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Abstract – Prediction of the acoustic performance of 3D printed materials is investigated at normal and
grazing incidence. A direct numerical (microscopic) simulation that solves the full set of Navier–Stokes
equations is used as a reference. It is compared with a macroscopic approach in which the material is
represented by an equivalent fluid. The materials have a periodic microstructure, consisting either of a
single network of spherical or cubic cavities connected by cylindrical channels or of a double-nested network.
The samples are printed using the stereolithography technique and are tested using an impedance tube and
a duct test bench. For single network geometries, the results of sound absorption at normal and grazing
incidence predicted using the equivalent fluid approach are in good agreement with those obtained by
the microscopic approach. Comparisons with impedance tube measurements confirm that both approaches
can accurately predict the absorption coefficient of the samples. For the in-duct liner configuration, the
transmission loss measurements and predictions show similar evolution with frequency change, despite the
discrepancy in amplitude. For the double network geometry, the equivalent fluid approach cannot exactly
reproduce the results obtained with the direct numerical simulation. Finally, while the predictions with
the microscopic approach provide a good match with the impedance tube measurements, only a poor
agreement is obtained using the duct testing bench.
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1 Introduction

Recently, advances in 3D printing techniques have
been effectively used in research on noise reduction sys-
tems involving, in particular, acoustic metamaterials, as
these modern manufacturing technologies enable real-
ization of geometries that are difficult to produce with
traditional manufacturing processes. There are many
examples of 3D printed acoustic materials in the lit-
erature, but only some of them, such as space-coiling
geometries [1, 2] labyrinthine channels in microporous
skeletons [3], extended neck Helmholtz resonators [4, 5],
and coupled or detuned resonators [6, 7], may achieve
impressive absorption properties. The ease of use and
affordability of 3D printing techniques could allow one
to manufacture tailored sound absorbers that meet spe-
cific requirements in the near future. This challenging but
reachable goal requires two prerequisites. First, it is nec-
essary to ensure the reliability of the dimensions obtained
during the production of absorbent structures. Secondly,
one should be able to accurately predict the absorption
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properties of a variety of geometries, and do so in differ-
ent configurations. In the present work, we focus on this
second aspect.

Two main approaches are used to predict the absorp-
tion properties of rigid and motionless materials. The first
one are direct methods that describe sound propagation
at the pore scale. In particular, direct numerical simula-
tions solve the full set of Navier–Stokes equations inside
the sample and account accurately for thermo-viscous
losses. They are straightforward but require significant
computational resources, which make them inefficient
for extensive parametric studies. The second approach
are the macroscopic methods that model the material
at the system scale. These include surface impedance
and equivalent fluid models. These methods are much
more efficient, but are less general than the direct micro-
scopic simulations. Thus, surface impedance models are
appropriate for locally-reacting materials, but fail oth-
erwise. Equivalent fluid models are more relevant for
extended-reacting materials. However, they require that
the following assumptions are met: (i) the existence of
a periodic unit cell a.k.a. a representative elementary
volume (REV) in the microstructure of the material,
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(ii) wavelengths larger than the REV size, and (iii) a suf-
ficiently large number of REV in the material sample.
Note that it is possible to relate the acoustic properties
of these macroscopic models to the REV geometry.

Most of the acoustic devices listed in the first para-
graph were tested in an impedance tube, which is the
basic configuration to assess the sound absorption of
materials at normal incidence. For real-world applica-
tions, more complex configurations have to be consid-
ered. For instance, for room acoustics applications, the
absorption of the material should be examined using a dif-
fusive field. For ventilation systems, mufflers or nacelles
of aircraft engines, grazing incidence is more appropri-
ate than normal incidence. However, there are actually
few examples of 3D printed devices that were tested in
such configurations. We can refer for a 3D-printed mate-
rial mounted in the wall of a duct to Oh and Jeon [8]
and Boulvert et al. [9, 10], used as a duct termination
to Meng et al. [11], or tested in a reverberation room to
Nistri et al. [12]. Note that all of these studies concern
locally-reacting materials.

The objective of this paper is twofold. First, we want
to check whether macroscopic methods can predict the
sound absorption properties of 3D printed samples similar
to the reference direct numerical simulations performed
on the microscale in two different configurations, namely
at normal and grazing incidence. Second, we want to
compare the respective experimental results and numer-
ical predictions obtained for these two configurations.
To do so, we consider 3D printed samples with periodic
microstructures based on three different unit cells.

The article is organized as follows. The periodic
geometries are described in Section 2. Then, the direct
numerical simulation and the equivalent fluid approach
are explained in detail in Section 3. Comparison between
experimental and numerical results are first shown at nor-
mal incidence in Section 4 and then at grazing incidence
for the in-duct liner configuration in Section 5. A discus-
sion on these results is proposed in Section 6. Finally,
concluding remarks are given in Section 7.

2 Periodic geometries of 3D printed
materials

All studied materials have a periodic microstructure.
Three periodic geometries are considered. Unit cells for
the three geometries are presented in Figure 1 along with
pictures of the corresponding samples 3D printed for test-
ing in a 29 mm diameter impedance tube. The first two
geometries consist of a single network of cavities, that
are either cubic or spherical, linked to neighbouring cav-
ities by small cylindrical channels in the three directions
in space. The design is inspired by the One-Pore Cell
(OPC) geometry of the round-robin study performed in
Zieliński et al. [13]. This geometry offers many advan-
tages: it is simple, it can be easily realized with additive
manufacturing, and it has several symmetries, that can be

used to reduce the computational cost of numerical sim-
ulations. In the original OPC geometry, the cell width
was of 5 mm, the cavities were spherical with a diameter
of 4.5 mm, and the channel diameter was of 2 mm. The
absorption coefficient showed several peaks, suggesting a
resonant behaviour. The frequency of the first absorption
peak was measured at 1000 Hz for a 60 mm height sample.
In order to obtain a first peak in the same frequency range
but for a smaller sample height, we have modified the
dimensions of the cell. The frequency of the first peak has
been tuned by shrinking the channels and enlarging the
pores and thus increasing the tortuosity of the material.
As a result, the frequency of the absorption peak asso-
ciated with the quarter-wavelength resonance has been
lowered. The first studied geometry is thus composed of
a cell of 9 mm width, a sphere diameter of 8 mm, and a
channel diameter of 1.5 mm. These new dimensions, par-
ticularly the channel diameter, also aimed at investigating
the limitations of the 3D printing technique used. The
unit cell for this geometry, called One-Pore Cell Large
(OPCL) hereafter, is sketched in Figure 1a. We have also
derived from OPCL a geometry with a cubic cavity in
order to increase the porosity of the material, which is
referred to as the cubic geometry subsequently (see the
unit cell in Fig. 1b). Finally, we have investigated a dou-
ble nested network (DNN) geometry. For this purpose,
we have inserted in the skeleton of the OPCL geometry
a second network of spherical cavities. Both networks are
independent, i.e. they are not connected to each other. In
the first network, referred to as the “large” subnetwork,
the cavity diameter is 8.5 mm and the channel diame-
ter is 1.2 mm. In the second network, referred to as the
“small” subnetwork, the cavity diameter is 6.5 mm and
the channel diameter is 2 mm. Figure 1c represents the
unit cell along with a sketch of the network structure.
In addition to increasing the porosity, the objective is
to obtain two peaks of absorption, whose frequencies are
close enough to achieve absorption over a wider frequency
range. The dimensions of the elementary cells are com-
pared in Table 1. Note that the cell width is identical for
the three geometries studied in this work.

The samples manufactured for the studies at normal
and grazing incidence, shown in Figure 2, have a thickness
H = 31.5 mm. This corresponds to three full cells and
one half cell. This implies that the surface of the samples
does not show the same geometrical characteristics on the
two sides, as depicted in Figure 3. Thereafter, we refer to
“face A” the configuration for which the surface of the
sample showing the cavities is facing the acoustic waves
and “face B” the configuration for which the surface of
the sample showing the channels is facing the acoustic
waves.

The samples are manufactured with a Formlabs Form2
printer. It uses the stereolithography technique, often
described in the literature as the most accurate and reli-
able additive manufacturing technology [13, 14]. The sam-
ples are printed with the Formlabs Clear-04 resin using
a printing resolution of 0.025 mm which is the highest
resolution available on the printer. With this resolution,
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Figure 1. (Top) Unit cells for the considered periodic geometries: (a) OPCL, (b) cubic, and (c) DNN. The air-saturated pores
are represented in white (and also in blue for the large network of DNN) and the rigid skeleton is in black. (Bottom) Pictures
of the corresponding samples 3D printed for testing in a 29 mm impedance tube: (d) OPCL, (e) cubic, (f) DNN.

the details of the geometries can be printed with negli-
gible staircase effect. Therefore, the effect of roughness,
which can have a noticeable impact on the acoustic prop-
erties of the samples [15], should be small. In addition, the
samples manufactured with the stereolithography tech-
nique do not exhibit microporosity, contrary to other
additive manufacturing techniques such as power bed
fusion. Moreover, they are characterized by high quality
and accurate geometry reproduction. Nevertheless, the
characteristic dimensions of the 3D printed geometries
inevitably deviate from their design values, which has an
impact on the acoustic properties of the samples [16].
Measurements of the actual dimensions of the samples
have been done and are reported in Appendix A.

3 Acoustic modelling of the 3D printed
samples

3.1 Microscopic approach using direct numerical
simulation

The direct approach to predict the acoustic absorp-
tion of the samples is to describe the sample down
to the microscopic scale with all the geometric details

and to determine sound propagation in the sample.
This approach is referred to as direct numerical sim-
ulation (DNS). Because of the absence of microp-
orosity and the rigidity of the skeleton, we need to
consider only the wave propagation in the air sat-
urating the pores. The solution to this problem is
obtained by solving the full set of linearized Navier–
Stokes (LNS) equations, that account for coupled thermo-
viscous effects which are significant in the pores of the
material.

We use the convention eiωt. Denoting by p, T , and
v the acoustic fluctuations of pressure, temperature
and velocity, the linearized Navier–Stokes equation of
motion, the conservation of mass equation, and the heat
conduction equation read:

iωρ0v = −∇p+ η

(
∇2v +

1
3
∇(∇ · v)

)
, (1)

iω
(
p

p0
− T

T0

)
+∇ · v = 0, (2)

iωρ0cpT = κ∇2T + iωp, (3)

where p0, T0, and ρ0 are the equilibrium values of ambi-
ent pressure, temperature and density, η is the dynamic
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Table 1. Characteristic dimensions of the periodic geometries.

Designation Geometric shape Cell size d w

OPC [13] Spherical 5 mm 4.5 mm 2 mm
OPCL Spherical 9 mm 8 mm 1.5 mm
Cubic Cubic 9 mm 8 mm 1.5 mm

DNN
Spherical, large network

9 mm
8.5 mm 1.2 mm

Spherical, small network 6.5 mm 2 mm

viscosity of air, cp is its specific heat capacity at con-
stant pressure, and κ is its thermal conductivity. At the
fluid/structure interface, a no-slip condition v = 0 and
an isothermal condition T = 0 are applied.

The DNS have been performed using the finite ele-
ment software COMSOL Multiphysics. This commercial
software was used for all numerical simulations of this
work. Special attention has been paid to the meshing, in
particular to discretize the acoustic boundary layers with
a sufficient number of elements.

3.2 Multiscale approach using an equivalent fluid
model

The direct numerical solution requires significant com-
putational resources. For most applications (for instance,
to optimize the geometry to improve acoustic perfor-
mance), it is necessary to perform a large number of
simulations. In such cases, it is preferable to employ sim-
plified or homogenized models which are far less costly.
In such approaches, the details of the microgeometry
are not considered directly and the material is consid-
ered at the macroscale level. The first approach would be
to replace the material by its surface impedance. How-
ever, the samples under consideration have an extended
reaction behaviour (see Sect. 5.2.1). While modelling the
sample by its surface impedance is appropriate at nor-
mal incidence, it does not lead to a correct prediction of
the acoustic behaviour at grazing incidence [17]. Thus,
we consider a second approach in which the sample is
modelled at a macroscopic scale with an equivalent fluid.

The equivalent fluid method is commonly used to
model classical porous materials which present an open
porosity and a rigid skeleton. This description replaces
the actual material by an equivalent fluid, with a
frequency-dependent density ρe(ω) and compressibility
Ce(ω). The equations governing the acoustic wave prop-
agation in the material become:

iωρe(ω)v +∇p = 0, (4)
iωCe(ω)p+∇ · v = 0. (5)

Based on the homogenization theory, the dynamic func-
tions ρe and Ce can be determined directly by solving for
each frequency of interest the harmonic Stokes flow and
heat transfer problems in a periodic unit cell represent-
ing the geometry on a microscopic scale, called represen-
tative elementary volume. This methodology is referred

to as a direct multiscale (DM) calculation. Usually, one
rather expresses the dynamic functions ρe and Ce using
the Johnson-Champoux-Allard-Lafarge-Pride (JCALP)
model [18–21]. The eight semi-phenomenological parame-
ters of these dynamic functions can be calculated by solv-
ing the Laplace, Stokes and Poisson problems in a REV.
This approach is known as the hybrid multiscale (HM)
calculation.

Note that the DM and HM approaches are well suited
for 3D printed samples with a periodic structure, as con-
sidered in this work, because the geometry of the REV
is known. In the case of foam and fibrous materials, the
REV can be deduced from a microscopic observation of
the structure geometry, allowing either the calculation of
ρe and Ce or the eight JCALP parameters [22–24].

The homogenization theory assumes that the REV
size is small compared to the wavelength and material
thickness. This latter hypothesis is not fully verified in our
case, because the samples contain only a few cells along
their height. However, Zieliński et al. [25] have shown
that the behaviour of the same kind of structure can be
predicted with an equivalent fluid approach at normal
incidence over an acceptable frequency range.

The HM approach is applied for the three geometries,
following the procedure detailed in Zieliński et al. [25].
To do so, relevant finite element analyses have been per-
formed on the unit cells using COMSOL Multiphysics.
As for the DNS, the mesh has been carefully generated.
According to the guidelines given in Zieliński et al. [25],
fillets have been applied on sharp edges. The calculated
values of the JCALP parameters are reported in Table 2.
Note the large increase in porosity and tortuosity for the
cubic geometry compared to OPCL. For DNN, three sets
of parameters are given. They are calculated for the two
subnetworks evaluated separately, i.e. for the “small” sub-
network and then for the “large” one, as well as for the
whole DNN unit cell.

4 The case of normal incidence

4.1 Experimental set up and model

The experimental setup for the normal incidence case
is a B&K Type 4206 impedance tube kit, with a 29 mm
diameter impedance tube. At one end of the tube, a
loudspeaker generates a random broadband signal with
an amplitude of around 70 dB. The samples are inserted
at the other end and placed against a rigid backplate.
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Figure 2. Samples for the impedance tube and the duct bench for the geometries OPC (a), cubic (b), and DNN (c).

In order to reduce sound leakage, Teflon adhesive tape
has been applied around the samples and on the sur-
face near the hard backing. The pressure is measured
using two quarter-inch microphones (B&K Type 4187).
The absorption coefficient is then calculated from the
frequency response between these two microphones.

The impedance tube configuration for the direct
numerical simulation is sketched in Figure 4. The lin-
earized Navier–Stokes equations are solved inside the pore
network of the material and also in a small domain near
the sample surface to account for potential evanescent
waves. The Helmholtz equation is solved in the remain-
ing part of the tube. The computed acoustic pressure is
recorded and averaged on two sections of the tube (at the

microphone positions 1 and 2) allowing the calculation
of the absorption coefficient. For reducing computational
cost, the cross section of the impedance tube only con-
tains a quarter cell and symmetry boundary conditions
are applied to obtain full 3D results.

For the multiscale approach, the absorption coefficient
is calculated analytically for configurations in which the
sample is represented by an equivalent fluid. For DNN,
we represent in some configurations the sample by two
equivalent fluids. In such cases, a numerical simulation is
performed and the equivalent fluid equations are solved
in the sample.

The DNS for 300 frequency steps lasts 6.5 h on 6 com-
pute nodes of 16 cores. The finite element mesh contains
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Figure 3. Sketch showing the two different faces of the
samples.

60 000 elements. Due to the large number of degrees of
freedom (DoF), a memory with a capacity of 384 GB has
to be used. For comparison the calculation of the JCALP
parameters from the unit cell takes only a few minutes on
a desktop machine and the analytical computation of the
absorption coefficient is practically instantaneous. The
numerical simulation for the impedance tube with the
equivalent fluid equations also takes a few minutes when
performed on a desktop machine. This suggests the use
of the multiscale approach to characterize these materials
even in the simple case of normal incidence.

4.2 Comparisons of modelling results

4.2.1 Results for single network materials

Figure 5 presents the absorption coefficient calculated
from two computationally demanding direct numerical
simulations (i.e. for the “face A” and “face B” configura-
tions) and using the equivalent fluid method. Note that
the results are shown for frequencies between 400 Hz and
2400 Hz, corresponding to the frequency range that is of
interest for the duct application, cf. Section 5.

For all cases, the absorption coefficient shows a single
peak in this frequency range. Considering the results from
the DNS, one observes that the absorption coefficient is
slightly different for the two material configurations (i.e.
“face A” and “face B”). This can be explained by the added
length effects occurring due to the small cylindrical chan-
nels at the sample surface in the “face B” configuration.

The equivalent fluid approach provides an absorption
curve that is nearly identical with the curve calculated for
the “face A” configuration using the direct numerical sim-
ulation. Note that a length correction [26] can be applied
when using the equivalent fluid method to account for the
added length effects present in the “face B” configuration.
This would result in a small increase in the tortuosity that
shifts the peak frequency of the absorption coefficient cal-
culated by the equivalent fluid approach towards a lower
frequency corresponding to the “face B” configuration.

Although not shown in the graphs as this is outside
the frequency range of interest, the curves calculated by
DNS and the equivalent fluid method diverge at high fre-
quencies, starting from 3000 Hz for the OPCL geometry
and 2500 Hz for the cubic geometry. This can be explained
by the long-wavelength assumption of the equivalent fluid
approach. Indeed, the characteristic size of the represen-
tative elementary volume, corresponding to the cell size,

must be small compared with the wavelength. For a fre-
quency of 3000 Hz, the wavelength in air is less than 12 cm
which is only an order of magnitude higher than the cell
size (0.9 cm), and moreover, wavelengths are shorter in
a porous rigid-frame material saturated with air than in
free air. This sets the limit for using the equivalent fluid
approach for this geometry.

In addition, note that the two absorption peaks vis-
ible in Figure 5 (one for the OPCL layer and the other
for the cubic pore network) are the result of the so-called
quarter-wavelength resonances. To see more such reso-
nances, the two absorption curves, determined using the
equivalentfluidmodels for theOPCLandcubic-pore layers,
respectively, are presented in Figure 6 in a wider frequency
range, i.e. from 100 Hz to 5 kHz. In addition, Figure 6b
shows a graph where the same absorption curves are re-
plotted against a dimensionless parameter instead of fre-
quency f [27, 28]. The dimensionless parameter is defined
as the ratio of the layer thicknessH to a quarter of the wave-
length, i.e. 4H/λw. Note that the wavelength λw is asso-
ciated with the effective speed of sound ce in the porous
material considered, namely λw(f) = Re[ ce(f)]/f , where
Re denotes the real part. It is completely different from
the wavelength in the air, especially at lower frequencies.
It also differs significantly between the OPCL and cubic-
pore networks. Now, it is easy to see that absorption peaks
occur when 4H/λw = 1, 3, 5, etc. In the frequency range
below 5 kHz, there are three such peaks in the case of the
cubic-pore layer, at approximately f1 = 949 Hz, f3 =
2914 Hz, and f5 = 4893 Hz, while only two absorption
peaks for the OPCL layer of the same thickness, i.e. due to
the quarter-wavelength resonance at f1 = 1220 Hz and the
three-quarter-wavelength resonance at f3 = 3732 Hz (see
Fig. 6).

The frequencies of the absorption peaks can be tuned
by changing the layer thickness or by tailoring the pore
network geometry. The second approach involves, for
example, enlarging the pores and shrinking the chan-
nels that link them. In that way, the tortuosity of the
porous material is increased while the viscous character-
istic length and permeability are reduced. As a result, the
effective speed of sound in the fluid equivalent to the air-
saturated porous medium is slowed down, which means
that the effective wavelength at each frequency is short-
ened. As demonstrated in Figure 6, the peak in sound
absorption occurs when a quarter (three-quarters, five-
quarters, etc.) of the wavelength is equal to the thick-
ness of the material. The frequencies of such quarter-
wavelength resonances can be lowered in that way, and
eventually tuned to the required values since the opposite
effect (i.e. decreasing the tortuosity and therefore raising
the resonance frequencies) is achieved by widening the
channels and/or reducing the pore size.

4.2.2 Results for a double nested network material

The absorption coefficient for DNN determined from
the direct numerical simulation and from the multi-
scale approach is shown in Figure 7b for the two faces
configuration of the sample. The geometry (spheres or
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Table 2. JCALP parameters for the OPCL, cubic, and double nested network (DNN) geometries.

Parameters OPCL Cubic
DNN

Full cell Small network Large network

Porosity 0.375 0.706 0.675 0.231 0.443
Viscous length (m) 8.104× 10−4 7.359× 10−4 8.029× 10−4 1.034× 10−3 6.459× 10−4

Kinematic tortuosity 4.632 7.505 4.335 3.019 5.735
Viscous permeability (m2) 7.251× 10−9 8.112× 10−9 1.601× 10−8 1.107× 10−8 4.57× 10−9

Viscous static tortuosity 6.569 11.135 7.046 4.172 8.354
Thermal length (m) 2.665× 10−3 2.782× 10−3 2.517× 10−3 2.037× 10−3 2.857× 10−3

Thermal permeability (m2) 3.981× 10−7 9.221× 10−7 6.864× 10−7 1.519× 10−7 5.339× 10−7

Thermal static tortuosity 1.441 1.532 1.537 1.527 1.430

Figure 4. Sketch for the DNS of the impedance tube testing. The pressure is averaged on the two surfaces represented by the
red lines at the positions of the microphones 1 and 2.

Figure 5. Absorption coefficient for the OPCL geometry (a) and the cubic geometry (b): results from the equivalent fluid
model (−−−−−−) and from two direct numerical simulations, i.e. for the “face A” (+++) and “face B” (+++) configurations.

channels) of the large network visible at the sample sur-
face is taken as a reference to distinguish the two config-
urations (see Fig. 7a). Compared to the single network
geometries, the absorption coefficient for DNN deter-
mined with DNS shows two peaks in the frequency range
of interest. Thus, we can observe the wider absorption
frequency bandwidth obtained with these two detuned
networks. Note that the first peak is shifted towards low
frequencies for the “face B” configuration compared with
the “face A” configuration, and vice versa for the second
peak.

For the multiscale approach, we first model the sample
as a single equivalent fluid using the set of JCALP param-
eters obtained either for the large or small subnetworks
or for the full DNN cell (see Tab. 2). In all three cases,
the absorption coefficient has a single peak in the consid-
ered frequency range, see Figure 7b. Each of these three
peaks is centred at a different frequency depending on
the JCALP parameters used. Recall that the absorption

curve calculated by DNS has two absorption peaks, and
it is now easy to notice that the first of them is related to
the large network while the second peak coincides with
the small network. Finally, the sound absorption curve
calculated using the equivalent fluid for the full unit cell
tends to be a rough average of those obtained for the large
and small networks.

Therefore, it seems that a single equivalent fluid is
not suitable to predict the acoustic properties of DNN
made of two independent networks. Thus, we have tried
an alternative model of the sample in which we have used
two different equivalent fluids for each of the networks. As
sketched in Figure 8a, each equivalent fluid fills half of
the sample volume. Since the subnetworks are indepen-
dent, it appears appropriate to separate the two fluids
with a rigid wall. This configuration is called the “sep-
arated” configuration and the corresponding absorption
coefficient is plotted in Figure 8b, along with the ref-
erence DNS results. It can be noted that this approach
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Figure 6. Sound absorption coefficient α for the hard-backed layer of the OPCL material (red curves) or cubic pore network
material (blue curves) versus: (a) frequency f , or (b) 4H/λw(f) where H is the layer thickness and λw is the wavelength in the
respective equivalent fluid.

allows one to predict the presence of two peaks and their
frequencies, but do not provide an accurate prediction
of the absorption coefficient for either face of the sam-
ple. This discrepancy could be linked with an evanescent
coupling between the two networks at the surface of the
sample. In addition, as the realization of the samples is
not perfect, acoustic information could be transmitted
from a subnetwork to the other. This could happen by
external communication due to leakage around the sam-
ples or at its end. This could also occur by internal com-
munication due to transmission through the thin walls
of the inner geometry, or due to an imperfect realiza-
tion that would connect the two networks. This is the

reason why we have tested another configuration denoted
“contiguous” in which the continuity of pressure and nor-
mal velocity is ensured at the interface between the two
equivalent fluids. The absorption coefficient for this con-
figuration is also plotted in Figure 8b. A single peak
is observed. The result is quite similar to the one for
the unique equivalent fluid of the full cell presented in
Figure 7, but with a higher amplitude. This different
behaviour between the “separated” and the “contigu-
ous” configurations imply that the realization of the sam-
ple and its mounting in the impedance tube are of cru-
cial importance to observe two peaks for the absorption
coefficient.
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Figure 7. (a) Sketch of the two faces configurations considered for the DNN geometry. (b) Absorption coefficient determined
with the direct simulation for the “face A” (+++) and “face B” (+++) configurations and using the equivalent fluid method with a
single equivalent fluid corresponding to the large (−−−−−−), small (−−−−−−), or double network (−−−−−−).

Figure 8. (a) Sketch of the finite element model for the multiscale approach using two equivalent fluids. (b) Absorption
coefficient determined with the direct simulation for the “face A” (+++) and “face B” (+++) orientations and using the multiscale
approach with two equivalent fluids for the “separated” (−−−−−−) and “contiguous” (−−−−−−) configurations.

4.3 Comparison with measurements

Figure 9 presents the absorption coefficient obtained
from the measurements and from the direct simulation for
the two facing orientations of the samples, i.e. “face A”
and “face B”. The three graphs show the results obtained
for: (a) the OPCL geometry, (b) the cubic geometry,
and (c) the double nested network. We can observe that
the absorption coefficient is well predicted for the two
single network geometries. In particular, the difference
in behaviour for the two faces of the samples is accu-
rately reproduced by the numerical simulations. Further-
more, the shift of the peak towards lower frequencies
for the cubic geometry compared to the OPCL geome-
try is also found experimentally. However, one observes
that the peaks of the measured absorption curves are
higher and centred at lower frequencies than predicted
from numerical simulations. These differences between

the measurements and the predictions can be attributed
to sound leakage around the samples [29], samples imper-
fections, and slight differences between the design and
the manufactured geometries [16]. Concerning the double-
nested network, the absorption coefficient determined
from the experiments shows two peaks for the “face A”
configuration. Compared to the numerical predictions,
the peaks appear at lower frequencies, as for single net-
work geometries. In addition, the width of the peaks is
much larger, resulting in a larger absorption bandwidth.
For the “face B” orientation of the sample, a single broad
peak (or rather a plateau formed between two peaks)
can be observed in the experiments. As the frequencies
of the two peaks are closer for the “face B” than for
the “face A” configuration in the DNS, this single peak
in the experiments can be interpreted as the merging of
the two wide peaks forming a nearly-perfect absorption
bandwidth between 1 kHz and 1.5 kHz.
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Figure 9. Absorption coefficient for geometries OPCL (a) cubic (b), and DNN (c) obtained from the direct simulation for
the “face A” (+++) and “face B” (+++) configurations and from the measurements for the “face A” (−−−−−−) and “face B” (−−−−−−)
orientations.

5 The case of grazing incidence

5.1 Experimental set up and models

The experimental setup used to measure the acous-
tic performance of the samples in a duct wall is the
MATISSE testing bench at LMFA which has been used
in previous studies [30, 31]. It is sketched in Figure 10a.
The duct has a square cross-section (66 mm × 66 mm)
and its cut-off frequency is about 2.5 kHz, implying that
only plane waves propagate below this frequency. A loud-
speaker placed above the duct generates a broadband ran-
dom noise with an amplitude of around 80 dB. Pressure
is measured at four points using four quarter-inch B&K
microphones, two of which (i.e. microphones 1 and 2) are
located in the front of and two (i.e. microphones 3 and 4)
behind the lined section of the duct, see Figure 10. The
length of each of the samples is L = 150 mm, and they
are adapted to the duct with a dedicated sample holder.
As for the samples in normal incidence, Teflon adhesive
tape has been applied on the surface of the samples to
reduce leakage.

The transmission loss (TL) is used to characterize the
acoustic performance of the 3D printed materials as duct
liners. It is defined as the ratio of the incident power
to the transmitted power after the lined section [32].
Under plane wave excitation, it can be estimated from
the pressure at the four microphones.

In order to evaluate the usability and accuracy of
the equivalent fluid model for the in-duct configuration
and for comparison with experimental results, two dif-
ferent numerical models of the lined duct, correspond-
ing to the direct microscopic and multiscale approaches,
are realized. The respective configurations are presented
in Figure 10b. An incident plane wave, with an ampli-
tude pind = 1 Pa, is generated upstream of the acoustic
treatment. At both ends of the duct, perfectly matched
layers are used to simulate non-reflecting boundary condi-
tions. The pressure is evaluated at the position of the four
microphones for the calculation of the transmission loss.
Apart from the lined section, the duct walls are rigid. For
the direct microscopic approach, the geometry at the cell
size is reproduced. To limit the computational cost, only
half a cell is considered in the y-direction and symmetry

conditions are applied to obtain the full 3D behaviour.
The LNS equations are solved in the pore network of
the material and in a small domain above the sample
to capture thermo-viscous effects near the liner surface.
In the remaining part of the duct, the Helmholtz equa-
tion is solved. For the multiscale approach, the liner is
replaced by an equivalent fluid using the JCALP param-
eters determined from the microstructure and presented
in Section 3.2. Then, a three-dimensional simulation at
full scale is performed in which the Helmholtz equations
are solved in the liner modelled as an effective fluid and
in the air in the duct.

In terms of computational resources, the difference
between the two approaches is significant and even
greater than for the impedance tube calculations. The
DNS requires a memory of above 1 TB with over one mil-
lion mesh elements and the CPU time is 10 h, whereas the
multiscale approach is performed on a desktop machine
in about 10 min.

5.2 Results for single network samples

5.2.1 Comparison of modelling results

Figure 11 shows the TLs obtained for the OPCL
and cubic geometries using the direct simulation and the
equivalent fluid approach. The conclusions for the case
of grazing incidence are consistent with those at normal
incidence. Thus, for the microscopic approach, it is found
that the transmission loss depends on which face of the
sample placed in the duct wall is facing the inside of the
duct. As for the absorption coefficient, the TL peak is
shifted towards a lower frequency when “face B” is on the
top of the liner, compared to “face A” orientation. Fur-
thermore, note that the TL determined with the equiva-
lent fluid approach matches closely the results obtained
from DNS performed for the “face A” configuration.

Comparing the two graphs in Figure 11 the TL peaks
appear at lower frequencies for cubic geometry than
for OPCL geometry. The same regularity has already
been observed for the absorption coefficient in Figure 5.
Finally, the amplitude of the TL peak for “face A”
orientation is lower for the cubic geometry than for
OPCL.
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Figure 10. (a) Sketch of the MATISSE bench. (b) Configuration for the numerical simulations for: (top) the DNS and (bottom)
for the equivalent fluid approach.

Figure 11. Transmission loss for the OPCL (a) and cubic (b) geometry: equivalent fluid approach (−−−−−−) and direct simulation
for the “face A” (+−++−++−+) and “face B” (+−++−++−+) configurations.

Figure 12. Map of the acoustic pressure modulus |p|/pind for the OPCL (a) and cubic (b) geometry for the “face A” orientation
at the frequency of the TL maximum, (i.e. f = 1240 Hz (a) and f = 980 Hz (b)): direct simulation (top) and equivalent fluid
model (bottom).

To illustrate the close correspondence between the
direct microscopic and multiscale approaches for the
“face A” configuration, Figure 12 compares the normal-
ized pressure modulus inside the material and in the duct
calculated for the OPCL and cubic geometries at the fre-
quency of the TL peak, using DNS or equivalent fluid
model. The equivalent fluid approach faithfully repro-
duces the acoustic pressure field inside the pores of the
material predicted with DNS. Note also that the varia-
tions in the pressure inside the sample suggest the exis-
tence of a longitudinal mode, with maxima along the duct
walls and a nodal line in the middle of the duct. This
behaviour is typical of an extended-reacting liner. It can

be observed in Figure 12 that the sample is not sym-
metric in the direction of the duct axis. Tests have been
performed both numerically and experimentally and have
shown that the TL is almost identical when the sample
is rotated by 180◦.

5.2.2 Comparison with measurements

Figure 13 compares the TLs measured and predicted
for the OPCL geometry. As for the DNS, the measured
TLs show a single peak, which is centered at a lower fre-
quency for the “face B” orientation than for the “face A”
orientation. For “face A”, the frequency of the peak is
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Figure 13. Transmission loss for the OPCL geometry modelled with the equivalent fluid approach (−−−−−−) and with the direct
simulation for the “face A” (+−++−++−+) and “face B” (+−++−++−+) configurations and measured for the “face A” (−−−−−−) and “face B” (−−−−−−)
orientations.

in good agreement between the DNS and the measure-
ments. However, for “face B”, the peak of the measured
TL is observed at lower frequency than predicted. Over-
all, the peaks in the measured TL curves are “rounded”
and suppressed compared to the predictions. As a con-
sequence, the maximum of TL is largely reduced in the
experiments. Thus, e.g., the peak for the “face A” con-
figuration reaches 10 dB in the experiments and 27 dB in
the results predicted by DNS.

The same comparison is performed for the cubic geom-
etry in Figure 14. This time, good agreement between the
predictions and the experimental results is observed. In
particular, the predicted frequency and the width of the
peak for both orientations of the sample are confirmed by
the experiments. For “face B”, the peak value found in the
experiments (around 18 dB) is also close to that predicted
by DNS (around 25 dB). On the other hand, the peak
value found experimentally for “face A” is almost 45 dB,
which is much higher than 18 dB predicted by DNS; this
very sharp peak with such a large value of TL is an unex-
pected result, which is uncommon in the measurements
reported in the literature.

5.3 Results for a double nested network sample

The double nested network geometry is now inves-
tigated. For conciseness, we only consider the “face A”
configuration for the comparisons between the models.
This sample orientation has been chosen as the TL for it
reaches larger values than for the “face B” configuration.
However, comparisons with the measurements are made
for both sample orientations.

5.3.1 Comparison of modelling results

Figure 15 shows the TL obtained from the direct
microscopic and multiscale approaches for the “face A”

configuration. Note that the TL predicted by DNS
presents three peaks, and the first two of them (centred
at 1.1 kHz and 1.5 kHz, respectively) have large values.
Concerning the multiscale approach, we first use a single
equivalent fluid to represent the sample, using the JCALP
parameters calculated either for the small or large net-
work, or for the double nested one. Each of the three
TL curves obtained with these equivalent fluid models
has two peaks. The dominant peak is located at a dif-
ferent frequency depending on the equivalent fluid used
for calculations. Comparison with DNS shows that the
large peak around 1.1 kHz is associated with the large
network. Note the close match in the peak value and
central frequency between the DNS and the equivalent
fluid approach. The second peak centred at 1500 Hz can
be associated with the small network, even if the shape
of the curve and the peak frequency determined using
the equivalent fluid differ from those found by the direct
simulation. Finally, the TL obtained using the equiv-
alent fluid model for the complete DNN cell shows a
dominant peak at a frequency between those associated
with the two subnetworks. Moreover, the maximum value
of TL is largely reduced compared to that predicted
by DNS.

The DNN material is now modelled using simultane-
ously two different equivalent fluids, one corresponding
to the small network and the other one to the large net-
work. In this model, the DNN material domain is split
into two equal and parallel domains, each containing one
of the two equivalent fluids, on either side of the plane
y = 0 (see Fig. 16a). As in Section 4.2, we consider two
boundary conditions at the interface between the two
effective fluids. In the configuration called “separated”,
a rigid wall separates the two fluids. In the configuration
referred to as “contiguous”, the continuity of pressure and
normal velocity is enforced at the interface. Figure 16b
compares the TL obtained using the direct simulation for
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Figure 14. Transmission loss for the cubic geometry modelled with the equivalent fluid approach (−−−−−−) and with the direct
numerical simulation for the “face A” (+−++−++−+) and “face B” (+−++−++−+) configurations and measured for the “face A” (−−−−−−) and
“face B” (−−−−−−) orientations.

Figure 15. Transmission loss for the DNN geometry determined with the direct simulation (“face A” configuration) (+−++−++−+)
and with the equivalent fluid approach for the large (−−−−−−), the small (−−−−−−), and the double network (−−−−−−).

the “face A” orientation of the DNN geometry with the
TL curve calculated using the multiscale model involving
two equivalent fluids. For the “separated” configuration,
the TL has two main peaks, that correspond to those of
the large and small networks in Figure 15b. However, the
value of each peak is largely reduced, as the lined sur-
face associated to each equivalent fluid has been halved.
The correspondence with the DNS is thus poor. For the
“contiguous” configuration, a single peak is observed; it
is located between those associated with the large and
small networks. Thus, it is found again that, while the
equivalent fluid approach can reproduce some character-
istics of the DNN, it cannot accurately predict the TL for
this geometry.

5.3.2 Comparison with measurements

Figure 17 compares the TL obtained from the exper-
iments and the direct simulation for the “face A” and
“face B” configurations. The TL curves calculated using
DNS for “face B” as well as for “face A” have two distinct
peaks. Similarly to the normal incidence case, the peaks
are closer to each other for “face A” while the frequen-
cies of the peaks are further apart for “face B”. In the
experiments, however, we observe a single peak in each
measured TL curve. In addition, the TL peak in the mea-
surements appears at a much higher frequency than the
first (large) TL peak in the DNS.

Figure 18 focuses on the results obtained for the
“face A” configuration. Comparison is performed for the
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Figure 16. (a) Sketch showing the duct and the sample split into two parts, each containing one of the equivalent fluid. (b)
Transmission loss for the DNN geometry determined with the direct simulation (“face A” configuration) (+−++−++−+) and using the
multiscale approach with two equivalent fluids in the “separated” (−−−−−−) and “contiguous” (−−−−−−) configurations.

Figure 17. Transmission loss for the DNN geometry determined with the direct simulation for the “face A” (+−++−++−+) and
“face B” (+−++−++−+) configurations and measured for the “face A” (−−−−−−) and “face B” (−−−−−−) orientations.

TL obtained from the direct simulation, the experiments
and the multiscale approach using two equivalent fluids
in the “contiguous” configuration. A good agreement is
found between the TL obtained from the experiments
and from the equivalent fluid approach. In particular,
the frequency of the peak in the experiments is accu-
rately predicted. In the “contiguous” configuration, the
acoustic information can transfer from one equivalent
fluid to another one, or equivalently from one subnet-
work to another. In the DNS, each subnetwork is inde-
pendent, which explains the difference in the results.
The similarity between the TL obtained from the mea-
surements and calculated using two effective fluids in
the “contiguous” configuration may indicate that the
acoustic waves can somehow propagate between the two
subnetworks.

6 Discussion

Although the quality of materials printed from pho-
topolymer resin is good, the manufactured samples still
have geometric imperfections and surface irregularities,
including roughness mainly related to the thickness of
the print layer. In particular, the channels connecting the
pores are slightly smaller (see Tab. A.1 in appendix) and
may be slightly distorted. A perfectly cylindrical shape
of the channel was used in the modelling, though with
the corrected diameter. These imperfections are to some
extent responsible for discrepancies between the exper-
imental results and predictions based on the idealised
geometry.

Nevertheless, the agreement between sound absorp-
tion predictions by the DNS and JCALP model is very



A. Jamois et al.: Acta Acustica 2025, 9, 12 15

Figure 18. Transmission loss for the DNN geometry modelled with two equivalent fluids in the “contiguous” (−−−−−−) configuration
and with the direct simulation for the “face A” (+−++−++−+) configuration and measured for the “face A” (−−−−−−) orientation.

good and agrees well with the measurements (see Fig. 9),
especially in the case of single-network materials. The
discrepancies between the predictions and experimental
results are fully acceptable and typical for 3D printed
samples due to printing imperfections. In particular, sur-
face roughness (completely neglected in the modelling)
is certainly responsible for the improvement of sound
absorption due to the increase of viscous effects. At
higher frequencies, i.e. above 2 kHz, the discrepancies can
be larger, because the impact of small imperfections is
greater, but also due to the poorer scale separation (rela-
tively large pores, only a few periodic cells per layer thick-
ness). It can be expected that better compliance would be
achieved for materials with smaller pores and more cells
per thickness.

On the other hand, we observed larger discrepancies
between the predictions and experimental results in the
case of DNN (double nested network), i.e. material with
two separate networks. Here, in addition to 3D print-
ing imperfections, the main cause are sound leakages.
This is also the case of transmission loss coefficient mea-
sured in the duct for 3D printed material as a liner.
Acoustic leaks are certainly the cause of the discrepancy
between the measured and calculated TL in the case
when the OPCL sample or DNN sample were used as
liners, see Figures 13 and 17, respectively. However, the
TL measured for the cube-pore network material as a
liner is in a very good agreement with predictions, see
Figure 14. To qualitatively assess the impact of leak-
age on TL, we carried out measurements with volun-
tary damages to the Teflon tape around the cubic sam-
ple to induce leakage. These measurements show a dra-
matic effect of the leakage. As an example, for the face A
of the cubic sample, few scratches on the Teflon tape
can lead to a decrease of the TL peak amplitude by
10 dB and a shift of the peak towards lower frequencies
by 25 Hz.

We believe that better sample sealing is one way to
improve the consistency of experimental results and pre-
dictions. However, this is not an easy task (although we
succeeded in the case of the cubic pore material and in the
sound absorption measurements of all materials), because
highly tortuous materials (studied in our work) are very
sensitive to sound leakages, see reference [3]. Incidentally,
we can distinguish two kinds of leakages:
– leaks through slits around the sample placed in the

channel wall (or in the impedance tube);
– leaks at the back of the sample, i.e. through a very

thin layer or air between the sample and the backing
wall; in modelling we assumed that it is a perfectly
flat and therefore perfectly sealing, rigid wall.

The second kind of leakage is very important in case of
double-network material, because it equalises the pressure
between two different pore networks that are separated
inside the DNN sample. In direct numerical simulation,
these networks are fully separated (sealed) also at the
back of the material. On the other hand, the “contiguous”
configuration of two equivalent fluids seems to grasps this
behaviour, see Figure 18.

7 Conclusions

Prediction of the acoustic performance of 3D printed
samples was investigated for normal and grazing inci-
dence. We compared the results of a computationally
efficient multiscale approach, in which the 3D printed
material is represented by an equivalent fluid, with the
reference results of the direct microscopic approach,
in which the full set of Navier–Stokes equations is
solved in the material. Three materials with designed
periodic microstructures were examined. These periodic
microstructures consist of either a single network of cavi-
ties or of a double nested network. The samples were 3D
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printed using stereolithography to fit into an impedance
tube or a duct testing bench. We observe that although
the samples contain a small number of periodic unit cells,
the equivalent fluid model provides predictions similar to
those obtained with the direct microscopic approach for
the single network geometries at both normal and graz-
ing incidence. On the other hand, such a single equiv-
alent fluid model is not accurate for the double-nested
network geometry, as it fails to predict the effect of the
two independent subnetworks. The absorption coefficient
measured in the impedance tube is in good agreement
with the direct numerical simulations for both geome-
tries. The transmission loss measured in the duct test
bench shows a good correspondence with the numerical
simulations for single network geometries, although the
measured and predicted peak values present noticeable
discrepancies. For the double-nested network, the com-
parison between the transmission loss determined with
the direct microscopic approach and from the measure-
ments is rather poor, suggesting that the acoustic infor-
mation may be transmitted between the two subnetworks
in the actual sample.
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Appendix A

This appendix reports measurements taken to character-

ize the dimensions of the unit cells on the samples 3D printed

for experiments in the impedance tube and the duct testing

bench. The channel and cavity diameters were measured on

the surface of the samples, using a Mitutoyo PJ-A3000 profile

projector (see Jamois et al. [16] for details). The profile projec-

tor has a precision of about a micrometer; however, we restrict

the precision to a hundredth of millimeter due to measurement

bias. The mean values and standard deviations of the charac-

Table A.1. Measured characteristic dimensions of the pore network of samples produced for acoustic characterization at normal
and grazing incidence. They are written in the form x̄± 2σ, where x̄ is the mean value and σ is the standard deviation.

Normal incidence Grazing incidence
OPCL Cubic DNN OPCL Cubic DNN

Cavity dimension d (mm) 8.02± 0.06 8.10± 0.04
8.51± 0.12

8.12± 0.04 7.68± 0.28
8.59± 0.08

6.42± 0.14 6.41± 0.08

Canal diameter w (mm) 1.31± 0.04 1.28± 0.1
0.88± 0.26

1.45± 0.14 1.46± 0.26
1.2± 0.20

1.85± 0.04 1.9± 0.08

teristic dimensions are reported in Table A.1. They can be

compared to the design values given in Table 1. The dimen-

sions of the cavities are in good agreement with the design

values for all samples and the corresponding normalized stan-

dard deviation is small, below 2%. The canal diameters tend

to be smaller than the design values, especially for normal inci-

dence samples. Furthermore, the normalized standard devia-

tion tends to be higher and reaches 10% to 20% for the DNN

small network.
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