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Plate-type acoustic metamaterials (PAM) consist of a thin film with multiple peri-
odically attached masses. Although these metamaterials can be very lightweight and
thin, the resulting sound transmission loss at low frequencies can be much larger than
the corresponding mass-law. This is a result of anti-resonances at which the sound
transmission through the PAM is strongly reduced. One general challenge, however,
is that the anti-resonances are only very narrowband. This makes the application
of PAM to noise control problems with broadband noise sources or changing tonal
sources difficult. In this contribution different design strategies to improve the band-
width of PAM for low-frequency noise control applications (multiple masses per unit
cell or stacking multiple PAM layers) are evaluated using optimizations. An efficient
modal based model is employed to represent the PAM using their eigenfrequencies
and modal masses. The model is validated using simulations and experimental mea-
surements. The optimization results show that it is possible to significantly improve
the bandwidth of PAM wsing the investigated design strategies. In fact, it is shown
that the same bandwidths can be achieved either using multiple masses or multiple
PAM layers. This allows for some flexibility in the design of suitable noise control

treatments with PAM.
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I. INTRODUCTION

Locally resonant sonic materials consist of periodically arranged resonant unit cells and
can strongly reduce the transmission of sound waves at unit cell sizes much smaller than the
wavelength (Ma and Sheng, 2016). In these types of acoustic metamaterials, the band-gaps
with high sound transmission loss are related to destructive interference effects caused by
the resonances of the unit cells. However, since the physical mechanism of locally resonant

sonic materials is linked to resonances, their bandwidth typically is very narrowband.

There exists a wide range of realizations of locally resonant sonic materials with many
different properties (Huang et al., 2016; Ma and Sheng, 2016; Zangeneh-Nejad and Fleury,
2019). The so-called plate-type acoustic metamaterials (PAM) are particularly promising
for applications demanding lightweight low-frequency noise treatments. PAM are based on
investigations by Kurtze (1959) and consist of a thin film with rigid masses periodically
attached to it. The locally resonant behavior of PAM originates from the added masses in
each unit cell and the film material around the masses, which acts as an elastic spring. At
low frequencies, PAM can exhibit acoustic anti-resonances at which the sound transmission
loss (STL) can'be much greater than that of a homogeneous film with equal mass. At these
anti-resonance frequencies the masses and the surrounding thin film vibrate out of phase in
such a manner that the surface-averaged displacement amplitude is near zero and the sound
radiation is greatly diminished due to the sub-wavelength size of the unit cells (Yang et al.,
2010). For example, this behavior can be exploited to improve the sound reduction properties
of glass wool insulation at low frequencies (Langfeldt and Gleine, 2019a). However, due
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to the resonant behavior of the unit cells, this improvement is only limited to a narrow
frequency band. The effect of random deviations from the idealized periodic structure of
PAM (for example due to manufacturing inaccuracies) was investigated by Langfeldt and
Gleine (2020). It was found that only very large deviations can have a significant impact on
the sound transmission loss performance of PAM. However, this primarily results in a reduced

STL improvement at the anti-resonances and not so much in an improved bandwidth.

Improving the bandwidth of similar acoustic metamaterials was already subject of study
in the literature. Yang et al. (2010) demonstrated that stacking multiple layers of membrane-
type acoustic metamaterials (MAM) with different tunings can lead to high STL values over
a broad frequency range below 1kHz. Another way for increasing the bandwidth of such
metamaterials is to use multiple massesin one unit eell (Leblanc and Lavie, 2017; Lu et al.,
2020; Mei et al., 2012). Further bandwidth improvements have been shown to be possible
by using perforations in the added masses (Langfeldt et al., 2017) or the cavities between
bilayer MAM (Ang et al.; 2018).. Thus, in principle it is well understood by what design
strategies the bandwidth of PAM could possibly improved. However, most of the current
literature on this topic does not take into account important constraints such as the overall
mass or thickness of the metamaterials. Also, it is not clear what strategy is more effective
for improving the bandwidth of PAM—for example, is it better to increase the number of

masses per unit cell or the number of layers?

The focus of this contribution is to systematically evaluate the bandwidth improvement
of PAM with multiple masses per unit cell as well as multi-layered PAM, as compared to

a single PAM layer with one mass per unit cell at the same overall surface mass density.

4
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For this purpose, an efficient optimization method is employed to identify the best possible
design to achieve higher bandwidths in a given frequency range. The efficient PAM model
used in the optimizations is described and validated using numerical and experimental data
in section II. The optimization results for single- and multi-layered PAM are presented and
discussed in section III. Finally, the conclusions of this investigation are summarized in

section IV.

II. EFFICIENT MODELING OF PLATE-TYPE ACOUSTIC METAMATERIALS

In this section, an efficient methodology for modeling the sound transmission properties
of plate-type acoustic metamaterials with periodic unit cells and unconstrained unit cell
edges (like the metamaterials investigated in (Kurtze, 1959; Langfeldt and Gleine, 2019a,
2020)) will be presented. This model will be employed in the optimizations of different PAM
designs. First, the modal based method for efficiently obtaining the effective surface mass
density of PAM is introduced. In section I1 B it is explained how the sound transmission loss
of single layer and multi-layered PAM is calculated from the effective surface mass density.
Since the modal based model in section IT A only considers a single PAM layer, the transfer
matrix method will be employed in section II B to obtain the transmission loss of structures
consisting of multiple PAM layers. This methodology is validated in section I C using finite

element model simulations and sound transmission loss measurement data.
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A. Modal based effective surface mass density calculation

Since many different unit cell designs of the PAM are to be investigated in the opti-
mizations, an efficient numerical method for estimating the bandwidth of a PAM design
is required. In this work, a modal method based on the homogenization theory given by
Yang et al. (2014) will be employed to estimate the frequency-dependent effective surface
mass density m/; of the metamaterial. From (Yang et al., 2014) it follows that m/; can be
expressed in terms of the angular eigenfrequencies w; = 27 f; and mode shapes u; of the unit

cell as
-1
mgﬁ- = _mg< _2w—> 5 (1)

where my is the static surface mass density of the PAM and ¢ corresponds to the mode index

of the PAM. The normalized modal masses u; are given by

1 fQ puiHuidQ
My =

TS WP @)

In Equation 2; 2 denotes the domain of the unit cell (film and masses), p is the density of
the film and mass material, u; is the modal displacement vector field, u;” is the Hermitian
transpose of u;, and S is the unit cell area. (W;) represents the surface-averaged value of
the surface-normal mode shape component W; along S. It should be noted that the unit
cell edges of PAM are not constrained. Therefore, the 0-th mode of each PAM unit cell is a

1

rigid body mode with wy = Orads™ and uniform displacement, leading to o = 1. Taking

this into account and furthermore introducing damping via a mechanical loss factor n of the



JASA /Bandwidth optimization of acoustic metamaterials

o PAM, Equation 1 can be reformulated as follows:

—1
U | w?

"o 1= ‘

et m“( 2o (1+177)—w2> 9

o7 From this it follows that for w — 0 the effective surface mass density approaches the static

e surface mass density mg of the PAM.

99 B. Sound transmission loss calculation

100 For a single PAM, the effective surface mass density in Equation 3 can be used to calculate

w1 the normal incidence sound transmission loss TL by using the mass-law formula

: "
lwmg

TL =201g |1 4
o[l 5 (@)

w2 where Zy = pocy is the characteristic impedance of the fluid. For a multi-layered stack of

103 PAM the transmission loss can be calculated using the transfer matrix T of the stack, given

104 by
Tll T12 (PAM) - (Alr PAM)
T— =™ T (T ). (5)
j=2
Ty T !
105 where
1 iwmls
(PAM) eff,j
TPAM — (6)
0 1
106 and

COS(]{?()dj_Lj) iL}Jﬁ%Sin(k’odj_Lj)

Air
Tg‘—l,)j - (7)
—ko SlIl(kodj_Lj) COS(kodj_l’j)
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are the transfer matrices of the j-th PAM layer with the effective surface mass density m/J; ;

and of the air layer between the layers j — 1 and j with the wave number kg = w/cy and
the air layer thickness d;_; ;, respectively (Allard and Atalla, 2009). The transmission loss
of the multi-layered structure can be calculated from the elements of T given in Equation 5

via

1

T
T + 2y ZoTo + T
Zy

) . 8)

C. Validation of the PAM model
1. Finite element simulations

The accuracy of the simplified expressions given in section II A and section 11 B is evalu-
ated with numerical simulations of PAM unit cells using the finite element method (FEM).
Two mass configurations are considered in the validation: The unit cell geometry of a PAM
with two semi-circular masses is shown in Figure 1 and Figure 2 illustrates the setup for
a PAM unit cell with-a single circular mass in the center. The film material is specified
as_polycarbonate (density p = 1310kg m—3, Young’s modulus E = 2.3 GPa, Poisson’s ratio
v = 0.4, structural loss factor n = 5%) with a film thickness of hp = 25pum. The masses
are made of steel (p = 7860kgm™3, E = 207 GPa, v = 0.3) and in the semi-circular mass
case each mass weighs M = 11.9mg, while in the circular mass case M = 9.8mg. This
results in the static surface mass densities m{ = 0.5 kgm~2 for the double mass unit cell and
my = 0.22kgm~? for the single mass PAM. The discretization of the two unit cell designs is

8
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1274 Hz:

1359 Hz:

FIG. 1. (Color online) Unit cell geometry, mesh, and mode shapes of the PAM unit cell with two

semi-circular masses considered in the validation of the PAM model.

shown in Figure 1 and Figure 2. Periodic boundary conditions are prescribed at the edges

of the unit cells to represent the behavior of an infinitely extending metamaterial.

First, an eigenvalue analysis of the two unit cells is performed to obtain the resonance
frequencies below 2 kHz and the associated mode shapes to be used in Equation 3 for calcu-
lating m/z of the two different PAM. The simulated mode shapes are shown in the bottom
of Figure 1 and Figure 2. Table I and Table II provide a more detailed overview of the com-
puted eigenmodes and the resulting normalized modal masses p;. These values are then

used to calculate the normal incidence TL of the two PAM using Equation 3 and Equation 4.
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7.15 mm

7.15 mm

FIG. 2. (Color online) Unit cell geometry, mesh, and mode shapes of the PAM unit cell with one

circular mass considered in the validation of the PAM model.

TABLE 1. Modal parameters for the PAM unit cell shown in Figure 1.

i fi (W) [? Hi

1 380 5.94 x 10711 1.73 x 10°

2 475 1.48 x 10713 3.12 x 107

3 610 1.81 x 106 1.24

4 1274 7.49 x 10710 3.59 x 103

5 1359 1.08 x 10~° 0.165
Hz m? —

10
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TABLE II. Modal parameters for the PAM unit cell shown in Figure 2.

i fi {ualy pi

1 659 1.89 x 10719 2.67 x 10*

2 659 1.85 x 1071 2.77 x 10°

3 1117 1.08 x 107 0.315
Hz m? _

For the first unit cell, the number of eigenmodes considered in the calculations is m = 5. In

case of the single mass unit cell, m equals to 3.

An overview of the model for obtaining the TL of the PAM using fully coupled vibro-
acoustic FEM simulations is shown in Figure 3(a). Two fluid domains are coupled to the
top and bottom sides of the PAM. The fluid domains are truncated using non-reflecting
boundaries and the lateral boundaries are specified as periodic boundaries, just like the
edges of the PAM unit cell. The PAM is excited by an incoming plane acoustic wave and

the resulting TL is evaluated using the sound power transmitted through the PAM.

Figure 3(b) shows a comparison of the TL results from the modal based effective sur-
face mass density calculations (curves) and fully coupled vibro-acoustic FEM simulations
(symbols). The solid curves and circles represent the results for the PAM unit cell with
two masses (Figure 1), the dashed curves and squares correspond to the unit cell with only
one mass (Figure 2). In general, the agreement with the fully coupled simulation results is
very good. This indicates that the modal based formulation of the effective surface mass

11
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density of PAM is an efficient yet accurate enough way for predicting the noise reduction
performance of PAM. It should be noted that in the transmission loss curves in Figure 3(b)
only some of the PAM resonances given in Table I and Table II appear as dips. In case of
the PAM with two masses, for example, only two dips at f3 = 610Hz and f; = 1359 Hz
can be seen. The other resonance frequencies do not appear, because these modes have
anti-symmetric mode shapes, the surface averaged film displacements (W) are close to zero,
and, consequently, the normalized modal masses p; are very high. Therefore, these modes do
not couple with the incident sound waves and can therefore be neglected when considering

the transmission of sound through the PAM.

The TL of these two PAM unit cells stacked on top of each other with a spacing of
di» = bmm is shown in Figure 4(a). Again, a very good agreement between the modal
based transfer matrix model (TMM) and the fully coupled FEM can be observed. The TMM
therefore is well-suited to predict the transmission loss of stacked PAM arrangements, even
for small layer spacings. The results in Figure 4(a) also indicate that the anti-resonances of
the PAM are retained in the multi-layered arrangement, which can be potentially exploited
for bandwidth improvements. The resonance dips, on the other hand, are not necessarily the
same as for the individual PAM: In the multi-layered case, the TL dips occur in between the
anti-resonances, roughly at the same frequencies at which the TL curves of the individual

PAM 1layers shown in Figure 3(b) intersect.

To investigate the influence of the layer spacing, Figure 4(b) shows a more detailed view
of the three anti-resonances of the multi-layered PAM for three different spacings d; 2 = 1, 2,
and 5mm. In both the FEM and TMM results the impact of the layer spacing is negligibly

12
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Non-reflecting
boundary

Periodic,
boundaries

| Non-reflecting
< boundary

30 H H T | e w—
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T
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fin Hz 1000 2000

(b)
FIG. 3. (Color online) Normal incidence sound transmission loss TL of different single layer PAM
configurations. (a) General overview of the finite element model; (b) TL values obtained from
the modal based effective surface mass density model (curves) and fully coupled FEM simulations

(symbols).
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TL in dB

30 ; ;

: : di2 = 1mm =———
)7 T—— e dio=2mm === [

20

15

TL in dB

10F

FIG. 4. (Color online) Normal incidence sound transmission loss TL of a two layer PAM consisting
of the two unit cells shown in Figure 1 and Figure 2. The curves indicate results obtained from
the modal based effective surface mass density model and symbols represent FEM results. (a)
PAM layer spacing dy 2 = 5mm; (b) Detailed view of the transmission loss for different PAM layer

spacings.

e small. Infact, from Equation 7 it can be deduced that for spacings d;_; ; much smaller than

s the acoustic wavelength kod;_; ; < 1 and Equation 7 can be approximated as

. L iwpod;—,
T(Alr) ~ (9)

=13~
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This means that thin air layers between multiple PAM layers act like incompressible fluid
volumes with surface mass densities of pod;_; ;. Since the density of air is typically much
smaller than the (effective) density of the PAM, the contribution of the air layers to the total
sound transmission behavior of multi-layered PAM is negligible, as long as kod,_1 ; < 1. This

explains the very small impact of the layer spacing in Figure 4(b).

2. Transmission loss measurements

In order to validate the modal based PAM model for a more realistic setup of a finite sized
PAM under diffuse field excitation, the results of the PAM model are compared to sound
transmission loss measurement data. For this purpose, the measurement results of the PAM
sample from Langfeldt and Gleine (2020) are-used. Figure 5(a) shows a photograph of the
PAM mounted inside a transmission loss test window between a reverberation chamber and
a hemi-anechoic chamber. The 1m x 1.2m large sample consists of a hp = 0.75mm thick
polycarbonate film and 180 cylindrical steel masses, each with a diameter of 30 mm and
weight M = 5.8¢g, aligned in a square lattice with a spacing of 77.5mm. The resulting
overall surface mass-density of the PAM is given by m{ = 1.9kgm™=2. The perimeter of
the sample was fixed at the frame of the transmission window. Further details about the
measured PAM sample and the sound transmission loss measurement method can be found
in (Langfeldt and Gleine, 2020).

In the modal based model, the PAM is represented by the first non-zero symmetric mode
(i.e. m = 1) with f; = 299Hz and an associated normalized modal mass of p; = 2.43.
These values have been obtained from a numerical modal analysis using a FEM model

15



JASA /Bandwidth optimization of acoustic metamaterials

[5)

]
()
)
(]
(]
(]
°
o
Y

2 © ®© © © ©

25

A | PAM model
:] Experiment O

TLdiff in dB

finHz 1000

(b)
FIG. 5. (Color online) Diffuse incidence sound transmission loss TLqig of the experimental PAM
test sample measured in (Langfeldt and Gleine, 2020). (a) Photograph of the PAM test sample

mounted inside the transmission loss test suite; (b) Comparison of the measurement and PAM

model results.

16



198

199

200

201

202

203

204

205

207

208

210

211

212

213

214

215

216

JASA /Bandwidth optimization of acoustic metamaterials

of the unit cell of the PAM, similar to the method used in section I[IC1. Damping was
taken into account in Equation 3 using the structural loss factor of polycarbonate n = 5 %.
Since the measured STL of the PAM was obtained under diffuse field incidence, the diffuse
transmission loss was estimated from the effective surface mass density of the PAM using

the formula
emax

[ 7sin(8) cos(0) do
TLag = —101g | = (10)

gmax
| sin(8) cos(#) dd
0

with the transmission coefficient at the plane wave incidence angle 6 (Bies and Hansen,

2009)

: 7 -2
iwmg cos

270 (11)

7'9:‘14—

The limiting angle 0., for the given laboratory setup has been estimated in a previous
experiment as ., = 72° (Langfeldt et al., 2020).

Figure 5(b) shows a comparison of the measurement results (symbols) and the analytical
results using the modal based PAM model (curve). Generally, the agreement between the
data is good. Only at frequencies below the anti-resonance frequency of the PAM the
PAM model results underestimate the experimental STL. A possible explanation for this is
presumed to be the reduced diffuseness of the sound field in the reverberation chamber at
low frequencies. Also, the spatial windowing effect due to the finite sized sample (Fahy and
Gardonio, 2007) can be an explanation for the larger measured STL compared to the STL
predicted by the PAM model which does not take this effect into account. A comparison
of the experimental data with FEM simulation results of a finite sized PAM sample, just
as in the experiments, by Langfeldt and Gleine (2020)—which shows a better agreement at
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very low frequencies—indicates that the latter is the main reason for the higher STL values
below the first anti-resonance frequency in the experiments, as compared to the analytical
model. Nevertheless, the anti-resonance as well as the STL dip at the subsequent resonance
around f; = 299 Hz is represented very well by the PAM model, even in the case of a
more realistic setup (diffuse incidence and finite sized sample) and taking into account only
the first non-zero symmetric PAM unit cell mode. Although the anti-symmetric modes in
principle couple with the obliquely incident waves that are present in a diffuse sound field,
this coupling is very weak and can therefore be neglected, as evident by the good agreement in
Figure 5(b). The main reason for the weak coupling with anti-symmetric modes is the small
size of the unit cells (compared to the wavelength) resulting in a virtually uniform sound
pressure field exciting each unit cell (Langfeldt and Gleine, 2019b). Furthermore, it should
be emphasized that although the PAM model delivers results for an infinite metamaterial,
the main characteristics of the experimental PAM sample (which is finite sized and subject
to fixed boundary conditions at the perimeter) are adequately captured by this idealization.
This indicates that the modal based model, despite its simple formulation and computational

efficiency, is accurate enough to systematically investigate the bandwidth optimization of

PAM.

III. PAM DESIGNS WITH IMPROVED BANDWIDTH

In this section, the optimized modal PAM unit cell parameters to achieve a maximized
transmission loss improvement bandwidth will be presented and discussed. This bandwidth

is defined herein as the percentage within a given frequency interval f € [fiuin, fmax] fOr

18
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which the STL of the metamaterial exceeds the mass-law transmission loss TL,,.s by at

least 6 dB. Numerically, this quantity can be evaluated using the expression

fmax

1
BW = fmax - fmin / U<f) df (12)

min

where

1 if TL(f) - TLmass(f) >6dB
o(f) = : (13)

0 else

Thus, a bandwidth of BW = 100 % means that the mass-law is exceeded by at least 6 dB
within the whole frequency range of interest. A value of 0 % indicates, on the other hand, that
this target is not achieved at any frequency between fqim and fimac. At this point it should
be emphasized that the definition of bandwidth used in this contribution is only one of many
different ways to define the bandwidth of a metamaterial. A suitable definition is highly
problem dependent—for example, using other measures like the half power bandwidth might
be appropriate in certain noise control applications. The authors have chosen the bandwidth
definition using Equation 12, because a STL improvement by 6 dB is a notable improvement
in noise reduction. Also, the decrease in STL at higher frequencies due to the decoupling of
the masses from the surrounding film is not taken into account because at these frequencies
conventional noise control measures such as fibrous materials become quite efficient and can
be used in conjunction with the PAM (Langfeldt and Gleine, 2019a).

The present section is divided into five sub-sections: First, the optimal modal properties of
a PAM with a single mass are investigated systematically in section I[II A. The optimization
method which is employed to identify the optimized properties of PAM configurations with
multiple masses or multiple PAM layers is described in section I1I1B. Section III C regards

19
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the results obtained for a single PAM layer with multiple masses in one unit cell. Then,
section IIID discusses the optimized bandwidth for stacked PAM layers with each layer
having only a single mass per unit cell. The results are compared to an optimized single
PAM layer with one mass, as obtained in section IIT A. Finally, in section III E it is shown
how the bandwidth is affected for PAM with combinations of multiple layers and multiple

masses.

In all cases, the total surface mass density is the same with m{ = 0.5kgm™2. A structural
loss factor of n = 5% is specified and the frequency range comnsidered for evaluating the
bandwidth according to Equation 12 is between fn;, = 100Hz and f,., = 400Hz. All
results presented in this section have been obtained using the efficient PAM model presented

in section II.

A. Unit cell with a single mass

As shown in section I C, the STL at the first anti-resonance of a PAM with a single mass
per unit cell is very well represented using only the first non-zero symmetric mode (i.e. m = 1)
of the unit cell: Furthermore, assuming that my and 7 are prescribed by design constraints
and material selections, it follows from Equation 3 that this leaves the modal parameters
f1 and py of the first mode as the only free parameters. Thus, the bandwidth of this most
simple PAM design can be optimized by exploring the full parameter space of f; and p;.
This aids in understanding what the STL spectrum of a PAM with optimized bandwidth
BW, in the sense of the definition given in Equation 12, should look like. Furthermore, these

20
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FIG. 6. (Color online) Optimization of the resonance frequency f; and normalized modal mass p; of
a PAM unit cell with a single mass. (a) Bandwidth BW for different combinations of fi and u1; (b)
Optimal normalized modal mass /1 opt to achieve optimal bandwidth at a given resonance frequency
f1; (c¢) Optimal bandwidth BW,,¢ at a given resonance frequency f1; (d) Normal incidence sound

transmission loss for different f; and the corresponding i1 opt-

results-are used to constrain the parameter space in the optimizations of the more complex

PAM configurations.

The PAM resonance frequency f; is varied in the range 100 Hz to 1600 Hz and the nor-
malized modal mass p; from 3 x 1073 to 20. The bandwidth BW resulting in this parameter
range is shown in Figure 6(a). The results indicate that when f; is tuned to occur below or
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within the frequency range in which BW is evaluated according to Equation 12, the result-
ing bandwidths are comparatively low. This can be explained by the STL dip which always
occurs at f; and thus reduced the sound reduction performance of the PAM around this fre-
quency. If, on the other hand, f; > fiax, then much larger bandwidths can be achieved. In
fact, for each fixed value of f; there is a unique p; for which the bandwidth is maximal. This
optimal normalized modal mass i1 opt is plotted over f; in Figure 6(b). It can be seen that
t1,0pt decreases for increasing values of f;. The optimal bandwidth BW,, associated with
different values of f; and the corresponding pi1 opt is shown in Figure 6(¢). In general, higher
bandwidths can be achieved when higher resonance frequencies are specified. However, if
f1 > fuax, the optimal bandwidth converges to a maximum value BW ., corresponding
to the bandwidth in the limit f; — oo. This means that the bandwidth of a PAM with a
single mass cannot be made arbitrarily large. For the given parameter setup, the maximum
bandwidth is approximately BW ., ~ 46.7%. The optimal bandwidth at f; = 1600 Hz is
BW,pt = 45.3 % which is-only 3% below the maximum possible value. Thus, not much im-

provement of the bandwidth can be expected by further increasing the resonance frequency

of the PAM.

The STL of the PAM with three different resonance frequencies 400 Hz, 800 Hz and
1600Hz and the corresponding optimal normalized modal masses i1 opt is shown in Fig-
ure 6(d). The STL spectra are shown for frequencies from 50 to 1600 Hz with the frequency
ranged used for evaluating BW highlighted by the shaded region. In the case f; = 400 Hz
the optimal bandwidth is achieved with an anti-resonance at approximately 265 Hz. This re-
sults in STL values 6 dB over the mass-law in the frequency range between 230 and 290 Hz.
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At 400Hz the STL drops to nearly zero due to the PAM unit cell resonance at this fre-
quency. When f; = 800 Hz, the optimal bandwidth is achieved with a higher anti-resonance
frequency and it can be observed that at exactly fia.x = 400 Hz the STL of the PAM crosses
the TL s + 6 dB curve. For f; = 1600 Hz the same point of intersection occurs, only the
anti-resonance frequency is slightly lower such that the bandwidth of the PAM becomes
slightly larger. This indicates that, at least for the present setup, the best bandwidth can
be achieved when f; > fi.x and the frequency range with the STL of the PAM greater than

TLass + 6 dB is tuned such that the upper frequency of this band coincides with f ..

B. Optimization method

For the more complex PAM configurations with multiple masses or multiple PAM layers,

the optimization problem can be formalized as follows:

maximize BW(p1,...,pn)

P1;-.-,Pn

. T
with  p; = (fijs- s fogs M1 - - -5 Mamj)

= 3 fume if i=1 (14)
subject to  f;;

€ [fmin, fmax] ~ else
pi; € [1073,10%] .
This means that the bandwidth BW should be maximized with respect to the design variables
given in the vectors p; to p,. Each vector p; contains the eigenfrequencies fi ;,..., fi, ; and
normalized modal masses f; j, ..., ftm ; of the j-th PAM layer. In order to keep the design

variable space small, the eigenfrequencies and normalized modal masses are constrained as
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follows: For each PAM layer, the first eigenfrequency f; ; is constrained to equal to three
times fumax. This constraint has been chosen based on the results in section III A where
it was found that one PAM resonance frequency should be as large as possible. When
fi; = 3fmax, the bandwidth is already quite close to the maximum possible bandwidth
value. Therefore, this value has been chosen as a reasonable value for f;;. All further
eigenfrequencies fs j, ..., fm; of each layer are constrained to appear between fuin and fiax.
This ensures that additional anti-resonances occur within this frequency range. The lower
limit of the modal masses was chosen because for very small ji;; the change in BW is
negligible. The upper limit was specified because for high values of p;; the corresponding
eigenmode of the PAM does hardly couple with the sound waves and therefore does not
contribute to additional anti-resonances.. For the optimization of stacked PAM, the total
surface mass density is fixed at my by setting the static surface mass density of each layer to
mg ; = mg/n. The distance between each layer is fixed at d; 1 ; = 5 mm, because, as shown
in Figure 4(b), for very small layer spacings the effect of d;_; ; on the STL of multi-layered

PAM is negligible.

The optimization problem in Equation 14 is solved using the so-called particle swarm
optimization algorithm (Kennedy and Eberhart, 1995). To increase the probability that
the global optimum has been found, the optimization is repeated 20 times with different
randomized initializations. The set of design variables leading to the highest bandwidth in

these runs is then chosen as the optimal configuration.
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C. Unit cell with multiple masses

First, it is investigated how the bandwidth of a PAM can be improved by changing the
number of masses inside one unit cell. Increasing the number of masses as well as changing
the shape and distribution of masses to introduce asymmetries corresponds to increasing the
number of modes m to be considered in the optimization. Thus, m has been varied between
1 (i.e. only one mass per unit cell) and 4 to investigate the impact on the bandwidth. As
shown in section ITC1, m = 2 could, for example, be realized using a unit cell with two
equal semicircular masses. An asymmetric unit cell can‘be created by using two semicircular
masses with different thicknesses (there are other possible ways to introduce asymmetries, for
example by changing the mass diameter or general shape). Even though only two masses are
used in this case, the asymmetry leads to an additional eigenmode with significant coupling
with the incident sound field and thus m increasing to 3. In order to further increase the
number of eigenmodes to m =4, each of the semicircular masses with different thicknesses
can be split up into two parts. This will generate a unit cell with four quartercircular masses,
where two mass pairs-have equal thickness, and m = 4. More details about how the modal
parameters of a unit cell can be altered specifically using suitable mass arrangements can be

found in the literature (e.g. (Chen et al., 2014; Leblanc and Lavie, 2017; Lu et al., 2020)).

The optimized modal parameters of the four different PAM unit cells are shown in Ta-
ble III. The corresponding bandwidth and sound transmission loss values are shown in
Figure 7(a) and Figure 7(b), respectively.
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TABLE III. Optimized modal parameters of the optimized PAM unit cells with multiple masses.

iofi fio wi fio o fioo

1 1200 0.0858 1200 0.0826 1200 0.0803 1200 0.0759

2 — — 306 42.8 320 40.5 353 41.5
3 — —  — — 271 60.1 299 438
4 — — — —  — — 262 538

Hz — Hz — Hz N Hz _

In the first case with only one mass per unit cell, the resonance frequency is f; = 1200 Hz,
corresponding to the constraint-defined in Equation 14, and the optimized p; corresponds
to the value of jiy op¢ Obtained in section III'A. The resulting optimized bandwidth is BW =
44.2%. As shown in Figure 7(a), the bandwidth can be increased to up to 56 % by increasing
the number of modes of one unit cell to m = 4. The data in Table III shows for every
additional mode a new resonance frequency with p; > 10 appears within the frequency
range of interest. This leads to new anti-resonances appearing in the STL spectrum with
each additional mode. The TL results in Figure 7(b) indicate that the transmission loss
then oscillates above the TL,,,ss + 6 dB curve over a wider frequency range, thus leading to
an increase of the bandwidth with each additional anti-resonance. However, all curves in

Figure 7(b) have in common that they intersect the TLy.ss + 6 dB curve right at fi.x =
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FIG. 7. (Color online) Bandwidth and transmission loss of the optimized PAM unit cells with

multiple masses. (a) Bandwidth BW; (b) Normal incidence transmission loss TL.

400 Hz. This was already observed in the single mass case (see section IITA) and therefore

also seems optimal for PAM designs with multiple masses per unit cell.

D. Stacked PAM layers

Table IV lists the optimized modal parameters for multi-layered PAM configurations,
each with only one mass per unit cell (i.e. m = 1), for different numbers of layers n = 1 to
4. The resulting optimized bandwidths are shown in Figure 8(a) and Figure 8(b) shows the
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TABLE 1V. Optimized modal parameters of the optimized multi-layered PAM configurations.

n=1 n=2 n=3 n=4

Joh wm  fiom  fom i o

1 1200 0.0858 1200 0.0941 1200 0.0747 1200 0.0621

2 — — 1200 0.0667 1200 0.0993 1200 0.102

3 — — — — 1200 0.0557 1200 0.0483

4 - - —  —  — — 1200 0.0795
Hz — Hz — Hz N Hz _

corresponding TL curves. In accordance with the optimization constraints, the resonance
frequencies f; of each layer are equal to 1200 Hz. When more then one layer is considered,
the normalized modal masses u; of each layer are optimized to different values in order to
achieve different anti-resonance frequencies for each layer that overlay in the resulting STL

spectra.

It is noteworthy that using multiple PAM layers leads to very similar bandwidth improve-
ments, as shown in Figure 8(a), compared to using a single PAM layer with multiple masses.
In fact, the maximum bandwidth at n = 4 is 55.8 %, which is only slightly smaller than in
Figure 7(a) for m = 4 (56 %). This indicates that, from the perspective of bandwidth im-
provement, it does not significantly matter if the bandwidth is improved by using one PAM
with multiple masses, or stacking multiple PAM layers with a single mass, or a combination
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BW in %

TLindB

FIG. 8. (Color online) Bandwidth and transmission loss of the optimized multi-layered PAM
configurations, each layer with a single mass per unit cell. (a) Bandwidth BW; (b) Normal incidence

transmission loss TL.

thereof. This is also confirmed by the TL curves in Figure 8(b), which look very similar to
the results in Figure 7(b), only with slightly different resonances and anti-resonances. The
TL also oscillates above the TL,.sc + 6 dB line over a continuous frequency interval with
increasing width for increasing number of layers. As in the multiple mass cases, all STL
curves intersect the TL,,. + 6 dB curve at the maximum frequency of interest. It should
also be emphasized that, as in Figure 7(a), the peak STL values at the anti-resonances are

reduced when more layers are added. The explanation for this is that, in order to keep the
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FIG. 9. (Color online) Normal incidence transmission loss TL of the optimized PAM configurations

with m -n = 4.

total surface mass density constant at 0.5kgm 2, the static surface mass density of each
layer is reduced. Very similar to the mass-law; this leads to a reduction of the maximum

STL values of each layer, compared to the single layer case, by approximately 201gn.

E. Combination of multi-mass and multi-layer PAM

The results shown in the previous sub-sections have shown that virtually the same band-
widths can be achieved either by using a single PAM with a certain number of modes m
or_by using n = m layers of PAM, each with a single mass per unit cell. A reasonable
question would be, if it is possible to further improve the bandwidths by using combinations
of multiple PAM layers each with numbers of eigenmodes greater than one. Addressing
this question, Figure 9 shows the optimized normal incidence transmission loss TL for three
specific PAM configurations: The first configuration (m = 4, n = 1) corresponds to a sin-
gle PAM layer with four eigenmodes (see Figure 7(b)). The second configuration (m = 1,
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n = 4) is a four layer stack of PAM with a single mass per unit cell (see Figure 8(b)).
Finally, the last configuration (m = 2, n = 2) represents an optimized two-layer PAM with
two eigenmodes in each layer. Despite some small variations in the peaks and dips in the
TL spectra shown in Figure 9, the overall bandwidth is virtually the same in all three cases.
This indicates that the optimum bandwidth of a PAM structure is mainly governed by the
total number of eigenmodes (in this case, where every layer has the same number of modes:
m - n). The impact of the specific distribution of the eigenmodes along multiple layers is
small compared to this. Consequently, the number of layers and PAM eigenmodes can be

quite readily adapted to specific noise control applications:

IV. CONCLUSIONS

In this contribution it was investigated if the bandwidth of plate-type acoustic metama-
terials can be improved by using multiple masses in one unit cell or multiple layers of PAM
stacked on top of each other. For this purpose, an efficient model for computing the sound
transmission loss of single- and multi-layer PAM using the modal parameters of the PAM
unit cells and the transfer matrix method was employed. This model was validated using
FEM simulations and experimental data. It was then used in a particle swarm optimization
algorithm to maximize the bandwidth between 100 and 400 Hz of different multi-mass and
multi-layer PAM configurations. For all optimizations, the total surface mass density was
the same to ensure comparability.

The optimization results have shown that in each case the bandwidth can be increased
from 44.2% to up to 56 % and 55.8 %, respectively. Furthermore, it could be shown that
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the same bandwidth improvement can be achieved either by adding masses to a unit cell
or adding more PAM layers. Thus, the design of PAM with improved bandwidth is flexible
in this regard and can be adapted to non-acoustic constraints in practical noise control

applications.
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