 kHz as seen in Figure. 5. The band
gap size is found as the difference between the
lowest point on the second acoustic band (w,) and
the highest point on the third structure band (w,).
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3.3. CASE 3; Acoustic-Structure Interaction model
(fully coupled).

The importance of the coupling on the unit cell
models should be investigated. Figure 6 shows the
band diagram in the case where coupling is included.
Contrary to the author’s previous work [3] that the
coupling had a strong influence on the bandgap
frequency range, the result indicates that the
presence of the acoustic medium is seen to have
minimum effect on the vibrational waves. It is noted
that when comparing with the uncoupled case, all the
computed bands from acoustic-structure interaction
analysis are almost identical with the pure acoustics
wave and the pure structural waves. Thus, as
expected in the total bandgap, the coupled bandgap
is kept almost unchanged.
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Fig. 6. Band diagrams for the acoustic-structure interaction
model. Comparing with the uncoupled structure and
acoustic case

3.4. Finite structure; ASI
Structure/Pure Acoustic model

model vs Pure

Investigation of finite structures will allow us to
relate the bandgap behaviour predicted on unit cell
models to the structural behaviour of the finite
structures build from the periodic structures. This will
be done for both the structural behaviour as for the
acoustical behaviour.

Measurement

Rigid wall

Load, F.=F =F,=1N

Ty

Fig. 7. A finite structure with 10 x 10 unit cells subjected to
harmonic load. Total length of the finite structure is 150 mm
x 150 mm.
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We create a finite vibro-acoustic structure
consisting of 10 x 10 unit cells using the unit cell in
Figure 1. Figure 7 displays the finite structure with
fixed and rigid wall boundary conditions on the plate
and the acoustic domain, respectively. The harmonic
point load is applied at the plate. Figure 8 shows the
forced vibro-acoustic response of the measurement
position. There is a correlation between the identified
bandgap range and a low vibration/acoustic response
in the measurement point. Since the presence of the
acoustic medium do not affect the vibrational waves,
we can see that the frequency response curve
obtained with the ASI model is very similar to the one
obtained with the pure structure model.

It should be noted that some resonance peaks
appear within the bandgap frequency range close to
the lower and the upper bandgap frequency limit. The
reason for that is that the boundary effects become
more dominant with fewer unit cells. If the structure is
consisting of many unit cells, the bandgap frequency
range is more pronounced and a much lower
response in most of the bandgap frequency range is
achieved. This now raises the question of how many
unit cells must be used in order for finite size effects
to be neglected from the boundaries. It is challenging
to design a periodic structure that has sufficiently
small size to fit AMD.
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Fig. 8. The vibrational response (upper) and the pressure
amplitude (lower) for the finite structure.

The results also indicate for the ASI model with T
= 7mm that some resonance peaks and high
vibration level are found within the identified bandgap
range. As discussed in the band diagram for the
model T =7 mm seen in Figure 4, the ASI model with
T =7mm allows acoustic waves to propagate for the
identified bandgap frequency range. As it turns out
the vibrational response within the bandgap
frequency range is strongly affected by the acoustic
waves. To verify this interpretation, we plot the
pressure amplitude above the measurement point. As
expected, the corresponding peaks are clearly
observed in the bandgap range. Thus it is clear that

the presence of acoustic modes in the closed cavity
have a great influence on the bandgap footprint
observed in a finite structure made from a coupled
bandgap structure in acoustics and vibration.

4. Conclusions

We studied the use of a bandgap microstructure
for reducing the interaction and resulting vibration
problems in coupled acoustic mechanical micro
systems, which potentially will be used as a novel
building block to resolve feedback problems in BTE
hearing aids. The study comprised analysis of the
band diagram for the uncoupled acoustic/structure
model and the acoustic-structure interaction model
and the vibro-acoustic analysis of a finite structure.
From the presented numerical experiments with a
non-planar plate unit cell with acoustic domain, it was
concluded that a total bandgap in terms of acoustic
and structural waves can be achieved. It was
however seen that the high vibration peaks appear in
the bandgap frequency range due to a clear presence
of resonances in the closed cavity configuration. This
requires careful design consideration to the natural
frequencies in the acoustic domain.

Further works will investigate the lack of perfect
periodicity in view of the potential of the use of
bandgap structures in AMD, especially BTE hearing
aids. Additionally, an experiment investigation of a 3D
printed finite structure will be explored to study the
total bandgap phenomenon in terms of acoustic and
structural waves in the audible frequency range.
Finally, applying advanced optimization techniques,
such as topology optimization will be considered. In
this connection, special attention will be paid on
adequate and cost effective manufacturing of the
optimized periodic structures. Additive manufacturing
will be a first candidate to verify the performance of
the optimized periodic structure. Next, we will pursue
injection moulding technique to employ the periodic
structure in all BTE hearing aid shells.
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