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An experimental comparison of innovative 3D-printed acoustic metamaterial designs
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Abstract

This paper concerns the use of 3D-printing to manufacture acoustic meta-materials. From the literature, three new designs have
been derived and adapted: a Helmholtz resonator coupled with quarter length tube resonators, a semi-closed air cavity followed by a
micro-helix unit and a split-ring neck resonator. The Helmholtz cell is analytically designed and the micro-helix modelling strategy
is presented. The transfer function method also referred to the two microphones tube impedance method is used to assess the sound
absorption coefficient of each design, according to the standards ISO10534-2:2001 and GB/T18696.2-2002. The experimental
acoustic performances are compared and discussed over the frequency range [500; 3500] Hz. The three solutions achieve singular
acoustic behaviours that can solve specific applications in different industries. The Helmholtz/quarter length tubes and the split ring
neck resonators lead respectively to a spectrum with several or unique local resonant frequencies. The helical geometry coupled to

an air cavity affects the entire spectrum due to wave compression and expansion causing thermal losses.

Keywords: Acoustic metamaterials, Sound absorption, Design comparison, 3D-printing FDM/MSLA, Helmholtz resonator,
Quarter length resonator, Micro-Helix, Spiral, Split-ring neck resonator

1. Introduction

Meta-materials are materials that can exhibit new properties
feasible from a physical point of view but that can’t be found in
classical materials and may seem paradoxical at first look. They
present unusual properties such as negative (or near-zero) val-
ues of effective permeability, effective permittivity, or density
over a certain narrow frequency band [1]. These metamaterials
are fabricated structures or composites generated artificially us-
ing inclusions or inhomogeneities.

Their properties have been predicted and experimented in sev-
eral fields such as electromagnetism, optics, acoustic and struc-
tural mechanics and turn out to be useful for many applications.
If the goal of meta-material is mainly to control waves proper-
ties, they have also found many applications such as weight,
size, and performance enhancement through wave attenuation
or transmission.

The apparition of these artificial materials begun at the end of
the 19" century by the research of Jadagis Chunder Bose [2]
who worked on twisted elements known today as chiral
metamaterials. From the late 40s to 60s, lightweight mi-
crowave antenna lenses have been investigated by Winston e.
kock [3]. Later on, the research has been focused on these
artificial chiral metamaterials used for microwave radar ab-
sorbers [1],[4],[5],[6]. If the very first research were focused on
electromagnetic metamaterials, acoustic metamaterials are now
actively studied, many types of them exist that can be classified
as shown below :

e passive metamaterials: they do not supply energy to the
wave and are not actively controlled by an external source

*Corresponding author. Email address: grossom@tcd.ie

Preprint submitted to Applied Acoustics

e active metamaterials: they are either controlled by an ex-
ternal source or require energy input to work

Metamaterials can also be classified according to their index
and density :

e Simple negative materials (SNG) which have a negative
refraction value over a range of frequencies.

e Double negative materials (DNG) which show a negative
density and refraction value. Both simple and double neg-
atives involve length and dimensions much smaller than
the wavelength considered.

As their electromagnetic counterparts, they show unusual but
similar wave physics (presented previously) but this time in
term of sound propagation in air or water, bulk or surface elastic
waves in solids, or other types of mechanical wave motion.[7].
From the equation of propagation of scalar pressure waves in-
side a homogeneous linear fluid (see Eq.1), we can see which
physical constants are involved for acoustic.

p O*P(r) B

V2P(r)- =
) B o
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Where P is the acoustic pressure, p and B stand respectively
for the mass density and the bulk modulus. Standard materi-
als have both constants positive. As bulk modulus and density
are the two main physical constants that determine a medium’s
acoustic behaviour, researchers are creating metamaterials with
at least one of these parameters being negative.

The sound attenuation or transmission loss of a wall is pro-
portional to pdw, corresponding respectively to the mass den-
sity, the thickness and the frequency. Low frequencies are thus
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easily transmitted. Locally resonant AMMs are the most com-
mon passive AMMs. They rely on the frequency dispersion,
delayed by the structure inertia, that can be leveraged to gen-
erate destructive interference and so anomalous properties. In
their work in 2000, Liu et al [8], were inspired by electromag-
netic metamaterials to create an unprecedented Locally Reso-
nant Sonic Materials (LRSMs), the first AMMs. The idea is
to create an artificial structure that exhibit negative elastic con-
stants at certain relevant sonic frequencies, like their electro-
magnetic counterpart. To reach this goal, their meta-material is
composed of a lattice of the locally resonant structural unit. It
uses lead balls, coated with silicon, their size and shape define
the frequency ranges over which the material exhibit effective
negative constants. Recent studies developed new technologies
that show identical properties. The resonator can be spring-
mass systems, acoustic membranes or pillar resonators [9].

Another way leverages the compression extension of the air.
Small cavities are manufactured to become strong resonators
(Helmbholtz resonance). During oscillation, the gas within the
volume of the resonator is alternately compressed and expanded
at very low magnitudes. By adjusting the shape of the neck and
chamber volume, it is possible to dampen noise over a specific
frequency domain. It is considered as a negative bulk modulus,
creating high sound absorption [10].

The combination of the two previous technologies can gener-

ate negative mass density and bulk modulus for the same range
of frequencies. The structure combine air resonators and mem-
branes. These double negative AMMs has a negative index of
refraction, very useful in cloaking, lensing...
The power of locally resonant AMMs is based on a dynamic
phenomenon of resonance, and so, is available only on a spe-
cific bandwidth. Dai et al. [11] studied the properties of LRSMs
and found that in some structure, the main acoustic properties
were determined only by the resonators, independent of their
spatial arrangement. In particular, the acoustic properties of
a single resonator resemble that of an assembly of resonators.
According to them, when the lateral coupling of resonators was
properly designed, it could generate multi-mode resonances,
leading to multiple stopbands.

Non-resonant, or space coiling AMM:s present a structure of
sub-wavelength curled channels. Besides a larger bandwidth,
they don’t exhibit a high absorption at resonant peak but anoma-
lous properties as negative refraction of sound. It is also a rele-
vant way to slow down the acoustic waves.

Another interesting metamaterial’s geometry has been man-
ufactured by Gao er al.: a lightweight micro-helix meta-
material [12] that shows great sound absorption properties
thanks to the friction between the helix vestibule and the air.
Other technologies showing great absorption as acoustic black
hole (ABH) effect producing drastic wave compression and en-
ergy trapping in thin-walled structures has been performed us-
ing 3D printers [13].

As 3D printing is developing, it is possible to print struc-
tures with finer details at a decreasing cost. As metamateri-
als often have a very complex structure with cavities and fine
features, traditional machining is not appropriate to manufac-
ture them. Furthermore, 3D printing allows rapid prototyping

which is very useful for research applications. For example, the
Stereolithography (SLA) technique allows a very good preci-
sion. The SLA printers used to manufacture the samples pre-
sented in this study have a resolution of 80um cost less than
500um.

If FDM and MSLA are interesting technology in term of
price quality-ratio, other precise technologies as PolyJet tech-
nology are used to design samples with high sound absorp-
tion [14]. Cellular thin-walled periodic structures with links
between the cells can be synthesized by photopolymer material
using this additive technology similar to ink-jet technology.

Helmholtz resonators, helix shape metamaterials and sub-
wavelength absorbing cavities have previously been studied in
the literature and are known to exhibit a wide behaviour. How-
ever, they have not, to the writer’s knowledge been compared
yet. Every experiment has been conducted in different laborato-
ries, with different test rigs, protocols and the samples are man-
ufactured with widely different techniques and materials. This
study aims at comparing their absorbing properties by reducing
the number of factors by which the experiments differ. This will
provide a consistent benchmark to compare those techniques
and maybe help choosing the appropriate solution for a specific
application.

2. Design and manufacturing

The first design is based on the notions of Helmholtz and tube
length resonators. The knowledge about these two previous de-
vices has been widely developed and their behaviour can be
found accurately by an analytical approach. They can absorb a
signal at a local frequency which turns out to be useful to stop
a resonant frequency while leaving the spectrum unchanged.
By coupling a Helmholtz resonator characterised by a certain
volume and a neck length with a circular array of tubes with
different lengths, it was possible to stop particular frequencies
determined by the previous geometric parameters (see Fig.1.a).
A sufficient amount of cells were grouped to observe an overall
absorption response (see Fig.1.b).

(a) (b)

Figure 1: Helmholtz/Quarter-length tube cells metamaterial:
(a) Multiple cells array, (b) Cross section of one unit cell

The second metamaterial design was derived from analytical
analysis of Yuan et.al [15] (see Fig.2). The device is an as-
sembly looking like a box. An inner neck and an outer neck
are connected by a gap. The inner neck is directly linked to
the acoustic inlet. The other side of the outer neck is opened



to a cylindrical cavity through another outer gap. Yuan et.al
predicted a response close to a perfect Helmholtz resonator i.e.
a peak at a particular frequency (see Fig.A.14,to visualise the
spectrum). The ring showed theoretically an absorption of 1
while the equivalent Helmholtz resonator only reached 0.6 at
200 Hz. This geometry needs to be tested to validate the theo-
retical improvements.

(a) (b)

Figure 2: Split-ring neck design: (a)Assembly, (b) Exploded view

The last metamaterial is a combination of an air cavity fol-
lowed by an array of helices (see Fig.3). Compared to the two
previous design, it is slightly more cumbersome as the device
grouped two consecutive geometries. The wave is entering the
first cavity through a fence like surface (see Fig.3.a). That al-
lows a part of the entering wave to be reflected several times
through the cavity before exiting it. Moreover, another part
of the wave kept in the cavity is dissipated through the heli-
cal hole matrix (see Fig.3.b). The sound absorption capacity of
helix shape metamaterial has been investigated recently by Gao
et al. [12] and turned out to be promising. Gao ef al. used the
opposite geometry i.e. an in-line array of solid micro-helices.
However, some physical effect are common:

e The helical shape is modifying the wave front which cre-
ates wave interactions.

e The wave is subject to multiple compression and expan-
sion through the spiral cavities which dissipates some en-
ergy through viscous effect.

(a) (b)

Figure 3: Micro-helix cavity design printed as an acoustic cylinder: (a) Overall
view, (b) Cross section

If the material and the process can have some effect on the
sound absorption [16], the order of magnitude and absorption
profile should be consistent independently of the material. The
processes were then chosen to give the fastest usable results
while keeping good accuracy.

First, the Helmholtz/Quarter length cells, as well as the split-
ring neck resonator, were manufactured using Fused Deposition

Modeling (FDM). Their simple geometry mainly characterised
by cylindrical and plane surfaces with low wall angles led to a
good accuracy using this process.

Finally, the micro-helix showed the most complex geometry.
The 3D-printed FDM could be suitable for this purpose. How-
ever, it provides a lower accuracy than the previous geometries
and would ask a more complex printer calibration due to its
complexity. Mask Stereolithography (MSLA) is giving better
surface roughness. The angle at which the helix needs to be
printed is relatively high. For an angle close to 45 between the
shape and the 3D-printer bed the result will be coarse. Above
this value the part is unusable. Using MSLA allows to print
very thin layers while avoiding any layer separation. This pro-
cess suited well our purpose. Is is also easier to undertake as
the mean accuracy is higher with default printing parameters.

3. Analytical approaches and performance expectations

3.1. Analytical performance of Helmholtz/Quarter length tube
cells

A Helmholtz resonator behave as a mass-spring system. The
resonant frequency fy, which produces a high absorption, is
given in the following equation 2:

c Sh
= — 2
fo=5z IV, 2)

where S, is the area of the the Helmholtz resonator opening, V},
the volume of its cavity and /j, is the actual neck length. Finally
¢ corresponds to the speed of sound in the air and is approxi-
mately equal to 343 m.s™! in standard conditions. The design of
the resonator is resumed in table 1.

Table 1: Geometric parameter of the Helmholtz metamaterial

Parameter ‘ Iy Sn Vi
Value | 10mm 78.54 mm’ 23500 mm’

The expected resonant frequency is around fy ~ 998Hz.

In the design, the resonator is implemented with a set of quar-

ter wavelength resonator in parallel to cover a wider range of

frequency. A quarter wavelength resonator has a resonant fre-

quency as expressed in equation 3:
c c

= — = 17 3
fo 17 I, [17] (3)
where L, is the length of the quarter length tube and c is the
speed of sound in the air (~ 343 m.s™!). 12 tubes are imple-
mented, in 6 pairs of twins. The length are set to cover the
range between the 2000 and 2500Hz. It is resumed in table 2.

Table 2: Geometric parameter of quarter length tube

Tube \ 1 2 3 4 5 6

L, (mm) | 429 408 390 373 357 343
Jo(Hz) | 2000 2100 2200 2300 2400 2500




3.2. Micro-helix cavity expected performance

The sound absorption characteristics of an array of helices is
dependent of the air particles friction. Air will be kept inside
the vestibule and will act as a damper. The compression of
the air will vary depending on the height of the array. Gao et
al. [12] work showed promising performance in term of sound
absorption. By adding an air chamber before the helix array,
the sound absorption may be enhanced as the wave entering the
helices will have a lower energy to dissipate. Every frequencies
should be affected as the helical geometry kept the air inside its
geometry and is not based on destructive interference. However
a range of frequencies should be more affected than the rest of
the spectrum as it has been shown by Gao et al. [12] (Fig.A.16).

4. Numerical Modelling Strategy

The Helmholtz quarter length tube devices, as well as the split
ring neck responses, can be developed analytically. However, a
helical/air cavity theory is much more complicated to perform.
Gao et al. used the "Capillary tube" described through equation
4. Helix vestibule structure is analogous to “Capillary tube”
model. This model is taking into account the heat conduction
inside and outside the tube. In capillary tubes, the sparse and
dense process of a sound wave can be treated as an isothermal
process instead of an adiabatic process. The speed of sound is
then expressed depending on the specific heat of air y.

4 ynw
)
WD N o 4)

VY

where y = 1.4¢¢ is specific heat ratio of air, 5 is shear vis-
cosity coefficient of air, w the angular wave frequency, rhog =
1.29kg/m? is air density and D the diameter of the helices (in
this case the diameter of the helical holes).

This model constitutes already an approximation of the spiral
cavity part. As two consecutive cavities are much more compli-
cated to model, a numerical study was performed. The meshing
strategy over the part is later presented. Some areas where the
energy is mainly dissipated needs certain requirements such as
refinements to be able to quantify accurately the thermal losses
a showing very low magnitude.

In order to perform effective CFD simulations of the geome-
tries presented above, a good mesh of the system is required. A
meshing strategy will be presented in order to study the micro-
helix cavity resonator. The geometry presents many intricate
details and self-similarities, if we wanted to mesh the full cav-
ity (see Fig.4.a), the computational time would be very high:
we can make a few assumptions that allow us to reduce the re-
gion of interest to a single helix (see Fig.4.b). If we study the
system with a planar normal incident wave, the cavity sidewalls
would have a negligible effect compared to the helix’s walls and
the resonance phenomenon in the cavity. This is why we con-
sidered that boundary effects could be neglected and instead of
considering an array of circular cavities, we could assimilate

Figure 4: Geometry derived from the assembly. Numerical modelling is
applied on the air inside the device : (a) Overall cylinder for tube impedance
method, (b) Elementary cell for simulation

that to an infinitely large single cavity with micro-helix. There-
fore we can simplify this system to the study of a single helix
+ resonator as shown in figure 4.b with symmetry boundary
conditions on each wall. This assumption allows us to reduce
the region of interest to less than a ninth of the original cavity.
Furthermore, the results we will obtain could be more easily
compared to later studies as they won’t depend on boundary
effects.

As in micro-helix array, the sound is absorbed by friction
in the boundaries [12], the region of interest is close from the
walls, this is why we enhanced the mesh precision around them
as shown in figure 5.a.

The air inlet is also a region of interest as it would only allow
a fraction of the incident wave to enter or leave the cavity, as
the entrance is rather small, we can expect non-negligible air
friction around that area. Again, we meshed carefully the inlet
as shown in figure 5.b, to take into account the boundary layer
at each pore.

Finally, an overall view of the mesh in presented in figure 5.c,
this mesh is made of 1,333,190 nodes and 307,346 elements.

5. Experimental Method

The two microphones impedance tube method also refers as
transfer function method [18] was used to determine the acous-
tic sound absorption coefficient a. Several measures were taken
for each sample to find a standard deviation and eliminate ab-
normalities. The physical phenomena involved in the sound
absorption were thus accurately analysed.

This method uses a speaker to generate plane waves on a
range of frequencies (see Fig.6). Then the sound pressure is
measured using two microphone close to the sample. From
the two microphone responses, the sound propagation function
can be retrieved and absorption can be deduced. This method
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Figure 5: (a) Meshing inside the micro-helix, (b) Cut view of the air inlet, each pore’s boundary layer is meshed carefully
(c) Cut view of the system’s mesh

is following the standards ISO10534-2:2001 and GB/T18696.2-
2002.
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Figure 6: Two microphones impedance tube method/Transfer function
method [18], schematic from Schultz et al. [19]

Other method using only one sensor like the standing wave
method are less accurate and convenient. Standing wave
method uses only the maximum and minimum pressure mea-
sured with a movable microphone in a standing wave tube to
determine the absorption. It requires much more measure-
ments time and introduce a higher uncertainty as the micro-
phone needs to be move and the pressure level has to be found
by the experimenter manually.

Based on the plane wave assumption, the sound field inside
the wave guide can be described using equation 5).

p= Re(Pi(ej(a)t+kd) + Rej(a)t—kd))) (5)

The term e/“**® represents the incident waves while the
e/@=kd) term represents the reflected waves. d is the axial dis-
tance from the sample surface, k is the wave number defined by
the equation 6:

k=2 ©6)
co

with ¢g = /YRgasT and corresponds to the isentropic speed of
sound depending on v, the ratio of specific heats, T, the absolute

temperature and R, is the ideal gas constant. k is real when the
dissipation and the dispersion are not taken into account. The
previous formula 6 is suited for an ideal gas. This assumption is
made for this study. P; represents the complex pressure ampli-
tude of the incident wave and w is the angular frequency. Re()
and I'm() signified respectively the real part and the imaginary
part of a complex number. Finally, R is the complex reflection
coeflicient which needs to be determined to deduce the acoustic
absorption a.

The measure of the pressure at the two microphones posi-
tioned at the distances d = [ and d = [ + s from the sample
allows to deduce two equations (see Eq.7).

(N

p(d = 1) = Re(P;(e/ kD + Re/(@=kDy)
p(d =]+ S) — Re(Pi(ej(wt+k(l+s)) + Rej(wt—k(l+s))))

s corresponds to the spacing between the two microphones and
1 is the distance between the sample and the closest microphone
(here microphone 2 in Fig.6).

From the two previous equations and knowing the incident
wave applied through a speaker, the complex reflection coeffi-
cient R can be solved through equation 8.

A S
R = H-H; RkI+d) _ H-—e™ Se2jk(1+d) )
ﬁr — ﬁ elks — H

H;and H, are respectively the transfer functions for the incident
and the reflected wave alone. H = E[G2/G11] corresponds
to the estimated frequency response function between the two
microphones. In others words, A is the transfer function from
mlcrophone position one to two. E[] is the expectatlon operator.
G5 is the estimated cross spectral density, G, is the estimated
auto-spectral density.

As R is a complex number both real and imaginary parts (re-
spectively Rg, and R;,,) can be split into a system of two equa-
tions and solved as follows (see Eq.9).

2Hyocos(k(2 + 5)) — cosQkl) — (Hyo" + Hym)cosk(l + )

[RRe] _ L+ He' + Hyy” = 2Hyccos(ks) - 2Hy sin(ks) 9)
Rim 2Hyesin(k(2l + s)) — sin(2kl) — (Hge™ + Hp)sin(2k(l + 5))
1+ ffRez + H}mz — 2Hgecos(ks) — 2Hysin(ks)



Finally, the absorption coefficient @ can be computed from
the complex reflection coefficient R as it shown in equation
10. The normalised specific acoustic impedance represent-
ing the ratio of the specific medium impedance to the sample
impedance can also be derived from R and expressed depend-

ing on a.

a= 1= IRF =1~ &,
£= 1+R _ 1 = Ry, — Ry, +j 2R _ @ +j 2R
1-R 1- Rlzh + Rim 1- Rlzee - R;m a+ ZR%" o+ 2R§m

(10)

The considered experimental plan is exposed in table 3.

Table 3: Experimental plan

Factor Number
Number of design 3
Measurement per configuration 3

9

Total measurements

6. Results

Three measurements were undertaken for each geometry

which lead to 9 measurements in total.
The acoustic resonators designs are evaluated over a frequency

range from 500 to 3500 Hz. The error is based on the standard
deviation over the three measurements.

6.1. Helmoltz/Quarter length tube cells

The first design based on the combination of the Helmholtz res-
onator and quarter length resonator is showing several distinct
regions in its absorption response (see Fig.7).
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Figure 7: Absorption of the Helmholtz/Quarter-length tube cells over the
frequency range [500,3500] Hz. (Errors and measures are sampled and
alternated over the mean curve for a better visualisation)

A first peak of absorption around 1200 Hz is reaching a value
of @ = 0.7. Then a larger set of peaks between 2700 and 3300
Hz is visible. The absorption reach locally 0.9 but the region

showed an average absorption close to 0.7. Finally between the
two previous regions, the sound absorption fluctuates around
smaller values mainly localised between 0.1 and 0.3.

6.2. Micro helix cavity

Contrary to the Helmoltz/Quarter length tube cells, the micro
helix array combined to the air chamber is showing a smoother
characteristic absorption over the same frequency range (see

Fig.8).
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Figure 8: Absorption of the micro-helix cavity design over the frequency
range [500,3500] Hz (Errors and measures are sampled and alternated over the
mean curve for a better visualisation)

The minimum absorption value over the range of frequency
is close to 0.4 which is relatively high. A wide range between
1000 and 2300 Hz is characterised by a good average absorption
around 0.75. This region looking like a parabola shape shows a
maximum value higher than 0.9 near 1600 Hz. In the lower fre-
quencies, the absorption is characterised by a minimum at 900
Hz. The absorption between 500 Hz and this later minimum
shows a decreasing tendency. Finally a plateau seems settled in

the higher frequencies.

6.3. Split-ring neck resonator

Split-ring neck resonator response is much more localised than
the two previous designs. The response is showing a huge peak
around a particular frequency f = 1800 Hz (see Fig.9). Around
this frequency, the absorption reaches 0.95. From 800 to 1800
Hz the absorption is increasing from O to 0.1 as a power law.
After the peak, the absorption is decreasing to 0 close to 2750
Hz to finally increasing again to 0.1 at 3500 Hz following a

parabola like shape.

7. Discussion

7.1. Comparison with analytical predictions of the Hel-
moltz/Quarter length tube cell

The analytical prediction can be compared to the experiments

for the Helmoltz/Quarter length tube cells. The experimental

results are shown figure 7.
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Figure 9: Absorption of the : split-ring neck design over the frequency range
[500,3500] Hz (Errors and measures are sampled and alternated over the mean
curve for a better visualisation)

The effect of the Helmholtz resonator is easily identified. A
high absorbance peak stands alone at 1133Hz. It is slightly
more than the value of 998Hz from the theory.

The quarter tube length experimental resonant frequencies
are also moved to higher frequencies. The range of absorption
is between 2754Hz and 3337Hz (first and last peak, against an
expectation around 2000-2500Hz). One can observed that the
range is also distorted, as it now coverts 600Hz against S00Hz.
The point of interest is only 5 absorption peaks are visible over
this range, while 6 different quarter length tubes have been
designed. Two pairs of tubes may absorb frequency close to
3154Hz as the experiment shows a high absorption peak at this
frequency compared to the other peaks.

7.2. Comparison of designs performance

The three different designs shows various absorption over the
same frequency range. The three average value obtained are
summarised in Fig.10.

In term of mean absorption value, we can see that the micro-
helix array coupled with an air chamber performs well. It can be
useful in some general noise reduction for human ear health. On
the other hand, the Split-ring neck resonator and the Helmholtz
modified cells are locally sound absorbing, so they need to be
tuned for a specific application. With a correct design, such sys-
tem could a specific range or individual frequency during com-
munication or in identified resonant system. The predictions
of Yuan et al are confirmed by the experiments: the Split-ring
neck resonator performs a better attenuation, close to 1, than
the Helmholtz unit [15].

The compactness of a layer of metamaterial is a relevant fac-
tor for the performance assessment. While the Helmholtz res-
onator and the micro helix cavity have a respective height of
45mm and 49mm, the split-ring neck resonator is only 12mm-
high. It makes it an ideal choice for some industries as aeronau-
tic where the space is limited.
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Figure 10: Absorption of the three designs over the frequency range
[500,3500] Hz

7.3. Uncertainty

To validate the sound absorption characteristic over the range,
it is necessary to evaluate the standard deviation over the fre-
quency range based on the three measurements realised for each
sample. The uncertainty has been sampled on each figures to a
certain number of points (see Fig.7,8 and 9).

As a reminder, the samples have been manufactured using
3D printing technologies (FDM and MSLA). These manufac-
turing processes are not neutral. The material’s choice, the
printer’s accuracy and setup or even the design itself, have an
impact on the final structure properties [16]. Some artefacts
as the roughness or deformed shapes induced by the process
will directly make the results diverge from numerical expecta-
tions. If the 3D-printer precision has increased nowadays, the
structures are often relatively small because the scale is smaller
than the wavelength studied. Printed geometries needs thus
to be investigated further in terms of process influence before
concluding. To identify a dependency of the results on the
processes, further samples have been printed and tested for the
most promising design i.e. the micro helix array. The tendency
were validated and turns out to be mainly independent of the
process parameters.

8. Conclusions

Three new metamaterials have been investigated to produce
new acoustic behaviours. The Helmholtz resonator acts as a
resonant spring-mass system, coupled with quarter length tube
based on destructive interference. Split-ring neck design uses
a membrane/cavity phenomenon. The last system is composed
of a semi-open cavity with helix-holes. The absorption is oc-
curring through air friction in the spirals. Analytical expecta-
tions have been explicitly explained for the Helmholtz unit and
the numerical modelling have been introduced. The two micro-
phones impedance tube method is used to extract the absorption



coeflicient on a frequency range between 500 Hz and 3500 Hz.
Standard deviation over a set of three measurements allowed to
validate the accuracy and repeatability of the results. The de-
pendency of the 3D printed processes has been discussed and
was neglected for a first shape response study. For further pro-
cess optimisations, this source of error should be taken into ac-
count. The micro-helix design has a very good mean absorption
over frequencies while the two other designs need to be tuned
at a specific resonant frequency. Some distortions and shifts
are visible on the Helmholtz unit experiment. Each behaviour
can be tuned to answer a specific application. This diversity of
absorption patterns increases the number of available absorp-
tion solutions. Further investigations could be carried out on
each design to identify the relevant parameters optimizing the
absorption.

9. Future work

The micro helix array coupled with an air chamber is the most
promising design in term of mean sound absorption. A further
study could be realised to optimise its performance based on its
geometry (see Fig.11).

It can be expected that the higher the array, the more the wave
will have time to be attenuated by friction through thermal pro-
cesses. The effect of the spacing between each helix could be

investigated.

Layers; : bepth !

(d)

Figure 11: Geometry parameters of the micro helix array : (a) Helix spacing,
(b) Number of layers, (c) Helix depth , (d) In-line / Staggered array

With the same approach, we can expect that an increase in
the spacing will lead to a decrease in air pressure along the helix
so less air friction. By reducing and compacting the helix, we
expect to obtain better sound absorption. In the same scope, a
staggered array could be printed and compare to an in-line one
with similar helix geometry. If the "packing factor" of the array
being is increased, we expect the same conclusion as the helix
spacing.

(a)

(b)

Figure 12: Split-ring neck design: (a) Linear distribution, (b) Rainbow
distribution

By crossing all the results, an optimal set of parameters could
be concluded. Maximum geometric values from which the phe-
nomenon will disappear could also be deduced from the mea-
surements.

The split-ring neck design allows reducing the transmission
of a narrow range of frequencies while having a low effect in
the other regions of the spectrum. The initial linear distribution
can be replaced by a rainbow distribution. By modifying the
dimensions of the split-ring, other peaks of absorption can be
obtained other the spectrum. Depending on the applications, an
array of these rings should be able to absorb the sound in some
local frequencies while keeping the other part of the spectrum
almost unchanged.
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Appendix A.

Figure A.13: Details of the split ring neck geometry [15]:
(a) Overall structure, (b) Split ring neck and upper cap,
(c) Cross section view of the split ring neck and upper cap, (d) Sound cavity
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Figure A.14: Theoretical response of the split ring neck resonator compared to
a frequency equivalent Helmholtz resonator
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Figure A.15: Top, side and cross section views of the helix air cavity
metamaterial
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Figure A.16: Absorption depending on the helix screw pitch by Gao et al. [12]
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