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ABSTRACT

Acoustic metamaterials, which are usually composed of
periodic subwavelength unit cells, are known for their
unique capabilities in controlling sound wave propaga-
tion. One application of such metamaterials is in using
their resonant properties as a lightweight and compact so-
Iution to the problematic low frequency range from con-
ventional sound insulation treatments. However, the res-
onant property of metamaterials only allows for a narrow
stopband with superior sound insulation. This paper aims
to achieve broadband sound transmission loss in the low
frequency range by proposing a multi-layered partition en-
compassing different metamaterial types. An analytical
model of the partition is derived by treating the metamate-
rial layers with effective material properties inferred from
a homogenization method. By applying constraints on the
metamaterial and partition properties, such as the over-
all mass and thickness of the partition, optimizations are
then performed to maximize the sound transmission loss
within a specific frequency band. A numerical model of
the optimized partition is produced to validate the analyt-
ical model.

Keywords: Acoustic Metamaterials, Sound Insulation,
Multi-layer Partition, Broadband Low Frequency

1. INTRODUCTION

Enhancing the low-frequency sound transmission loss
(STL) of conventional sound insulating partitions usually
requires treatments of additional mass or thickness. How-
ever, for applications in the automotive, architectural and
aerospace industries, it is challenging to design a per-
forming partition that is also lightweight and compact.
In the recent decades, acoustic metamaterials emerged as
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a solution to provide the superior low-frequency perfor-
mance that is lacking in conventional sound insulation
treatments.

Acoustic metamaterials are composed of sub-
wavelength sized periodic unit cells, known as meta-
atoms. They allow the manipulation of sound wave prop-
agation in unprecedented ways, which can be applied in
research areas such as acoustic cloaking, acoustic ab-
sorption and acoustic lensing [1]. In particular, locally-
resonant acoustic metamaterials resonate at frequencies
with corresponding wavelengths at orders of magnitude
larger than the unit cell size, and can even demonstrate
sound insulation properties superior to that from equiv-
alent (in terms of mass or thickness) conventional treat-
ments [2].

This realisation of compact and lightweight acous-
tic metamaterial designs opened up new possibilities to
low-frequency sound control with multi-layered meta-
partitions (MLMPs), where metamaterials are incorpo-
rated into different layers of conventional sound insulating
partitions. Nguyen et al. have shown the use of a double-
layer membrane-type acoustic metamaterial as a partition
for low-frequency noise control, which had achieved good
sound insulation performance between 20 to 59 dB from
320 Hz to 2.5 kHz [3]. Wang et al. introduced an acoustic
metamaterial sandwich panel with periodically distributed
local resonators constructed of masses positioned on a
rubber rod, which showed STL improvements compared
to the mass-equivalent sandwich panel without resonators
[4]. De Melo Filho et al. designed a lightweight dou-
ble wall partition consisting of L-shaped vibro-acoustic
metamaterials to counteract the STL deficit at the mass-
air-mass resonance of a double wall [5]. Langfeldt et al.
implemented a double wall partition with a Helmholtz res-
onator in the air cavity and achieved broadband STL im-
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provement through careful tuning of the Helmholtz reso-
nance [6].

There also exists literature looking at applying opti-
misation methods to maximise sound transmission loss
of meta-partitions. Zhang et al. created an opti-
mised lightweight acoustic metamaterial design for low-
frequency noise and vibration control of a high-speed train
floor [7]. Vazquez Torre et al. applied optimization algo-
rithms to analytical and numerical models of single-layer
and double-layer meta-partitions [8].

Much of the literature explores novel designs of
multi-layered acoustic meta-partitions using only one
meta-atom configuration in a partition to improve broad-
band STL in the low-frequency regime. Previous work
on optimisation of acoustic metamaterials has mainly fo-
cused on the design of the meta-atoms and not the parti-
tion as a whole. This paper aims to bridge the gaps by de-
signing and optimising a meta-partition containing more
than one meta-atom type.

The paper is organised as followed. Firstly, an an-
alytical model of a multi-layer meta-partition is defined
from an expansion of a double wall partition formula and
representing the metamaterial layers with effective mate-
rial properties. Following this, the optimisation problem
is outlined, with the results described and discussed with
relations to the underlying physics. Next, the chosen op-
timal design is simulated in a numerical model to com-
pare with results from the analytical model. Finally, all
the findings and analysis are summarised in the conclu-
sions.

2. ANALYTICAL MODEL

This section first considers a double wall partition, a
conventional multi-layered solution for sound insulation
treatments. Their transmission characteristics at normal
incidence can be calculated analytically using the trans-
mission coefficient [9]
|—2
()
where X719 = jwpi,2di2/(2poco) are the normalised
impedance of the wall 1 and wall 2 of the double wall
partition, respectively. p; o are the mass densities of each
wall, d o are the thicknesses of each wall, py and ¢ are
the density and speed of sound of air, d is the air gap layer
thickness, and k& = w/c¢p is the acoustic wavenumber,

where w = 27 f is the circular frequency with f as fre-
quency. It is more common to represent sound insulation

Tdouble = ‘(1 + (X1 + Xo) + X1X2(1 _ e—ijd))
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with the sound transmission loss (TL), which is obtained
with

TL = 10log - @)
T

The typical STL profile of a double wall partition has
superior performance at higher frequencies in comparison
to a single wall partition with the same mass. For lower
frequencies, the STL is identical to that of an equivalent
single wall, where the partition performance is mainly de-
pendent on its mass. The frequency separating these two
regions is known as the mass-air-mass frequency fyam,

co [po(prdy + pada)

27 dpidipady
which is known to have a deficit in STL due to the res-
onant behaviour of the system. Therefore, conventional
noise control treatments aim to reduce the mass-air-mass
frequency as low as possible. However, Eqn. (3) shows
that the thickness and the mass of the partition have to
be increased to reduce fyran, which would not result
in a lightweight and compact solution. Acoustic meta-
materials offer the solution to not only correct the the
STL deficit at fyran, but also increase the general per-
formance at the low frequency regime below fyian. The
multi-layered meta-partition considered in this paper con-
tains mass-spring resonators on the partition walls and a
Helmholtz resonator in the air gap. To quantify the effect
of the metamaterials on the double wall performance, each
layer of the partition is treated as a homogeneous medium
with effective parameters such as the effective mass den-
sity and bulk modulus. This is known as the effective
medium theory [1].

The effect of attaching periodic mass-spring res-
onators to the walls results in a frequency-dependent ef-
fective mass density of each wall meta-layer. This quan-
tity is expressed as peer1,2 and can be calculated by

3)

fMAM =

2j<1,2w +1
o d mi,2 w1,2 4
Peff1,2 = pP1,2d1,2 + S |13 B | 4)
w1,2 wi,

where S is the surface area of the unit cell, m 5 are the
moving masses of the resonators, (; 2 are the damping ra-
tios of the resonators, and wy 2 are the circular natural fre-
quencies of the resonators on each wall respectively [5].
When placed in between the walls of a double wall,
Helmholtz resonators have been shown to influence the
bulk modulus of the air gap. Assuming the fluid within
both the Helmholtz resonator and the air gap to have the

AN

Associczione
Italiana
di Acusfica



forumacusticum 2023

same bulk modulus Ky, the effective bulk modulus K¢
of a Helmholtz resonator-based acoustic metamaterial is
expressed as [6]
K
Kot = . ©)
1= ne + 15, ooz

In Eqn. (5), the Helmholtz resonator resonance frequency
is written as a ratio Qy, = f/fur, where fp, is the
Helmbholtz resonance frequency. The effective bulk modu-
lus is also dependent on the volumetric filling ratio ¢y, =
Vir/V, which is defined to be the ratio between the res-
onator volume V4, to the total volume of the air gap in
each unit cell V. (},, is the damping coefficient of the res-
onator accounting for thermoviscous losses from the vi-
brating air column in the neck of the Helmholtz resonator.
The presence of the Helmholtz resonator also increases
the overall fluid density by [6]

~ 2+ ¢hr
T
Putting equations (4), (5) and (6) together into
Eqn. (1) gives the analytical result for the transmission co-
efficient of a multi-layered meta-partition (MLMP):
2ZMLMP Sin(k’effd)

Xnvemp1 Xurwmpe sin? (kegd) + Z ap

Peft (6)

2

TMLMP =

s

where Zyvivp = Zesr/(Poco), XvLmp1,2 = Xnormi,2 +
1 — jZymp cot(kepd) and Xyorm1,2 = jwpesr1,2/(poco)
are the normalised wall impedances of the two walls.

Zett = VEKetiperr and keg = wr/peti/ Kegr are the ef-
fective impedance and wavenumber of the air gap layer,
respectively. Eqn. (2) is used to calculate the sound trans-
mission loss of the MLMP, using 7y, nmp in place of 7.

3. OPTIMISATION

With the analytical model for the sound transmission loss
of the multi-layered meta-partition described above, a
constrained single-objective optimisation problem is for-
mulated to maximise the partition’s performance:

500 Hz

/ min(TLMLMp(f) — TLref(f), 6 dB) df
100 Hz
subject to
di +d+ do <100 mm
my ma

S S

Maximise

p1dy + + pads + < 5kgm72,

®
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where TLyvp is the sound transmission loss of the
MLMP and TL,.¢ is the sound transmission loss a dou-
ble wall partition with equivalent mass and thickness.

The objective function, as described in Eqn. (8), eval-
uates the improvement of the MLMP by taking the differ-
ence of its sound transmission loss to that of the equivalent
double wall across a range of frequencies. For this opti-
misation problem, the frequency range of interest is set
from 100 to 500 Hz. The integral is approximated using
the trapezoidal numerical integration method. A 6 dB up-
per limit is imposed in the integrand to disregard regions
of sharp resonances and encourage a broadband STL so-
lution. A linear constraint for the overall thickness of the
partition is posed at 100 mm and a nonlinear constraint for
the mass of the partition of S5kgm™ is set for a compact
and lightweight solution.

15 design variables are used in this optimisation prob-
lem, which consist of parameters that relate to the partition
itself as well as to the metamaterials. These design vari-
ables are selected as they can be easily substituted into the
equations in section 2, and provide enough geometrical
and acoustical parameters to tackle this optimisation prob-
lem. The design variables are outlined in Tab. 1 along with
their lower and upper bounds. The optimization is per-
formed on MATLAB with fmincon, a nonlinear program-
ming solver, which implements the interior-point method
to search for the solution. Various runs of the optimisation
algorithm with randomized initial conditions were carried
out to increase the likelihood that the global maximum of
the optimisation problem is found.

The sound transmission loss of the optimised multi-
layered meta-partition is shown in Fig. 1, and the opti-
mised values of the design parameters are shown in Tab. 2.
In general, there is a broadband sound transmission loss
improvement of the multi-layer meta-partition in compar-
ison to a double wall with equivalent mass. The resonance
frequencies, which occur at 100Hz, 139 Hz and 247 Hz,
are spaced relatively far from one another within the fre-
quency range of interest to increase the bandwidth for
STL improvement. However, the higher frequencies of
the meta-partition are performing worse than the double
wall. This behaviour is likely a result from the resonant
properties of the wall mass-spring resonators, and is fur-
ther analysed and discussed below.

To better understand the effect of each metamaterial
layer on the meta-partition, variations of the optimised
meta-partition with only one layer of metamaterials are
plotted in Fig. 2. From the figure, the resonator on wall
1 plays the dominant role on the STL performance of the
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Table 1. Optimisation problem design variables along with lower and upper bounds.

Design Variable Symbol Lower Bound Upper Bound Unit
Unit Cell Area S 1074 c0/(10 fmax)  m?
Wall 1 Density p1 170 11340 kgm™
Wall 1 Thickness dy 1074 diot /2 m
Wall 1 Resonator Mass my 10~ 10~* kg
Wall 1 Resonator Frequency f 100 500 Hz
Wall 1 Resonator Damping Ratio C1 1073 0.5
Air Gap Width d 1072 diot /2 m
Helmbholtz Resonator Volumetric Ratio ¢y, 0.1 0.6
Helmbholtz Resonator Frequency fur 100 500 Hz
Helmbholtz Resonator Damping Ratio Chr 1073 0.5
Wall 2 Density P2 170 11340 kgm™
Wall 2 Thickness ds 1074 dtot /2 m
Wall 2 Resonator Mass ma 10~6 10~4 kg
Wall 2 Resonator Frequency fo 100 500 Hz
Wall 2 Resonator Damping Ratio Ca2 1073 0.5
tributes in the lower frequency region up to its resonance
50 — ' : - freque.ncy of 100Hz. The spread of the resonance fre-
[ ,  —MLmP ) quencies from the wall resonators allows for the STL im-
[ | —DW with same mass & fhickness .
a0l | Mass-Law | provement from 100 - 500 Hz, as seen with the yellow
% E E curve in Fig. 2, which even performs better than the opti-
Sa0F ! ! mised MLMP at higher frequencies (in blue).
§ ' ' The mass-spring resonators on the walls introduce a
é’ 20~ \ \ complex relationship between frequency and the parti-
s I : | tion’s mass-air-mass resonance [5]. For this optimised
F10 / : partition, the mass-air-mass resonance is shifted to a
o»' —— ‘ A higher frequency. This introduces a region above the

102 10°
Frequency [Hz]

Figure 1. Sound transmission loss of the optimised
multi-layered meta-partition. The optimised meta-
partition is plotted in blue whereas a double wall
with equivalent mass is plotted in red. The equiva-
lent mass-law is plotted in yellow.

meta-partition, particularly at frequencies above approx.
200Hz. The resonator on the second wall mainly con-
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mass-spring resonance frequency where the STL perfor-
mance decreases, despite the increase in STL performance
of the mass-equivalent double wall in Fig. 1.

The Helmholtz resonator-type acoustic metamaterial
contributes mainly to the lower frequency STL region
below its resonance at approx. 200Hz. This leads
to a broader improvement bandwidth for the optimised
MLMP. However, this bandwidth increase in the lower
frequency sacrifices performance in the higher frequency
region beyond approx. 300 Hz, which is likely due to the
decoupling of the fluid within the Helmholtz resonator
with the surrounding air gap layer.

The optimised value of the surface area of the unit cell
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Figure 2. Sound transmission loss of variations in
the optimised meta-partition. The optimised parti-
tion is in blue, the variation with only the Helmholtz
resonator in red, the variation with wall resonators is
in yellow, and the variations with resonators only on
one of the walls are in purple and green. The ref-
erence double-walled partition with equivalent mass
and thickness is shown in light blue.

(100 mm?), assuming the unit cells to be square shaped,
would lead to an edge length of 10 mm. This was an inter-
esting result as the optimised value was extremely close
to the lower boundary in the optimisation problem, and is
generally smaller compared to the unit cells typically used
in the literature with edge lengths of 30 to 60 mm [4, 10].
The resulting densities of both walls are extremely small
at 170kgm= and 264 kg m~3, which is quite close to the
density of light wood materials such as Balsa wood. The
optimisation problem also resulted in relatively thin wall
layers, which were in the order of 0.1 mm. Similar to the
unit cell surface area, these optimised results were very
close to the lower boundary. Some literature have shown
partitions with thin wall layers, such as the middle wall
layer of Lin’s meta-partition (0.2 mm), constructed using
Polyethylene terephthalate (PET) of density 1450kg m™
[11]. However, the outer layers were still 2 mm thick,
which raises the questions if the outer wall layers of the
optimized meta-partition should not be too thin for practi-
cal use.

Most of the other design parameters, such as the
masses of the resonators and Helmholtz resonator related
parameters, look like reasonable results. In particular, the

Table 2. Optimised design parameters of the MLMP.
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Design Variable Optimised Value Unit

S 0.0001 m?

o1 170.50 kgm™
dy 0.00010 m

my 1074 kg

fi 247.11 Hz

G 0.32

d 0.050 m

Ohr 0.60

Thr 139.01 Hz

Chr 0.05

P2 263.92 kgm™
do 0.00010 m

mo 4.41 x 107 kg

f2 100.00 Hz

(o 0.50

optimised air gap layer at 50 mm is typical in current liter-
ature on meta-partitions, which are typically tens of mil-
limeters thick [3]. However, the damping values of the
mass-spring resonators are much higher than damping ra-
tios found in conventional treatments and other metama-
terials. For example, de Melo Filho et al. used a damping
ratio of 2 % for their mass-spring metamaterial [5], which
is more than a factor of 10 smaller than the damping ratio
values obtained in the optimisation.

One possible reason that a few design variables had
optimised values near their boundaries could be that the
optimisation algorithm was converging to a local mini-
mum. Further work could be done by investigating this
problem with different optimisation algorithms, such as
genetic algorithms, to search for possible better perform-
ing partition solutions.

4. NUMERICAL MODEL VERIFICATION

The performance of the optimised multi-layer meta-
partition is evaluated with finite element analysis using
COMSOL Multiphysics. Taking our optimised values, a
single unit cell of the partition is modelled with periodic
boundary conditions to simulate an infinitely large sam-
ple. Each of the walls are modelled using shell elements.
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The wall resonators are modelled as cylinder-shaped res-
onators with a tungsten upper layer and a rubber lower
layer. The stiffness of the wall resonators s1 o is estimated
using

Emﬁl,z
S12 = —F/—

, &)

hsi2
where E' = 150 kPa is the Young’s modulus of the rubber
material and 7, 2 and hg; 2 are the radius and height of
the cylindrical resonator stiffness layer, respectively [4].
The thickness of the mass layer h,,1 2 is derived using

mi,2

Rmi2 = ( (10)

Pm1,27”"72n1,2)’
where p,,1.0 = 19250kg m~2 is the density of tungsten
and 7,,,1 2 is the radius of the cylindrical resonators. Us-

ing Eqn. (9) and Eqn. (10) with the natural frequency of a
single degree-of-freedom oscillator

1 [s
fia =gy [ (1n)
T\ M2

the stiffness and mass layer heights for each resonator
can be adjusted to tune the resonator to the desired res-
onance frequencies f; ». Having encountered issues with
viscous damping modelling in COMSOL, a loosely equiv-
alent isotropic loss factor was assumed for the resonators.

The Helmbholtz resonator is modelled with negligible
wall thickness and mass in the air gap, with its walls mod-
elled as interior sound hard boundaries. The resonance
frequency fy, of the resonator can be related to the geom-
etry of the Helmholtz resonator by

Co An
=0 A 12
fh 2m Vhan,eﬁ ( )

where A, = nr2 is the cross-sectional area of the

Helmholtz resonator neck, 7, is the neck radius and
Ly.eq = Ly + 1.77y, is the effective Helmholtz resonator
neck length, accounting for end correction effects and L,
being the actual length of the Helmholtz resonator neck.
Given that the Helmholtz resonator body volume is fixed
with the volumetric ratio, the Helmholtz resonator neck
length and cross-sectional area are tuned with Eqn. (12)
to maintain the resonator’s resonance frequency. In the
simulation model, narrow region acoustics physics are ap-
plied to simulate the Helmholtz resonator damping, which
is inversely proportional to the neck radius. The design
of the resonators that was implemented in the numerical
model can be seen in Fig. 3.
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Figure 3. Sketch of the numerical model of the
multi-layered meta-partition consisting of cylindri-
cal wall mass-spring resonators and Helmholtz res-
onators within the air gap.

The sound transmission loss of the multi-layered
meta-partition from the numerical model is compared to
that of the analytical model in Fig. 4. The simulated STL
values loosely verify the analytical model. At lower fre-
quencies, the results generally agree amongst both mod-
els, however the behaviour differs towards the higher fre-
quencies. There was also difficulty in determining the
damping of the Helmholtz resonator, where the Helmholtz
resonator peak is missing from the numerical model re-
sults. The differences between the models are likely due
to a few different assumptions and definitions, which are
discussed below.

One source of the difference between the numerical
and analytical models would be in the stiffness approxi-
mation of the wall resonators using Eqn. (9), which only
accounted for axial stresses. To correctly calculate the
stiffness of the mass-spring resonators, one would have
to include additional terms relating to the Poisson’s ratio
to account for stresses in the other two directions. To re-
duce the error in the STL from this issue, minor tweaking
to the stiffness and mass layer thickness were attempted to
match the resonance frequencies between the two models
to produce the results in Fig. 4

The next assumption is that the analytical model only
considered mass-spring resonators with one resonance
frequency, whereas the cylindrical resonators in the nu-
merical model exhibit higher order resonances and anti-
resonances. In Fig. 4, the performance of the numerical
model is consistently below the analytical STL between

AN

Associczione
Italiana
di Acusfica



forumacusticum 2023

15— ,

T T

T -
—analytical {
—numerical |

>
T

(&)
|

Transmission Loss [dB]

Lo

TR |

10°

0““| L L PR

Frequency [Hz]

Figure 4. Comparison of the sound transmission
loss of the optimised multi-layered meta-partition
from the analytical model (in blue) and the numer-
ical model (in red).

300 Hz to 1500 Hz, and particularly there are dips in STL
performance at approximately 500 Hz and 1kHz. After
inspection of the numerical results, these dips are resulting
from anti-resonance frequencies of the wall 1 resonator,
which leads to increased sound transmission through the
partition and was unaccounted for in the analytical model.

One particular difference is the deficit STL perfor-
mance of the numerical model at higher frequencies
(above approx. 300Hz) compared to that of the analyt-
ical model. Initial inspections in the numerical results
show that poor STL performances occurs in particular for
the wall resonator layers in this frequency region. There
has yet to be an explanation yet to this difference between
the analytical and numerical models, and this discrepancy
would be further investigated in future work.

Despite qualitative similarities between all the mod-
els near the wall mass-spring resonator resonances, there
are slight differences due to the use of different damp-
ing models. The matching of the viscous damping ratio
in the analytical model (; 2 to the isotropic loss factor in
the computational model 7; » was applied with the rela-
tion 112 = 2(;,2, but this relationship only holds true
at the resonance frequencies. In fact, the viscous damp-
ing yields higher STL results compared to the loss factor
damping above resonance and the opposite occurs below
resonance. However, there seems to remain some mis-
match in the damping of the peaks of the wall 1 resonator
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(with the resonance frequency at 247 Hz, which is another
area for further work.

The damping of the Helmholtz resonator was also dif-
ficult to realise. Attempts at changing the Helmholtz res-
onator neck radius were made to match the damping of
the Helmholtz resonator in the numerical model to the
value used in the analytical model. However, the re-
sulting Helmholtz resonator had a thin neck in order to
tune the resonance frequency of the Helmholtz resonator
to fur with Eqn. (12) and allow it to fit within the air
gap. Having restricted the dimensions of the neck radius,
the Helmholtz resonator modelled in COMSOL was over-
damped. This resulted in a deficit in contribution to the
overall STL between 100 Hz to 200 Hz, where the peak
occurs for the blue curve but not for the red curve in Fig. 4.

A practicality factor that was not considered in this
optimisation problem were the walls of the Helmholtz res-
onators. In this work, the walls were modelled as rigid
boundaries. However, realistically the resonator walls
would have finite thickness, stiffness and mass, which
would contribute to the total mass constraint of the op-
timisation problem. Similarly, the cylindrical resonators
on the resonator walls only have taken into account the
mass of the tungsten layer, and it would be a more com-
plete optimisation problem to also consider the mass of
the stiffness layers.

5. CONCLUSIONS

In summary, this paper proposes a design of a multi-
layered meta-partition aiming at a broadband sound trans-
mission loss improvement compared to a conventional
double-wall with equivalent mass. Effective homoge-
neous fluid theory was applied for the effect of mass-
spring resonators on the walls along with a Helmholtz res-
onator in the air gap to estimate the performance of the
partition analytically. A single-objective constrained opti-
misation problem was designed and implemented to max-
imize the broadband STL of the partition. The optimised
partition is realised with a numerical model for verifica-
tion purposes.

The optimization results showed that there is a
broadband STL improvement of the multi-layered meta-
partition in comparison to the equivalent mass double
wall, which was due to the spread of resonances from the
metamaterials to expand the bandwidth of STL improve-
ment. However, the dominating mass density behaviour
from the wall mass-spring resonators resulted in a shift of
the mass-air-mass resonance to higher frequencies, which
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resulted in the lack of higher frequency performance in
comparison to the mass-equivalent double wall.

The numerical simulations results generally agreed
with the analytical model results. However, few assump-
tions, including the modelling of the mass-spring res-
onators and damping of all the metamaterials, resulted in
differences. The higher frequency region above 300 Hz
also exhibited greater differences between the analytical
and numerical models. The reason for these differences
will be further explored in future work.

Generally, the optimised design parameter values are
practical and consistent with literature, with few devia-
tions including a smaller unit cell size, a thinner wall
thickness, as well as larger than typical damping values.
This led to some aspects of the partition to not be very
realisable.

The results in this paper have shown promise in us-
ing different meta-layers to achieve a multi-layered par-
tition with broadband STL improvement. Some further
work could include using conventional sound absorbing
treatments to improve the STL at higher frequencies, as
explored in other literature [12]. Additionally, the optimi-
sation algorithm could be revisited to give more realisable
solutions, which could hopefully lead to better agreement
between the analytical and numerical models. Lastly, the
natural progression from this paper is to continually add
more meta-layers to the meta-partition, and investigate the
trade-offs of STL performance with practicality aspects
such as the partition weight and compactness with multi-
objective optimisation.
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