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ABSTRACT

The paper presents theoretical and experimental studies
on the original multi-resonant sound-absorbing material.
A representative geometry of the material contains sev-
eral channels (disjoint pore networks) of contrasting tor-
tuosity. For the assumed material thickness, one can esti-
mate the quarter-wavelength resonance frequency of each
channel based on its tortuosity. The proposed estimate is
sufficiently accurate or can be systematically adjusted to
eliminate the predictable error. It can therefore be used
to design a very effective sound-absorbing layer by tun-
ing the resonance frequencies. This is because the sound
absorption peaks for such a layer backed by a rigid wall
occur at the resonant frequencies. The tuning is performed
by tailoring the shape of the channels to obtain contrasting
tortuosities that should distribute their corresponding res-
onant frequencies over the desired, wide frequency range.
In this way, broadband absorption can be achieved. An ad-
ditional goal of tailoring the channels is to fit them tightly
inside the representative space of the material while main-
taining their separation. In the proposed material design,
all shapes and characteristic sizes are suitable for addi-
tive manufacturing, so a sample of the material was 3D
printed. It was tested in an impedance tube for sound ab-
sorption to validate the theoretical results.
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1. INTRODUCTION

Conventional acoustic materials such as open-cell foams,
felts, wools and other high-porosity fibrous materials are
good sound absorbers, but only in the medium and high
frequency range if their thickness is limited to a few cen-
timetres. Broadband sound absorption, including lower
frequencies, can be achieved by using very thick layers or
almost equally thick multilayer arrangements of such ma-
terials [1]. Significant or even perfect sound absorption at
individual lower frequencies can be obtained with tuned
designs of Helmholtz resonators [2] or micro-perforated
plates backed by air cavities with optimised depths [3].
Howeyver, these solutions are narrowband and their classi-
cal forms are bulky.

Desired sub-wavelength performance, i.e. significant
attenuation of low-frequency sound waves by acoustic
layers thinner than the wavelength in air, can be achieved
using various recently-developed architected acoustic ma-
terials and metamaterials [4]. Such acoustic treatments are
based on: coiled-up cavities of various geometries [5—8]
often covered by micro-perforated plates, labyrinthine
channels [9-12], coiled Helmholtz resonators [13], etc.
Their performance is typically narrowband. To solve this
problem, various multi-resonant solutions enabling broad-
band absorption of low-frequency sound have been re-
cently proposed and intensively investigated. Representa-
tive examples are: parallel assemblies of coiled-up [14,15]
or spiral cavities [16], nested networks [17], parallel or
nested arrangements of Helmholtz resonators [18, 19].

This work presents a multi-resonant sound-absorbing
material based on carefully designed, separated channels.
Their shapes are tailored to ensure contrasting tortuosities
and fit well into the limited space of the material without
overlapping. By increasing (decreasing) the tortuosity, the
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Figure 1. Periodic representative cells for three porous materials, each having a different pore network (A, B,
or C), and for a multi-resonant material combining these three networks while keeping them separate.

associated quarter-wavelength resonance can be shifted to
the desired lower (higher) frequency [20]. In this way, the
resonances are spread over the required frequency range,
which ensures broadband operation.

The outline of this paper is as follows. The tortuosity-
based design of a multi-resonant material with three sepa-
rated open-pore networks is discussed in Section 2.1. The
main formulas necessary to model sound wave propaga-
tion and absorption in such materials are provided in Sec-
tions 2.2 and 2.3. Section 3.1 presents a 3D printed sam-
ple of the multi-resonant material and its testing configu-
ration. The calculated and measured results of sound ab-
sorption by the multi-resonant material are confronted and
discussed in Section 3.2. The main findings and conclu-
sions are summarised is Section 4.

2. MATERIAL DESIGN AND MODELLING
2.1 Open-pore networks: designs based on tortuosity

Figure 1 shows four representative cells of periodic porous
materials with an essentially two-dimensional structure.
All cells are rectangular and have the same dimensions
Wex H. = 16.5mm x 8 mm. Each of the first three cells
contains an open-pore network in the form of a single
channel with a carefully designed shape. These networks
and consequently the periodic cells and porous materials
based on them will be referred to as network, cell or ma-
terial A, B, and C.

The three networks were designed with the following
two objectives in mind:
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1. each network should have a designed tortuosity
that is significantly different from the tortuosities
of other pore networks to ensure different, de-
sired quarter-wavelength resonance frequencies for
a material layer of a specified, required thickness;

the network shapes should allow for a relatively
tight fit within the limited space of a rectangular
cell such that all the networks remain separated
(i.e. do not overlap and ensure the required wall
thickness between them) while providing the high-
est possible total porosity.

The realisation of the second objective resulted in the con-
struction of the fourth representative cell shown in Fig-
ure 1, i.e. the periodic cell with three separated networks
A+B+C. The total porosity of this cell (and of a periodic
porous material composed of such cells) is the sum of the
porosities of the three cells with one network, namely

&= da+ ¢p + dc = 42.61%. (1)
Here and further in this work, ¢ (for N = A, B, and C)
denotes the porosity of the periodic cell with a single
open-pore network N. The values of these porosities are
listed in Table 1.

As part of the design process to achieve the first objec-
tive, the Laplace problem for potential, i.e. inviscid flow
was solved for each network N = A, B, C, to determine
its kinematic tortuosity a.on [21,22]. The calculations
were repeated every time the shape of the network was
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Table 1. Main design parameters established for the designed networks and periodic representative cells, as well
as the estimated and exact values (along with the estimation error) of the quarter-wavelength resonance (QWR)
frequencies of the corresponding material layers with thickness H = 40 mm.

modified to tune its resonant behaviour, which was partic-
ularly the case for network B. The final tortuosity values
are given in Table 1. It should be noted that they are very
different from each other and as intended

@

One should also notice that oo is much larger than the
tortuosty of any conventional acoustic materials. More-
over, the geometric estimation of this tortuosity is possible
and very accurate because network A is a narrow channel
with constant width.

The proposed design method based on tortuosity
was applied for each of the three networks to tune
the respective quarter-wavelength resonance (QWR) fre-
quency fn of a porous layer with network IV and thick-
ness I =5H, =40mm, ie. containing five periodic
cells per layer thickness. This is because, when the net-
work tortuosity aon is known, the QWR frequency can
be easily estimated by the upper-limit value fN, namely

3

QoA > OooB > ClooC -

co
4H '

Ao N

fN<fN=

Here, ¢ is the speed of sound in air. The approach was
simultaneously applied for all networks NV = A, B, and C,
to distribute the QWR frequencies more or less evenly
over the desired frequency range. The upper estimates fN,
listed in Table 1, prove to be very useful for this purpose.

2.2 Equivalent fluid model for sound-absorbing
rigid-frame porous materials

The modelling of a multi-resonant acoustic material with
multiple separated pore networks is based on the classi-
cal model of a porous material with a rigid frame and a
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Network | Porosity | Tortuosity | QWR frequency* | QWR est. error
N | onl%] | awn | [nIHzl fy[Hz] | D qo)
A 17.14 9.71 694 645 7.60
B 11.43 3.33 1186 1126 5.33
C 14.04 1.69 1663 1610 3.29

*for H = 40 mm

single open-pore network. Time-harmonic wave propa-
gation in such materials, with respect to the angular fre-
quency w = 2nf (f is the ordinary frequency), is deter-
mined by solving the Helmholtz equation of linear acous-
tics. For this purpose, it is first necessary to calculate the
effective properties of the porous material modelled as an
equivalent fluid, in particular, the effective speed of sound.

Homogenisation by the multi-scale asymptotic
method (MAM) [23, 24] results in that the viscous and
thermal effects are uncoupled at the micro-scale and the
effective properties of a porous material depend on two
dynamic permeabilities: one is related to the viscous
oscillatory flow through a porous material and the other to
the thermal diffusion in the pores. The dynamic viscous
permeability /Cn depends, in particular, on the kinematic
viscosity v of the air saturating the pores, while the
dynamic thermal permeability © depends on the the
thermal diffusivity of air »/. Both are complex and fre-
quency dependent functions that can be calculated using
the well-known Johnson-Champoux-Allard-Lafarge-
Pride (JCALP) model. The JACLP scaling functions
depend on macro-parameters related to the structural
geometry and static transport properties of the porous
material. Therefore, for each porous material [V, i.e. each
periodic material with an open-pore network N = A, B,
or C, the dynamic permeabilities are functions of the
following parameters

“)
®)

See Refs. [1, 22] for the actual formulae of the JCALP
model. Here, the porosity ¢ and the thermal charac-

Ky =Kn(w,v,¢n,Kon, AN, @on, o),

On =On(w, V', dn,Oon, Ay, g n)-
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teristic length A’y are calculated from the geometry of
the representative cell with network N, while the viscous
characteristic length A’y is determined from the afore-
mentioned Laplace problem that is solved to calculate the
kinematic tortusosity ..o n. The static viscous permeabil-
ity Ko and the static viscous tortuosity agy are calcu-
lated from the solution of the Stokes flow through the pe-
riodic cell with network N, while the static thermal per-
meability ©gn and the static thermal tortuosity «y, are
calculated from the solution of the Poisson problem de-
fined on this periodic cell. See Refs. [21,22,24] for the
details.

The dynamic permeabilities are used to calculate the
effective density oy and the effective compressibility Cy
for each material IV, namely

(1

_ N

=5
where oo and v are the density and adiabatic index of air,
respectively, Py is the ambient mean pressure, and i is the
imaginary unit. Now, the effective speed of sound ¢y, the
effective wave number kv, and the effective characteristic
impedance Z can be calculated as follows

Voo
iu)]CN)

ON =

Cn

1 w
cN=———, kn=—, Zny=o0oncn.- (D
VonCn eN

Note that not only the wave number but all effective prop-
erties are frequency dependent. In particular, ¢y = ey (f)
describes the dispersion in a porous material.

The QWR frequency fy for a porous layer of thick-
ness H can be determined by solving the following non-
linear equation

Re CN(fN) —
4fn ’

where the real part of the effective speed of sound defines
the acoustic wave velocity in the porous medium. Equa-
tion (8) was solved for the three materials N = A, B
and C, assuming in each case the same layer thickness
H = 40 mm. The resulting resonance frequencies fn are
compared in Table 1 with their upper-limit estimates fy,
proving that the estimates are quite accurate. The typical
expected accuracy is indicated by the relative errors shown
in the last column of Table 1.

The surface acoustic impedance is an important
acoustic indicator for sound absorbing and isolating ma-
terials. For a layer of porous material N and thickness H,

®)
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it is calculated as

Zinv = Zn coth(iky H) . 9)

It can be used to calculate other acoustic indicators such
as the reflection coefficient R y and the sound absorption
coefficient Ay, namely

Zin — Zo

Ry =N "2
NTZN+ Zo

Av=1-[Rx|®. (10

Here, Zy = opcy is the characteristic impedance of air.

2.3 Material with multiple, separated pore networks

The material with multiple open-pore networks that are
separated from each other can be considered as an as-
sembly of the corresponding single-network materials ar-
ranged in parallel, or rather independently occupying the
same geometric space. Consequently, in the example in-
vestigated in this work, the triple-network periodic ma-
terial marked as A+B+C (see Figure 1) can be modelled
with three effective fluids that are acoustically equivalent
to porous materials A, B and C, respectively. These equiv-
alent fluids share the same computational domain, but the
wave propagation in each of them is governed by an in-
dependent Helmholtz equation. There are therefore three
acoustic pressures that are not coupled within the com-
putational domain. However, they are coupled — which
usually means that they are equalised — on some (or all)
of its boundaries, so that wave propagation in the equiva-
lent fluids corresponding to the individual networks is not
completely independent. In the case when a layer of the
material with multiple, separated networks is backed by
a rigid wall, the coupling, i.e. pressure equalisation, oc-
curs only on the front surface of the layer. It is easy to
show that the surface acoustic impedance for such a hard-
backed layer equals

1 1

S 2N 1/Za+1/Ze+1/2¢
N=A.B,C

s =

(1)

This is the classic result for the impedance of a system of
components N = A, B, C, set in parallel. It should be
noted that the situation becomes much more complicated
and dramatically different when the layer is supported by
even a very thin air gap and not directly by a rigid wall.
This is because in such a case the pressures in all networks
also equalise on the back surface of the porous layer. Con-
sequently, determining the surface acoustic impedance re-
quires in this case much more complex calculations [25].
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Figure 2. 3D printed sample of the multi-resonant material with three separated pore networks: (a) general
view, (b) side view showing all pore networks (due to sample transparency) with one representative cell marked
with a red rectangle. In the side view, the sample is placed inside the measurement scheme showing a fragment
of a square impedance tube and a plane acoustic wave at normal incidence to the sample surface.

When the surface acoustic impedance Z is deter-
mined for the hard-backed multi-resonant material using
Equation (11), the corresponding reflection coefficient R
as well as the coefficient of sound absorption A4 are calcu-
lated using standard formulae, namely

2 -7

2
=z 12 A=1-|R|". (12)

3. PROTOTYPING, TESTING AND VALIDATION
OF MULTI-RESONANT MATERIAL

3.1 3D printed sample

Figure 2 (a) shows an additively manufactured sample of
the designed multi-resonant material. The sample has a
cuboid shape with a square base. Its thickness (height) is
H = 40 mm. There are twelve slits on the front surface of
the sample that lead to (four triplets of) separate networks.
The corresponding twelve exit slits on the back side of
the sample were sealed with an aluminium tape to prevent

sound leakages when the sample was backed by a rigid
wall and tested in a 66 mm square impedance tube. The
testing configuration is depicted in Figure 2 (b).

The sample was 3D printed in the stereolithography
(SLA) technology using a photopolymer resin of low vis-
cosity so that its residues could be removed even from the
most tortuous of the network channels. The resin is trans-
parent, so that all the separate networks of the material
can be seen in the photograph of one side of the sample
shown in Figure 2 (b). The rectangular periodic cell is
marked in red in this photograph, mirroring the design la-
belled as A+B+C in Figure 1. One should notice that there
are five such cells per sample thickness. The configuration
scheme shown in Figure 2 (b) illustrates how the sample is
backed by a rigid wall and impinged at the front by a plane
acoustic wave propagating in a square impedance tube.

3.2 Sound absorption: predictions and measurements

The modelling discussed in Section 2 was applied to pre-
dict the sound absorption by different material layers in a
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Figure 3. Sound absorption measured for a 3D printed sample of the mutli-resonant material with three pore
networks (red curve) compared with the corresponding prediction (blue curve) and with the sound absorption
curves calculated for single-network layers (grey curves) of the same thickness.

configuration where the layer under consideration is sup-
ported by a rigid wall, as illustrated in Figure 2 (b) for
the 3D printed sample. Each material is based on one of
the four periodic representative cells shown in Figure 1,
which gives the four following cases:

1. ahard-backed porous layer with network A,

2. ahard-backed porous layer with network B,

3. ahard-backed porous layer with network C,

4. a hard-backed porous layer with three separated

networks, arranged as in cell A+B+C, see Figure 1.

Each layer has five identical periodic cells along its thick-
ness, which is therefore the same, i.e. H = 40 mm, as in
the case of the 3D printed sample.

To predict sound absorption by hard-backed layers,
the macro-parameters mentioned in Section 2.2 were first
calculated for each of the three periodic cells with a single
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pore network N = A, B, C. In each case, the cell geom-
etry used for calculations was not exactly the same as that
used to 3D print the sample. However, the necessary ge-
ometric modification was minor and generally consisted
of reducing the channel width by 0.1 mm to match the ac-
tual width of 3D printed channels. Incidentally, the values
given in Table 1 were determined for such updated cell
geometries. The macro-parameters were used to calcu-
late the effective properties. Then, the sound absorption
of each single-network layer was calculated using formu-
lae (9) and (10). Equations (11) and (12) were used to
calculate the sound absorption for the layer with three sep-
arated networks.

Sound absorption curves determined for the four ma-
terials are compared in Figure 3 within the frequency
range up to 1.75kHz. It should be observed that the ab-
sorption peak for the hard-backed layer with network A is
almost at f4 = 645 Hz, which is the QWR frequency pre-
dicted for this layer by Equation (8). Similarly, the absorp-
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tion peaks for the layer with network B and the layer with
network C are close to their respective QWR frequencies.
The sound absorption curve marked in blue was calculated
for the layer with three separated networks A+B+C. It en-
velopes the three (grey) curves determined for the single-
network layers. This curve envelope closely adheres to the
absorption peaks, but not between them, where the sound
absorption of the layer with three separate networks is no-
ticeably higher than that of any single-network layer.

The blue sound absorption curve clearly demonstrates
the multi-resonant acoustic behaviour of the material with
multiple networks. This is confirmed by the experimen-
tal results, i.e. the red sound absorption curve in Figure 3,
measured in an impedance tube for the 3D printed sam-
ple. Discrepancies between calculations and measure-
ments are due to printing imperfections. They should be
related to the geometric quality of each 3D printed net-
work. It seems that the shape of the printed network B dif-
fers, albeit slightly but significantly, from the shape used
to calculate its corresponding macro-parameters. One can
expect that the actual tortuosity in this case is slightly
larger than the calculated value, because the absorption
peak associated with this network occurs at a frequency
that is about 80 Hz lower than the predicted value of
fs = 1126 Hz.

4. CONCLUSIONS

Broadband low-frequency sound absorption can be
achieved by porous materials with separate channels of
contrasting tortuosity.  Such materials exhibit multi-
resonant behaviour and the individual resonant frequen-
cies can be tuned during the design process to the de-
sired values. To ensure overall broadband performance,
they should be evenly distributed over the entire frequency
range of interest.

In the proposed material design procedure, the main
tailoring parameter is the tortuosity of each channel.
Knowing this parameter and the material thickness, the
quarter-wavelength resonance frequency associated with
a given channel can be quickly estimated with acceptable
accuracy. In the design process, this resonance can be
shifted towards a lower frequency by increasing the tor-
tuosity [20]. Even for a relatively thin material, this can
be a very low frequency indeed, provided that the channel
tortuosity is sufficiently high.

The design procedure is very efficient, especially for
narrow channels of constant width because their tortuosity
can be determined analytically with high accuracy based
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on the channel length [12,26,27]. Channel shapes should
be designed simultaneously or at least taking into account
the already constructed channels. This is because their
tortuosities should be significantly different, and more-
over, all channels should fit into the material space with-
out overlapping but at the same time allow for the highest
possible porosity. Optimised, three-dimensional design of
channel shapes should lead to the creation of thin but very
efficient and broadband, multi-resonant materials of this

type.
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