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1 Polish Academy of Sciences, Institute of Fundamental Technological Research,
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Abstract
Low-frequency sound absorption by thin rigid porous hard-backed layers is enhanced if the geometrical
tortuosity is increased. Increasing tortuosity increases the fluid flow path length through the porous layer
thereby increasing the effective thickness. In turn, this reduces the effective sound speed within the layer
and the frequency of the quarter wavelength layer resonance. One way of increasing tortuosity is through
rectangular labyrinthine channel perforations. In addition to the tortuosity of the porous matrix, the bulk tor-
tuosity value is influenced by the channel widths, lengths, and number of folds. A sample with an impervious
skeleton and a sample in which the solid skeleton is perforated with oblique cylindrical holes evenly spaced
in a rectangular pattern have been fabricated using conventional methods and an additive manufacturing
technology, respectively. The sound absorption spectra resulting from these structures have been predicted
analytically as well as numerically and compared with normal incidence impedance-tube measurements.

1 Introduction

One of the methods of improving acoustic material properties by reducing quarter wavelength layer reso-
nance frequencies is the increase of the structure’s tortuosity, which is the squared ratio of the length of
the actual path taken by the moving fluid to the distance between its ends. With a labyrinthine pore net-
work, values of tortuosity greater than ten are easily achievable and lead to potentially useful narrowband
deep sub-wavelength sound absorption peaks [1]. If the material skeleton is permeable to acoustic waves
and its resistivity to air flow is sufficiently high, additional dissipative phenomena occur that originate from
double-porosity and pressure diffusion effects [2]. Integrating influences of these two mechanisms with high
tortuosity can make thin hard-backed porous layers very efficient in sound absorption.

Various labyrinthine-like solutions have been proposed so far. Recently, the concept of a labyrinthine struc-
ture combined with an acoustic foam has been studied in [3]. Significant enhancements in low-frequency
sound absorption have been reported and confirmed experimentally over a homogeneous porous material
under the same thickness. Some possible labyrinthine slit configurations oriented both vertically as well as
horizontally have been investigated in [1, 4]. It is also where the double-porosity theory [2] has been used to
calculate normal incidence sound absorption coefficient spectra resulting from labyrinthine structures with
a microporous skeleton. Examples including microslit perforations are given therein to depict great benefits
offered by highly tortuous, double-porosity materials with the pressure diffusion effect. However, previous
research [5, 6, 7] shows that manufacturing of relatively narrow (e.g. 0.3mm-wide) inclined slits in budget
additive technologies is feasible albeit fraught with problems. Other primitive shapes, like cylindrical mi-
crochannels, seem to be more suitable for application in a labyrinthine slit sample intended for experimental
verification of the developed formulae.

This contribution is a continuation of the work reported in the papers [1, 4, 5, 6, 7]. It concentrates on
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predicting and measuring the normal incidence sound absorption in a three-dimensionally printed double-
porosity labyrinthine structure. Its rigid skeleton is perforated using regular, straight, inclined cylindrical
channels which makes it permeable to acoustic waves. For completeness, the modelling and experimental
results obtained for a conventionally manufactured single-porosity material are also presented.

2 Labyrinthine geometry

Two microgeometries are proposed to investigate the sound absorption performance of solid and microporous
rigid labyrinthine slit architectures:

1. a horizontal labyrinthine slit structure with an impervious skeleton (see Fig. 1);

2. a labyrinthine slit structure of the identical mesoscopic shape and dimensions as in 1 but with a regu-
larly perforated and therefore permeable skeleton.

They were designed in such a way that their manufacturing is facilitated, and to achieve as large scale
separation between layer and skeleton permeabilities in 2 as possible using budget fabrication methods.
For this reason, a cylindrical perforation of diameter dperf = 0.4mm, inclined at the angle ϑperf = 45°
to the direction of incidence, and evenly spaced every lperf = 0.8mm (the distance between perforation
axes) is assumed in 2. The slit width, ws = 3lperf/ sinϑperf ≈ 3.39mm, and skeleton wall thickness,
ww = 5lperf/ sinϑperf ≈ 5.66mm, were selected in a manner that the perforation channels are straight
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Figure 1: The cross-section of a single labyrinthine slit in a cylindrical sample of diameter D with a skeleton
marked in grey. The geometrical parameters describing the layer and the boundaries of the representative
periodic unit cell (blue dashed line) are shown. The slit centre line is represented by the dash-dotted red line.

CHARACTERISATION, DESIGN AND OPTIMISATION OF ACOUSTIC MATERIALS 406



and continuous in the whole material volume. The dimensions Dcell and Hcell of the periodic unit cells
representative for the studied architectures are multiples of ws + ww for the same reason. The samples
were prepared to have a diameter of D = 63.5mm to fit an impedance tube of this size. Considering one
labyrinthine slit with Nfold = 5 folds in the sample, its thickness (i.e. layer thickness) and the length of
horizontal skeleton wall fragments are H = Nfoldws +(Nfold +1)ww ≈ 50.91mm and lw = D−ws −ww ≈
54.45mm, respectively.

3 Modelling, manufacturing, and testing methods

3.1 Evaluation of the acoustic absorption coefficient

The normal incidence sound absorption coefficient, A(ω), at temporal frequencies, f , from the range [0Hz,
1 kHz] is calculated as [8, 9]:

A(ω) = 1−
∣∣∣∣
Zs − Zair

Zs + Zair

∣∣∣∣
2

, (1)

where ω = 2πf is the angular frequency,

Zs(ω) = −iZeq cot
(
ωHc−1

eff

)
(2)

is the surface acoustic impedance for a hard-backed porous layer of thickness H saturated with air (i is the
imaginary unit), whereas Zair =

√
ϱairKair, ϱair = 1.204 kg/m3, and Kair = 141855Pa denote the characteris-

tic impedance, mass density and bulk modulus of air, respectively. Because the approach is based on replac-
ing the porous layer by a fluid equivalent to it in macroscopic properties, one defines the so-called equivalent
characteristic impedance, Zeq(ω) =

√
ϱeqKeq, and the effective speed of sound, ceff(ω) =

√
Keq/ϱeq, in

the homogenised medium in terms of the equivalent density, ϱeq(ω), and equivalent bulk modulus, Keq(ω).
These latter two complex-valued functions are formulated by various models, in particular those presented
below.

3.1.1 Modelling the material with impervious matrix

For simple microstructures, like labyrinthine slits, the properties of the equivalent fluid can be determined
analytically. To evaluate the analytical (‘A’) equivalent density, ϱA

eq(ω), and bulk modulus, KA
eq(ω), the

knowledge about the open porosity, ϕ, and the analytical approximation of the kinematic tortuosity of the
structure, αA

∞, is required along with the Prandtl number, NPr,air = 0.71, the dynamic viscosity, µair =
18.27 · 10−6 Pa · s, and other properties of air [10, 11]:

ϱA
eq(ω) =

ϱair

ϕ
αA
∞

(
1− tanhχ

χ

)−1
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ws

2

√
iω
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, (3)

KA
eq(ω) =

Kair

ϕ

(
γair − (γair − 1)

(
1− tanhχ′

χ′

))−1

, χ′(ω) =
ws

2

√
iω

NPr,airϱair

µair
, (4)

where γair = 1.4 is the ratio of specific heats (the adiabatic index) for air. The open porosity is deduced
directly from the microgeometry and takes the form:

ϕ =
ws(ws + ww + lw)

Dcell(ws + ww)
=

ws(ws + ww + lw)

7(ws + ww)2
. (5)

The analytical kinematic tortuosity, on the other hand, is calculated as the squared ratio between the length
of path along labyrinthine slit centre line (see Fig. 1) and the material layer thickness [1]:

αA
∞ =

(
Nfoldws + (Nfold + 1)ww +Nfoldlw

Nfoldws + (Nfold + 1)ww

)2
=

(
1 +

Nfoldlw
H

)2
. (6)
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Alternatively, the equivalent density and bulk modulus of a rigid-frame porous material can be expressed
according to the Johnson-Champoux-Allard-Lafarge (JCAL) model [12, 13, 14, 15] as:

ϱN
eq(ω) =

ϱair

ϕ

(
αN
∞ +

1

iω

µair

ϱair

ϕ

kN
0

√
iω
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(
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0
Λϕ

)2
+ 1

)
, (7)
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−1

. (8)

In this approach the six necessary geometrical parameters—the open porosity, ϕ, static viscous permeability,
kN

0 , static thermal permeability, k′0, kinematic tortuosity, αN
∞, viscous characteristic length, Λ, and thermal

characteristic length, Λ′—are estimated numerically on a unit cell geometry (see Fig. 1) using finite-element
solutions to three steady boundary-value problems (hence the superscript ‘N’). For more information, see
e.g. [7, 9].

3.1.2 Modelling the material with permeable matrix

Because of the regularity and simplicity of the designed perforation, the material composed of the main
labyrinthine slit surrounded by the permeable skeleton can be homogenised and virtually replaced by an
equivalent fluid too. Its acoustically relevant equivalent properties—density, ϱN,DP

eq (ω), and bulk modulus,
KA,DP

eq (ω)—are evaluated using the double-porosity (‘DP’) theory [2]:

ϱN,DP
eq (ω) =

ϱair

ϕDP

(
αN,DP
∞ +

1

iω

µair

ϱair
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0

√
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)
, (9)

KA,DP
eq (ω) =

(
1

KA
eq

+
(1− ϕ)Fd

KA,m
eq

)−1

, (10)

where KA,m
eq (ω) is the complex, analytical equivalent bulk modulus for the microporous skeleton (superscript

‘m’) given by [10]:

KA,m
eq (ω) =

Kair

ϕm

(
γair − (γair − 1)G

(
dperf

2

√
−iω

NPr,airϱair

µair

))−1

. (11)

In the above formulae, the open porosity of the microperforation is:

ϕm =
1

4
π

(
dperf

lperf

)2

, (12)

the total open porosity of the microporous architecture is:

ϕDP = ϕ+ (1− ϕ)ϕm , (13)

and G(ξ) = 1 − 2J1/(ξJ0), where J0(ξ) and J1(ξ) are the Bessel functions of the first kind of zero and
first order, respectively. The function ϱN,DP

eq (ω) is approximated by the JCAL model with the unknown
numerical parameters αN,DP

∞ , kN,DP
0 , and ΛDP computed on a microporous unit cell geometry by conducting

two static analyses [7, 9]. It should be noted that the formula (9) is appropriate only for materials with low
permeability contrast. In general, it is estimated numerically from harmonic flow problems [2]. In addition
to the modified overall visco-inertial and thermal losses due to the presence of ϱN,DP

eq (ω) and KA,m
eq (ω), extra

dissipation effects are accounted for in the pressure ratio function, Fd(ω), provided that there is a high
permeability contrast between the pores at micro- and mesoscale levels. The function Fd(ω) describes the
ratio between the average pressure in the microporous domain and the pressure in the main pore network,

CHARACTERISATION, DESIGN AND OPTIMISATION OF ACOUSTIC MATERIALS 408



and is defined as follows [2]:

Fd(ω) = 1− i
kd

kd(0)

ω

ωd
, (14)

where the dynamic pressure diffusion, kd(ω), and the corresponding characteristic frequency, ωd, are calcu-
lated for the studied material as:

kd(ω) =
1

iω
(1− ϕ)νd

(
1− tanhχd

χd

)
, χd(ω) =

Λd

2

√
iω

1

νd
, (15)

ωd = (1− ϕ)
νd

kd(0)
. (16)

Here, the characteristic length for the pressure diffusion effects reads:

Λd =
7(ws + ww)

2 − ws(ws + ww + lw)

ws + ww + lw
=

7(ws + ww)
2

ws + ww + lw
− ws (17)

and constitutes the doubled ratio between the volume of the microporous domain and the area of the interface
between it and the main pore network.

νd =
Kairk

A,m
0

ϕmγairµair
(18)

is the pressure diffusivity of the microporous material. Inserting (15) and (16) to (14) simplifies the formula
for the pressure ratio function:

Fd(ω) =
tanhχd

χd
. (19)

If the permeability contrast is sufficient, ϱN,DP
eq (ω) ≈ ϱN

eq(ω) and the pressure diffusion phenomenon giving
rise to a low-frequency peak in the absorption spectrum is predicted. The analytical static viscous perme-
ability, kA,m

0 , for cylindrical micropores is determined from the Kozeny-Carman relationship [10, 16]:

kA,m
0 =

1

32
ϕmd2perf cos

2 ϑperf . (20)

3.2 Preparation of cylindrical material samples

Two manufacturing techniques were used to fabricate cylindrical specimens of diameter D = 63.5mm and
thickness H ≈ 50.9mm of each considered material, shown in Fig. 2. The first impervious labyrinthine
configuration was prepared conventionally by turning and milling from Nylon 6; see Fig. 2a. The second
sample (see Fig. 2b) was three-dimensionally printed from a low-viscosity photocurable resin in the pho-
topolymerisation technique exploiting a liquid–crystal display. The device used was Zortrax Inkspire with
the component layer thickness equal 0.025mm. The sample was washed in an isopropyl alcohol to clean it
from resin residue after removal from the printer. To facilitate the production process, both structures were
not manufactured in one piece, but were assembled from six L-shaped elements instead.

3.3 Impedance tube measurements

The two-microphone transfer function method [17] was used to determine normal incidence sound absorption
coefficient from acoustic pressure measurements performed on the samples in the 63.5-mm Brüel & Kjær
Type 4206 circular impedance tube. During the tests the specimens fitted well into the tube and were backed
by a rigid impervious piston. Previous comparative research [18] shows that the operation of the equipment
is correct.
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(a) (b)

Figure 2: Photographs of (a) conventionally and (b) additively manufactured cylindrical material samples:
the labyrinthine sample with (a) an impervious skeleton; (b) a permeable matrix due to the regular cylindrical
perforation applied to the solid skeleton.

4 Results

The values of the sound absorption coefficient at normal incidence for the single-porosity labyrinthine ma-
terial were predicted analytically as well as numerically and juxtaposed with experimental data obtained for
the cylindrical sample. The results are plotted versus frequency in Fig. 3. They suggest that the calculated
analytical kinematic tortuosity value, αA

∞ ≈ 40.29, is understated as the predicted frequency of the first
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Figure 3: Measured and predicted (analytically and numerically) normal incidence sound absorption coeffi-
cient spectra for a 50.9mm-thick hard-backed labyrinthine layer with an impervious skeleton (ws ≈ 3.4mm,
ww ≈ 5.7mm, lw ≈ 54.4mm, Nfold = 5).
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quarter wavelength layer resonance is higher than measured in the impedance tube. Typically, the higher the
value of tortuosity of a porous network, the lower the first quarter wavelength layer resonance frequency.
To investigate it further, a two-dimensional numerical analysis incorporating the finite element method [19]
was conducted. Open-source pre-processing software was used to prepare the CAD model of the periodic air
region in the Dcell ×Hcell unit cell (see Fig. 1) and discretise the corresponding domain. The computations
with 415 847 and 937 747 degrees of freedom were run in the FEniCS library [20] distributed under the GNU
Lesser General Public License. The six evaluated JCAL parameters are listed in Tab. 1. Good qualitative
and quantitative agreement is reached between the numerical and experimental curves (see Fig. 3). Never-
theless, the magnitude of the second absorption peak around 725Hz is vastly overpredicted, which seems to
be the result of sample geometrical imperfections (the numerical model is idealised). However, practically
the same modelling result is achieved if αA

∞ in the analytical approach is replaced by αN
∞ ≈ 46.9 > αA

∞.
This proves that the analytical kinematic tortuosity evaluation based on the slit centre line length is impre-
cise, which is probably due to the relatively large slit width ws. All in all, the experimental data shows
that the proposed labyrinthine structure is efficient in dissipating acoustic wave energy at comparatively low
frequencies, providing nearly perfect albeit narrow sound absorption at 235Hz.

Table 1: The numerical JCAL parameters for the impervious labyrinthine structure.

Parameter Symbol Unit Value
Open porosity ϕ – 0.376

Static viscous permeability kN
0 10−9 m2 7.52

Static thermal permeability k′0 10−9 m2 369.2
Kinematic tortuosity αN

∞ – 46.9
Viscous characteristic length Λ mm 3.25
Thermal characteristic length Λ′ mm 3.39

Fig. 4 illustrates the calculation and measurement results pertaining to the labyrinthine slit material with
the microperforated skeleton of microporosity ϕm ≈ 0.196. The total porosity of the configuration is
ϕDP ≈ 0.496. The numerical analyses with periodic as well as symmetric boundary conditions contained
1 204 592 and 3 833 121 degrees of freedom and were run on a three-dimensional unit cell of dimensions
Dcell ×Hcell × lperf/2 representative for the microporous architecture. The reference analytical black curve
is plotted to visualise the advantage coming from the double-porosity effect over the uniform single-porosity
configuration with cylindrical channels inclined at 45° to the insonified surface. The experimental sound ab-
sorption for the studied microporous structure is more broadband than it is for the single-porosity labyrinthine
case (cf. Fig. 3), and its first peak is lowered to 650Hz from 950Hz predicted for the single-porosity perfo-
rated layer. The separation of permeability scales is poor since kN

0 /k
A,m
0 ≈ 15 and thus the pressure diffusion

phenomenon is weak. In consequence, the imaginary part of the pressure ratio function, ImFd(ω), is close
to zero in the considered frequency range, which means that the pressure diffusion mechanism does not
contribute to the overall sound absorption. The agreement between double-porosity predictions and mea-
surements is not satisfactory. The estimated frequency of the first absorption peak is higher by about 300Hz
than the experimental value. Additionally, the predicted absorption coefficient reaches 0.95 in the peak,
whereas the measurement reveals maximal absorption of about 0.75. The discrepancies are to some extent
attributed to the quality of the sample, which is quite complicated geometrically from the point of view of
budget additive manufacturing. Because of the channel diameters being at the limit of fabrication, and the
correlation between the printing direction and gravity, the microperforation obtained is not as uniform as the
one in modelling. However, more research is needed to find the real cause of the observed disagreement.

5 Conclusions

The following conclusions from the research are drawn:

• Labyrinthine structures are potentially useful low-frequency narrow-band sound absorbers due to their
extraordinary high tortuosity values.
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Figure 4: Measured and predicted normal incidence sound absorption coefficient spectra for a 50.9mm-
thick hard-backed layer of identical 3.4mm-wide labyrinthine slits separated by 5.7mm-thick permeable
walls with lw ≈ 54.4mm and Nfold = 5. The micropores of the skeleton have the form of cylindrical
channels of diameter 0.4mm inclined at 45° to the wave propagation direction and regularly spaced every
0.8mm. The analytical result for a 50.9mm-thick hard-backed single-porosity layer composed of inclined
cylindrical channels (black line) is given for comparison.

• Good agreement between the calculations and measurements is found for the labyrinthine slit config-
uration with an impervious matrix.

• The analytically evaluated tortuosity based on the length of labyrinthine channel centre line is lower
than its numerical analogue, and the difference is central to precise modelling.

• The combined influence of the labyrinthine slit tortuosity and the double-porosity effect makes the
acoustic absorption in the structure more broadband at frequencies around 650Hz.

• The performance of the absorber is supposed to enhance if the permeability contrast between its meso-
and micropore networks is increased.

• Insufficient quality of the sample is to some extent responsible for significant discrepancies between
modelling and experimental results for the double-porosity case.

• The agreement between predictions and measurements is expected to improve if a cuboidal sample is
prepared (instead of the cylindrical one) and tested in an impedance tube with square cross-section.

Further work focused mainly on the preparation of a new high-quality sample with permeable skeleton is
needed to investigate the reason for the reported inaccuracies in the obtained hybrid double-porosity predic-
tions. Another modelling approaches based more on numerical solutions are also planned.
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