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The purpose of this work is to check if additive manufacturing technologies are suitable for reproducing porous
samples designed for sound absorption. The work is an inter-laboratory test, in which the production of samples
and their acoustic measurements are carried out independently by different laboratories, sharing only the same
geometry codes describing agreed periodic cellular designs. Different additive manufacturing technologies and
equipment are used to make samples. Although most of the results obtained from measurements performed on

samples with the same cellular design are very close, it is shown that some discrepancies are due to shape and
surface imperfections, or microporosity, induced by the manufacturing process. The proposed periodic cellular
designs can be easily reproduced and are suitable for further benchmarking of additive manufacturing techniques
for rapid prototyping of acoustic materials and metamaterials.

1. Introduction

Although standard porous materials, like open cell foams or fibrous
material, are still very competitive for acoustic treatments, their effi-
ciency is limited in the low frequency range by their thickness [1]. If
their microstructure can be optimized to meet specific requirements
[2-4], their manufacturing is now achievable using 3D printing
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techniques for experimental validation at the scale of a laboratory.
Indeed, the development of Additive Manufacturing (AM) technologies
[5-12] gives new possibilities to manufacture and test optimized
micro-geometries. Moreover, new acoustic materials (or their pro-
totypes) are already being developed using AM technologies, e.g.: 3D
printed periodic foams [13], optimally graded porous materials [2],
adaptable sound absorbers [14], acoustic metamaterials based on the
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Fig. 1. One-Pore Cell (OPC) geometry: (a) two alternative representations of the periodic cell, (b) arrays of cells (L. = 3 or 5 mm) for CAD models of samples with a
diameter of 29 mm, (c¢) CAD models of the periodic cylindrical samples OPC-3 and OPC-5 (diameter about 29 mm and height 36 or 60 mm, respectively).

Kelvin cell [15], sound-absorbing micro-lattices [16], metallic phononic
crystals for use in water [17], periodic acoustic structures composed of
rigid micro-rods [18] or micro-bars [19], and even micro-perforated
panels [20,21] and plates with complex patterns of micro-slits [22].
Most of this research indicates great potential for the development of
new acoustic materials using AM technology. However, 3D printing
technology should be evaluated regarding the quality of the reproduced
micro-geometry and its influence on sound dissipation. The purpose of
this work is to evaluate the impact of several additive manufacturing
technologies on the sound absorption of 3D printed samples. Following
well-established traditions in acoustic [23,24] and non-acoustic [25-27]
testing of materials, this work is a round robin test, i.e. an
inter-laboratory test, where the manufacturing of samples and their
acoustical measurements are performed independently by various lab-
oratories. The only thing that is shared at the beginning of such inde-
pendent investigations is the agreed periodic micro-geometry of the
porous materials developed in that way.

The influence of additive manufacturing processes on the sound
absorption of a few materials with designed porosity has already been
reported [28,29]. The current paper presents most of the results ob-
tained from the measurements of over 90 samples manufactured in six
different AM technologies on 16 AM devices (15 different) in six labo-
ratories, and acoustically tested by the sample manufacturers and also in
three other laboratories to ensure the correctness of the measurements.
For most samples of the same cellular design, good and sometimes very
good consistency of the measurement results was obtained, which along
with their microscopic examination allows to indicate technologies,
materials and devices capable of the best reproduction of the designed
porosity. It seems that such comparative acoustic tests can also be used
to assess the quality of reproduction of designed materials with fine
details. The main purpose of this study is to check the feasibility and
accuracy of reproduction of the designed periodic geometry using ad-
ditive manufacturing, which should serve to prototype samples used for
validation of advanced modelling of sound-absorbing porous materials
[30] and metamaterials with designed (possibly optimized) periodic

geometry efficient in the low and medium audible frequency ranges. The
focus is on the attenuation of airborne acoustic waves penetrating
porous media with a rigid skeleton. Therefore, the thickness of the walls
and ligaments in the proposed porous cellular designs, as well as the
rigidity of the materials used for production ensure that poro-elastic
effects do not exist or are insignificant. The outline of this paper is as
follows. The periodic geometries of the porous samples are described in
Section 2. Then, the manufacturing techniques are briefly discussed and
samples produced using them are presented in Section 3. The whole
scheme of the round robin study, including sample production and
acoustic tests in the impedance tube using the transfer function method
with two microphones [31-33], is discussed in Section 4. Finally, the
measurement results are compared in Section 5.

2. Periodic porosity designs
2.1. One-Pore Cell geometry

Two kinds of cubic cells with periodic porosity were designed for this
study. In both cases, the periodic porosities are completely open and
consist of spherical pores connected by short cylindrical channels.

The first periodic cell is very simple: it contains a single spherical
pore that is connected to identical pores of neighbouring cells through
very short (horizontal or vertical) channels of the same size. The pore
diameter is 0.9L, and the channel diameter is 0.4L., where L. is the size
(edge length) of the cubic cell. This One-Pore Cell (OPC) is depicted in
Fig. 1(a) in two alternative representations: with the pore in the centre
of the cube and with the pore shifted vertically from this position by half
the size of the cube. The latter version was used to generate two types of
a Computer-Aided Design (CAD) geometry for porous cylindrical sam-
ples shown in Fig. 1(c). For the first CAD geometry of the cylindrical
sample, the cubic cell size was set to L. = 3mm, and then a three-
dimensional array of 10 x 10 x 12 cells was constructed, see Fig. 1(b),
from which a vertical cylinder with a diameter of 29 mm and a height of
36 mm was cut. Cylindrical samples with this periodic cellular design
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Fig. 2. Four-Pore Cell (FPC) and the geometry for FPC samples (diameter 29 mm and height 50 mm): (a) three orientations of the periodic cell, (b) cell array, (c) CAD
models for FPC samples, generated in FreeCAD (upper row) and analysed using Z-SUITE slicer (lower row).

will be designated as OPC-3 samples. For the second CAD geometry the
cubic cell size was set to L, = 5mm and a vertical cylinder with a
diameter of 29 mm was cut from the array of 6 x 6 x 12 such cells so
that its height is 60 mm, see Fig. 1(b) and (c). These higher cylindrical
samples with larger pores will be designated as OPC-5 samples.

CAD geometry models for OPC-3 and OPC-5 samples with larger
diameters are constructed in a similar way, only the cell array must be
larger in both horizontal directions, for example, for a diameter of
40 mm the cell array must have 14 x 14 x 12 cells for OPC-3, and (at
least) 8 x 8 x 12 cells for OPC-5. If a sample is to be 3D printed with a
diameter slightly larger than 40 mm (for example, to cut it later to
provide a better fit), then the number of cells in both horizontal di-
rections must be even larger but always even (not odd). Although the
CAD geometry for OPC samples can be easily built with any CAD tool,
we provide OpenSCAD code for OPC samples in Table A.1 in Appendix A.
This code automatically adheres to the above rules when the user sets
only the cell size and sample diameter.

2.2. Four-Pore Cell geometry

The second periodic cell with open porosity is more complex than the
previous one, because it was built randomly with four different pores
using the algorithm proposed in [34]. The non-trivial construction of
this Four-Pore Cell (FPC) is thoroughly discussed in Appendix B, and it
ensures that for the assumed cell size L, = 5mm, the walls between
neighbouring pores, as well as the edges of cylindrical channels con-
necting them, are thick enough to be correctly 3D printed using FFF
devices. This and other key issues relevant to the FFF technology are
studied, e.g. in [35].

The FPC contains pores of four different sizes, viz.: 0.53L., 0.58L,
0.60L., and 0.68L., which for the cell size L. = 5mm means the
following values of pore diameters: 2.65, 2.90, 3.00, and 3.40 mm,
respectively (cf. with 2.70 and 4.50 mm, i.e. the nominal pore diameters
in OPC-3 and OPC-5, respectively). The nominal porosity for FPC
(43.5%) is very similar to the porosity for OPC (43.7%). However, the
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Fig. 3. Skeleton and the corresponding pore network for OPC (left) and FPC (right). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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pore and channel diameters in 3D printed samples, and consequently the
actual open porosities are expected to be slightly smaller than the
nominal values due to the 3D printing resolution, provided that there is
no microporosity.

There are three orientations of FPC as shown in Fig. 2(a) (see also
Fig. B.1 and the relevant explanations in Appendix B), namely: FPC-X,
FPC-Y, and FPC-Z. The normalized data for the final FPC design are
given in Table B.1 (in Appendix B) for the FPC-Z orientation. CAD
models for FPC samples are generated for each orientation in a similar
way as for OPC-5 samples (cf. Figs. 1(b) and 2(b)), but the cylinder
height is 50 mm (not 60 mm), so for example, the CAD models for
samples with a diameter of 29 mm shown in Fig. 2(c) were cut from
three-dimensional arrays with 6 x 6 x 10 (not 12) cells, see Fig. 2(b).
We provide OpenSCAD code for FPC samples in Tables A.2 and A.3 in
Appendix A. The cell size for FPC samples is set to 5mm, so the user
selects only the cell orientation and sets sample diameter.

2.3. OPC vs. FPC

The periodic geometries of OPC and FPC are compared in Fig. 3,
where the solid part (i.e. 3D printed skeleton) and fluid part (i.e. pore
network filled with air) of each periodic cell are depicted together. The
interfaces between the solid and fluid domains are marked with a very
bright (i.e. yellow) colour, while the periodic boundaries of the solid
skeleton and fluid in the pores are marked with darker colours (i.e. or-
ange for the solid and cyan for the fluid).

All porous samples produced for this study have rigid skeletons,
because all input materials are sufficiently stiff and there are no very
thin (membrane-like) walls nor thin ligaments in the proposed periodic
cellular designs. Therefore, the only carrier for airborne acoustic waves
penetrating porous samples is the air inside their open pore network (i.e.
wave propagation in a solid skeleton is negligible), and the wave
propagation and attenuation depend on the shape and size of the pore
network.

Despite the fact that both periodic networks are made of spheres and
cylinders (see Fig. 3), there are significant differences between them, in
particular, from the point of view of visco-thermal transport, which
directly affects the propagation and energy dissipation of airborne
acoustic waves penetrating these networks. In periodic samples based on
the OPC, see Fig. 3(left), spherical pores of the same size are linked with
identical cylindrical channels, in particular the ones that are parallel to
the direction of wave propagation, so that the permeability of this open
porosity network is relatively high and the tortuosity is low. In the case
of FPC, see Fig. 3(right), all four pores have different sizes and random
positions, they are linked with cylindrical channels of various diameters,
oblique (at various angles) to the wave propagation direction, so that the
path of oscillatory flow caused by airborne acoustic waves should be
very tortuous. For this reason, although the porosities of both periodic
cells are almost identical, their tortuosities and permeabilities are very
different, which entails significant differences in the propagation and
absorption of airborne acoustic waves. To justify this, we briefly explain
below how these non-acoustic properties are related to sound propa-
gation in porous media [1,30].

The concept of tortuosity is used to characterize the structure of
porous media, usually very geometrically complex. It is often treated as
a geometric parameter and defined as the ratio of the average flow path
length to the straight-line length across the porous medium [36], which
means that it is greater than or equal to 1. The original definition of
Carman [37] is the square of this value, and Bear [38], who even defines
tortuosity as the inverse of the Carman’s definition, argues that the
square in the definition is necessary (see pp. 110-111 in Ref. [38]). On
the other hand, tortuosity is also introduced in different ways as a
parameter related to the hydraulic, electrical, or diffusive properties of
the porous medium, which poses the fundamental question whether
tortuosity is an intrinsic property of the porous medium or of a process
within the medium. In practice, tortuosity is not consistently defined
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and various definitions are not unified in a coherent way [36]. Within
the framework of the theory of sound propagation and absorption in
fluid-saturated rigid porous media, the tortuosity appears in the formula
for the effective fluid density, where it multiplies the actual density of
the saturating fluid [1,30]. In that way, the presence of a rigid frame and
associated inertial forces in the fluid virtually increase the effective
density through the tortuosity parameter (greater than 1 for tortuous
pore networks). This formula applies to the oscillatory flow of an
inviscid fluid saturating the network of open pores, which in practice
occurs in the high-frequency regime where the viscous boundary layers
at the fluid-solid interface are extremely thin and viscous effects can be
neglected. It can be shown that such an ideal, i.e. inviscid and incom-
pressible flow formally coincides with the electrical problem of a porous
dielectric material saturated with a conductive fluid [30]: the effective
electrical conductivity of such a medium is directly proportional to the
electrical conductivity of the saturating fluid, while inversely propor-
tional to the tortuosity. This fact is used for the experimental determi-
nation of tortuosity [1], as well as for numerical calculations of
tortuosity based on a representative geometry of the microstructure
[30]. The concept of tortuosity is generalized for viscous oscillatory
flows [39], which results in a complex-valued function of frequency,
called dynamic viscous tortuosity, while the tortuosity parameter be-
comes the limit value for the frequency reaching infinity. The dynamic
viscous tortuosity is inversely proportional to the so-called dynamic
viscous permeability [39] (which is a generalization of the classic
permeability parameter) and describes the frequency-dependent nature
of the effective density of a rigid medium with open porosity saturated
with viscous fluid that is the carrier of acoustic waves. Finally, thermal
analogues of the dynamic viscous tortuosity and permeability are
introduced [1,40,41], i.e. the dynamic thermal tortuosity and perme-
ability, respectively, which allow determining the frequency-dependent
effective compressibility of such a medium. The effective density and
compressibility enable to determine the frequency-dependent and
complex-valued effective speed of sound in a fluid-saturated rigid
porous material, which takes into account the dispersion and wave
attenuation phenomena associated with visco-thermal effects that occur
on the micro-scale [1,30].

When comparing the pore networks of both cells (see Fig. 3), it is
easy to see that due to the oblique channels, the geometric and viscous
tortuosity should be much higher for FPC, which will strongly reduce the
wave speed, and as a consequence should lower the frequencies of the
so-called quarter-wavelength layer resonances [3]. At the same time the
viscous permeability and characteristic length are lower, which should
make the magnitude of peak absorption higher at the resonances. These
expectations were confirmed by acoustic measurements (cf. OPC and
FPC results in Section 5).

The main purpose of this study is to demonstrate that AM technol-
ogies can be used to produce and independently reproduce prototype
samples to validate novel periodic designs of porous and meta-porous
acoustic materials obtained from advanced microstructure-based
modelling, which eventually should allow to optimize these designs.
After optimization the resulting pore network may look very random.
Therefore, for our round robin study we selected a relatively simple
(regular) design and a more complex (irregular) random one. Both
cellular designs should be easily reconstructed and may serve as
benchmark examples (see also Appendix A).

3. Manufacturing of samples with periodic pore networks
3.1. 3D printers

Periodic porous samples with cellular designs proposed in Section 2
were fabricated in six AM technologies [6,7,9,11,42,43], which are lis-
ted in Table 1 along with the brand names of 15 different 3D printing
devices used in this study, the corresponding materials as well as addi-
tional information such as sample manufacturers and labels used further
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Table 1
3D printers used in the round robin study.

3D printing device Material Laboratory (+ result labels & comments)

AM technology: Fused Filament Fabrication (FFF) a.k.a. Fused Deposition Modelling (FDM)

Zortrax M200 ABS polymer filament IPPT  (FDM-IPPT, dedicated filament Z-ULTRAT)
Flashforge Creator PRO | ABS polymer filament IPPT  (FFF-IPPT, filament by rigid.ink)

Makerbot Replicator Z18 | ABS polymer filament UTC  (FFF-UTC)

Creality Ender 3 PLA polymer filament TCD  (FFF-TCD)

Ultimaker 2 ABS polymer filament TUe  (FFF-TUe*)

AM technology: Selective Laser Sintering (SLS)

Sinterit Lisa polyamide powder IPPT ( -IPPT, fine-grained powder)

3D Systems ProJet 160 polyamide powder UTC  (SLS-i-uTC, cyanoacrylate-impregnated)

AM technology: Selective Laser Melting (SLM)

EOS EOSINT M280 aluminium powder IPPT  (SLM-IPPT, tape-wrapped samples)
3D Systems ProX cobalt-chromium powder | TCD  ( -TCD, tape-wrapped samples)
Sisma MYSINTI100 stainless steel powder EMPA ( -EMPA, tape-wrapped samples)

AM technology: Stereolithography (SLA)

Formlabs Form 2 photopolymer resin UTC  (SLA-uTC)

Formlabs Form 2 photopolymer resin TCD  (SLA-TCD)

AM technology: Digital Light Processing (DLP)

Autodesk Ember photopolymer resin MIT ( -MIT*, DLP-MIT)
Kudo3D Titan 1 photopolymer resin EMPA (DLP-EMPA)

AM technology: LCD-based Stereolithography (LCD SLA)

Zortrax Inkspire photopolymer resin IPPT  (LCD-1PPT)

Anycubic Photon photopolymer resin TCD (LCD-1CD)

See Table 2 for full names of the laboratories
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OPC-3 OPC-5 FPC-Y FPC-X FPC-Z

SLM
(wrapped in tape)

7 ~29mm
SLS

FFF/FDM

(Flashforge Creator PRO) (Zortrax M200)

Fig. 4. Some of the OPC and FPC samples (¢ ~ 29 mm) manufactured by IPPT using various 3D printers. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

FPC-X

Flashforge Creartor PRO

FDM/FFF
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Fig. 5. Zoomed surfaces of FPC samples manufactured by IPPT using two different devices in the same technology.
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SLA
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Fig. 6. OPC samples (¢ ~ 29 mm) manufactured by UTC using various technologies.

for marking measurement results.

The overall quality of some of the manufactured porous samples was
assessed based on a series of measurements of crucial dimensions made
with the aid of digital microscopes. It was observed that the designed
micro-geometry was precisely reflected only for the case of the resin
samples (SLA and LCD). Other technologies provided rough surfaces,
indistinct edges, more or less degenerated pores (especially near the
cylindrical surface of a sample), and were not able to capture important
albeit intricate details. Furthermore, the spherical voids present in the
cellular designs turned out to have smaller diameters than anticipated,
and were distributed by unintended distances in structures other than
resin-based. The reason for this is twofold: the highest printing resolu-
tion offered by SLA, LCD, and also DLP technologies (with the lower
limit of 25 pm) and the usage of a liquid material. Nevertheless, resin
samples must be carefully post-processed (cleaned and exposed to light
for some time after fabrication to enhance their solidification) in order
to avoid shrinkage over time. Because the LCD screen is composed of a
number of pixels, the layers formed in the LCD technique consist of the
so-called voxels, a spatial equivalent of pixels. This is why LCD prints are

usually slightly more rough than the SLA ones, but still their quality is
better when compared to the quality of samples fabricated in a low-
resolution technique of FFF, or even in finer SLS and SLM techniques.
It should also be noted that obtaining FFF samples with small details of
decent quality usually requires some experience in the selection of
materials and 3D printing parameters.

3.2. Samples manufactured for impedance tubes with a diameter of
29mm

Periodic porous samples dedicated for 29 mm impedance tubes were
manufactured by: (1) IPPT using FFF (Zortrax M200 and Flashforge
Creator PRO), SLS (Sinterit Lisa), SLM (EOSINT 280), and LCD (Zortrax
Inkspire) technologies, (2) UTC using FFF (Makerbot Replicator Z18), SLS
(3D Systems ProJet 160), and SLA (Formlabs Form 2) technologies, and (3)
EMPA using Kudo3D Titan 1 in DLP technology and Sisma MYSINT100 in
SLM technology (see Appendix C).

Complete sets of OPC and FPC samples were manufactured by IPPT
in four completely different technologies. Fig. 4 shows some of these
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FPC-Z

Object 22020

Fig. 7. FPC samples (¢ ~ 29 mm) manufactured by UTC using two different technologies.

samples (see also Fig. C.1 in Appendix C). It should be noted that two
different FFF devices (Zortrax M200 and Flashforge Creator PRO) were
used to produce several sets of samples in this technology which allowed
to observe that the quality and surface features of the samples obtained
from the same AM device and material were virtually the same. On the
other hand, one can easily notice differences between samples produced
using different AM technologies and even different devices of the same
technology FFF. This is well illustrated in Fig. 5 where surfaces for the
FPC samples manufactured using Flashforge Creator PRO are compared
with the ones from Zortrax M200. A relatively high quality of samples
produced with Flashforge Creator PRO was obtained after many tests
involving experimenting with 3D printing parameters and various high

quality ABS (acrylonitrile butadiene styrene) materials from different
producers (the final choice was rigid.ink), whereas a good quality of
Zortrax M200 samples was achieved using the dedicated high quality
ABS material Z-ULTRAT and parameters set up for this material by the
3D printer manufacturer. The diameter of metal samples produced in
SLM technology was deliberately chosen so that these samples loosely fit
the 29 mm impedance tube and they must be wrapped in tape for a tight
fit (see the green tape around these samples in Fig. 4). This had to be
done (even knowing that the presence of the tape would affect the
measurements) to avoid scratching the inside of the tube. The SLS
samples were printed on Sinterit Lisa with a layer thickness equal
0.075 mm (the thinnest possible layer).
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FPC-Z
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Fig. 8. FPC samples (¢ ~ 29 mm) manufactured by UTC from a polyamide powder.

Figs. 6-8 present the samples manufactured by UTC. This laboratory
used three different AM technologies to produce complete sets of OPC
(see Fig. 6) and FPC samples (see Figs. 7 and 8). However, in the case of
SLS technology the samples were impregnated with cyanoacrylate to
close the micro-pores that were present because of the relatively large
grains of the polymer powder used in the sintering process, so that
pictures of the SLS samples before and after impregnation are shown in
Figs. 6 and 8 . Microscopic examinations of the samples (see enlarged
photographs of their surfaces in Figs. 6-8) allowed to assess the relative
quality of workmanship using different technologies. In the case of FFF
samples the quality is generally poor (when compared to the FFF sam-
ples produced by IPPT): the channels and pores are distorted and the

surface is rough with tiny polymer fibres which often run across the
channels and pores. On the other hand, the shape and surface quality of
SLA samples produced by UTC from photopolymer resin is excellent
when compared with other technologies: the surfaces are very smooth
and the shapes of circular channels and spherical pores are not distorted.

3.3. Samples manufactured for impedance tubes with diameters of 40 and
30mm

Periodic porous samples for testing in 40 mm impedance tubes were
manufactured by: (1) TCD using FFF (Creality Ender 3), SLM (3D Systems
ProX), SLA (Formlabs Form 2), and DLP (Anycubic Photon) technologies,
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Fig. 9. FPC samples (¢ ~ 40 mm) manufactured by TCD using various technologies.
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Fig. 10. Zoomed surfaces of FPC samples manufactured by TCD.
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Table 2

Additive Manufacturing 36 (2020) 101564

Laboratories involved in the round robin manufacturing and testing of periodic porous samples, the corresponding impedance tube sizes, AM technologies and devices,
types of materials, and manufactured samples (OPC = 2 samples: OPC-3 and OPC-5; FPC = 3 samples: FPC-X, FPC-Y, and FPC-Z).

Institution Tube size FDM/FFF SLS SLM SLA DLP LCD
(laboratory) | ~sample g | polymer fil polyamide powders metal powders photopolymer resins
OPC, FPC OPC, FPC OPC, FPC
IPPT #29mm Hmmf)’:;z’y’z.‘:s":ﬂ o Sinterit Lisa EOS EOSINT M250 Zortrax Inkspire
@ OPC, FPC OPC, FPC
#30mm Zortax M200 Sinterit Lisa
(&) OPC, FPC OPC, FPC
#40mm Zortax M200 Sinterit Lisa
OPC, FPC oPC®, FpC® OPC, FPC
urc #29mm Makerbot Replicator Z18 3D Systems Prolet 160 Formlabs Form 2
OPC, FPC OPC, FPC
EMPA #29mm Sisma MYSINT100 Kudo3D Titan 1
MIT 230mm OPC, FPC
Autodesk Ember
FPC
TCD #40mm Creality Ender 3 3D Systems ProX Formlabs Form 2 Anycubic Photon
OPC, FPC
TUe 2 40mm Ultimaker 2
(A few complete sets of these samples were manufactured using two different FDM/ FFF devices.
@) IPPT only manufactured samples of this diameter (i.e. acoustic tests were carried out by another laboratory).
© These samples were a ically tested and then imp with cyanoacrylate and tested again.
ECL 2 29mm acoustical testing of samples from UTC and 29 mm samples from IPPT
LAUM 2 30mm acoustical testing of samples from MIT and 30 mm samples from IPPT
KUL 240 mm acoustical testing of samples from TUe and 40 mm samples from IPPT
IPPT : Institute of Fundamental Technological Research of the Polish Academy of Sciences (Poland)
UTC : Université de Technologie de Compiégne (France)
EMPA : Swiss Federal Laboratories for Materials Science and Technology (Switzerland)
MIT : Massachusetts Institute of Technology (USA)
TCD : Trinity College Dublin (Ireland)
TUe : Eindhoven University of Technology (the Netherlands)
ECL : Ecole Centrale de Lyon (France)
LAUM : Laboratoire d’ Acoustique de I"Université du Mans (France)
KUL : KU Leuven (Belgium)

(2) TUe using Ultimaker 2 in FFF technology (see Appendix C), and (3)
IPPT using Zortrax M200 in FFF technology and Sinterit Lisa in SLS
technology.

Fig. 9 presents the FPC samples produced by TCD from PLA polymer
filament, metal powder, and photopolymer resins. The metal samples
were manufactured from cobalt-chromium powder in SLM technology
and wrapped with tape before being inserted into the impedance tube
for acoustic testing. The pictures of top surfaces of these samples taken
under a microscope are shown in Fig. 10. When comparing the resin
samples it was observed that the quality of the ones manufactured in
LCD technology was inferior than that of the samples made in SLA
technology. This is mainly because some channels in LCD samples were
clogged by the resin (in particular, in the case of the FPC-X sample) that
was not completely removed.

Periodic porous samples for testing in 30 mm impedance tubes were
manufactured by (1) MIT using Autodesk Ember in DLP technology (see
Appendix C), and (2) IPPT using Zortrax M200 in FFF technology and
Sinterit Lisa in SLS technology.

4. Round robin investigations

Table 2 lists the nine laboratories involved in the round robin studies
on sound-absorbing media with periodic open porosity produced using
various Additive Manufacturing technologies. Six of these laboratories
manufactured a different number of samples with diameters suitable for
the impedance tubes used by them to measure acoustical properties of
materials, viz.: 29 mm (IPPT, UTC, EMPA), 30 mm (MIT), and 40 mm
(TCD, TUe). In addition, IPPT manufactured also sets of samples for
tubes with diameters of 30 and 40 mm.

Six different AM technologies (FFF, SLS, SLM, SLA, DLP, LCD) were
used to produce the samples from four kinds of input materials, namely:
ABS and PLA polymer filaments, polymer powders, metal powders
(aluminium, stainless steel, or cobalt-chrome), and photopolymer resins.
The types of samples produced by each of the six laboratories are listed
in Table 2 together with the appropriate AM technology and 3D printing
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device. Although the samples were acoustically tested by their manu-
facturers, in addition their acoustic properties were also measured in
other laboratories, namely: the 29 mm samples produced by IPPT and
UTC were independently tested by ECL, the 30 mm samples produced by
MIT and IPPT were tested by LAUM, and finally, the 40 mm samples
(delivered by TUe and IPPT) were tested by KUL. It should be noted that
although IPPT produced samples for all considered impedance tube di-
ameters (i.e. 29, 30, and 40 mm), it tested only those that fit in a 29 mm
tube.

During the round robin investigations more than 90 samples were
acoustically tested in impedance tubes, the majority of them in (at least)
two different laboratories. In Appendix D we show a typical experi-
mental configuration used in such tests along with the necessary ex-
planations and other relevant information. The complete test for a single
sample consisted in measuring the surface acoustic impedance and
acoustic absorption for the sample in three or, in fact, six configurations.
First, the sample was placed with its bottom face directly on the rigid
termination of the impedance tube so that its upper face was impinged
by acoustic plane waves at normal incidence. Then, an air gap of 20 mm
was created between the sample and the rigid termination by moving
the rigid plunger, and the measurement was repeated. A final mea-
surement was taken for the case when the air gap was increased to
40 mm. This three-measurement procedure was repeated for the inver-
ted sample so that its bottom face was exposed to incident plane acoustic
waves. Inverted sample measurements generally confirmed the previous
results very well, although especially in the case of FFF technology and
metal samples, the bottom surface of a sample (which in one way or
another is connected to the platform during the 3D printing process)
usually slightly differs from the upper one. It was observed, however,
that this effect was rather negligible since all discrepancies between the
two measurements, i.e. in the standard and inverted position, were not
significant and occurred at higher frequencies (above 5 kHz) where the
other factors (i.e. material, manufacturing technology, etc.) are much
more important and usually cause more discrepancies.

The round robin tests allowed to create a database of acoustical
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Table 3
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Result labels used in Figs. 11-19 and Figs. E.1-E.3, combined with the corresponding impedance tube diameters used for measurements, additive manufacturing

devices and materials, and involved laboratories.

Tube size o . . M: factured | Independ ly
Result label ~ sample & 3D printing device (& material) & tested by tested by
. Zortrax M200
FDM.tppt (ABS polymer filament Z-ULTRAT) L ECL
FFF-1PPT Flashforge Creator PRO
FFF-1pPT* (ABS polymer filament) IPPT ECL
":—IPP'I' Sinterit ;:szz IPPT ECL
-IPPT* (polyamide powder)
SLM-IPPT EOS EOSINT M280
SLM-1PPT* (aluminium powder) IPPT ECL
. Zortrax Inkspire
it (photopolymer resin) IPPT
FFF.UTC #29mm Makerbot Replicator Z18 uTe
-ure (ABS polymer filament)
- 3D Systems ProJet 160
R (polyamide powder, impregnated) utc ECL
SLA-uTC Formlabs Form 2
SLA-uTC* (photopolymer resin) UtC ECL
DLP.EMPA Kudo3D Titan 1 ; EMPA
(photopolymer resin)
Sisma MYSINT100
“EMPA (stainless steel powder) EMPA
DLP-MIT 30 mm Autodesk Ember ) MIT LAUM
-MIT* (photopolymer resin)
LCD.Tch Anycubic Photon ) TCD
(photopolymer resin)
. Formlabs Form 2
SLA-TCD (photopolymer resin) TCD
3D Systems ProX
-Teb 2 40mm (cobalt-chromium powder) TCD
Creality Ender 3
FFF-TCD (PLA polymer filament) Ly
Ultimaker 2
FEF-TUe* (ABS polymer filament) TUe KUL

The asterisk symbol “*”” means that the result was measured by a laboratory that did not produce the sample.

measurements obtained for samples manufactured in different AM
technologies and measured by independent laboratories. The results
were analysed and compared, in particular, for the samples with the
same periodic cellular designs. Most representative results for most of
the samples listed in Table 2 and described in Section 3 will be presented
in Section 5, including even some of the results obtained for samples of
evidently very poor quality to illustrate the resulting change in the na-
ture of the sound absorption curves.

To facilitate quick identification of measurement results (presented
in Section 5) and the corresponding samples the result labels used to
denote the measurement curves are collected in Table 3 together with
the corresponding tube (sample) diameter, AM device, material,
manufacturer, etc. For example, the label “SLA.utc” means that the
result denoted in this way was measured in a 29 mm impedance tube for
a resin sample manufactured by UTC in SLA technology using Formlabs
Form 2, and the sample was tested by its manufacturer. A slightly
modified label “SLA.utc¥” means that the result for this sample was
measured by ECL, that is, a laboratory which did not produce the sam-
ple, but simply got it for independent testing from UTC. The sample
micro-geometry (i.e. OPC-3, OPC-5, FPC-X, FPC-Y, or FPC-Z) is specified
in each graph that compares the results obtained for samples with the
same micro-geometry (and height). The only exception is the graphs in
Fig. 16 where sound absorption for samples with different cell orienta-
tion is compared, and here the curve labels are complemented by a
micro-geometry reference.

13

5. Measurement results
5.1. Sound absorption for OPC samples

Sound absorption measured for OPC-3 samples that were produced
using six different AM technologies (viz.: FFF, SLS, SLM, LCD, SLA, and
DLP) and various devices are compared in Fig. 11. Recall that the size of
the cubic periodic cell in these samples is 3 mm, while their height is
36 mm. However, instead of being only backed by the rigid wall, the
samples were also tested with air gaps set between the sample and the
rigid plunger closing the impedance tube. Representative results for
some of the samples backed with an air cavity of 40 mm are presented in
Fig. 11(b).

Similarly, the results of acoustic absorption for OPC-5 samples (cell
size: 5mm, height: 60 mm) manufactured using various 3D printing
devices are also compared for the mentioned configuration cases, i.e.:
without air gap, or backed with an air gap of 40 mm (see Fig. 12). The
discrepancies observed in Fig. 12(a) for the steel OPC-5 sample pro-
duced by EMPA are due to a slightly lower height of this specimen (i.e.
closer to 58 mm than of 60 mm due to inaccurate cutting).

The results presented in Figs. 11 and 12 (see also Table 3 to decode
the result labels) were measured in impedance tubes of two different
sizes, namely, with a diameter of 29 and 30 mm. In the latter case, 30
mm samples were manufactured by MIT in DLP technology and tested by
MIT as well as (independently) by LAUM. In the graphs, we present the
absorption curves obtained by LAUM according to the ISO standard
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Fig. 11. Sound absorption measured for OPC-3 samples: (a) no air gap, (b) with
an air gap of 40 mm.

[44]. They were virtually the same (though less fuzzy) as the curves
provided by the manufacturer of samples who tested them according to
the ASTM standard [45]. The absorption curves measured in 29 mm
impedance tubes by IPPT and UTC (i.e. the manufacturers of samples)
were very well confirmed by independent tests carried out by ECL.
Although the samples were measured in different laboratories at slightly
different conditions of pressure, temperature and humidity, discrep-
ancies were very small indeed, and here we present only the curves
obtained by the manufacturers.

A very good agreement is found between all curves measured for
OPC-5 samples and between almost all curves obtained for OPC-3
samples. The frequencies of absorption peaks are consistent across all
OPC-5 samples and the main discrepancies are in wide frequency ranges
between the peaks where the resin samples (SLA, LCD, and also DLP)
have the lowest absorption, which was rather expected since the surface
of resin samples is smooth and without fibres or other important
imperfections.

5.2. Sound absorption for FPC samples measured in tubes with a diameter
of 29 mm

Figs. 13-15 compare sound absorption curves measured in tubes
with a diameter of 29 mm for FPC-X, FPC-Y, and FPC-Z samples,
respectively. The presented results (see Table 3 to decode the result la-
bels) are obtained for samples (with a periodic cell size of 5mm, and
height of 50 mm) that were manufactured in four substantially different
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Fig. 12. Sound absorption measured for OPC-5 samples: (a) no air gap, (b) with
an air gap of 40 mm.

technologies (viz.: FFF, SLS, SLM, and SLA) using various devices
available in three laboratories (IPPT, UTC, and EMPA). For almost all of
these samples, in addition to the standard configuration with a rigid
backing, the acoustic absorption was also measured in other configu-
rations, in particular, when an air gap of 40 mm was added between the
sample and the rigid end of the impedance tube. Most of these results are
also shown in the graphs below. The following observations were made
from a comparison of the corresponding absorption curves.

In general, a very good agreement is found between the absorption
curves measured for the corresponding SLA samples (manufactured by
UTC, and independently by EMPA), SLS samples (manufactured by
IPPT), and high-quality FDM/FFF samples (by IPPT). Moreover, for most
of these samples, rather unexpectedly, this consistency of measurement
results applies throughout almost the whole frequency range considered
(i.e. from 200 Hz up to nearly 6 kHz). Only for some of them, more
significant discrepancies appear at higher frequencies above 4.5 kHz.
This was, in fact, expected for FPC samples because their micro-
geometry is more complex than in the case of OPC samples, and is
therefore more prone to imperfections during the 3D printing process. It
seems obvious that small inconsistent imperfections in micro-geometry
should cause differences in measurements at higher frequencies.

A clear difference can be seen at medium and higher frequencies
between the SLS samples manufactured by UTC and impregnated with
cyanoacrylate, and the non-impregnated SLS samples manufactured by
IPPT. Recall that SLS samples produced by UTC were sintered from a
larger grain powder, which resulted in microporosity requiring
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Fig. 13. Sound absorption measured for FPC-X samples: (a) no air gap, (b) with
an air gap of 40 mm.

impregnation [46,47]. For the impregnated samples, medium- and
high-frequency absorption peaks are shifted to even higher frequencies.
Although this discrepancy was not observed for OPC samples, it can be
associated with impregnation in the case of FPC samples.

The absorption curves measured for FPC samples made of metal in
SLM technology are only slightly different from most of the other curves:
their second and third absorption peaks are shifted to slightly lower
frequencies, and for FPC-Y and FPC-Z samples the curves become rather
flat above 4 kHz. To some extent, these discrepancies may also be related
to the fact that metal samples are wrapped with tape (to avoid scratching
the tube).

In Figs. 13(a), 14(a) and 15(a), we also intentionally show the results
obtained for poor quality FFF samples produced using Makerbot Repli-
cator Z18 from an ABS material suitable for printing shapes with not so
small details. Even for these samples, the first absorption peaks (which
appear below or near 1 kHz for FPC samples) are very well represented.
On the other hand, the second and third absorption peaks are shifted to
significantly higher frequencies, and the total absorption between the
peaks is increased in the case of these FFF samples. All this is caused by
imperfections (surface roughness, smaller pore and channel sizes, fibres
inside the pores and across the channels) visible in enlarged photo-
graphs of these samples shown in Fig. 7.

Finally, in Fig. 16, we again present the results for FPC samples (as
well as OPC-5 samples) manufactured by UTC in SLA technology and by
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Fig. 14. Sound absorption measured for FPC-Y samples: (a) no air gap, (b) with
an air gap of 40 mm.

IPPT in SLS technology, this time to directly compare sound absorption
by samples with different FPC orientation, as well as sound absorption
by OPC-5 samples. It can now be clearly seen that the curves obtained
for the FPC-Y and FPC-Z samples are quite similar in nature compared to
the FPC-X curve (in particular, their absorption peaks are shifted to
relatively lower frequencies). Another observation is that the absorption
peaks for OPC-5 samples are lower and shifted to higher frequencies
compared to the absorption peaks for any FPC sample, despite the fact
that the FPC samples are 10 mm shorter, while the porosity is almost
identical for all samples. This expected result (see Section 2.3) is justi-
fied by the more tortuous and less permeable pore network in the FPC
samples. Both graphs in Fig. 16 show, in fact, four pairs of absorption
curves: two measurements for each of the three types of FPC sample
(viz., orientation FPC-X, FPC-Y, and FPC-Z), as well as two measure-
ments for each of the two OPC-5 samples. The first measurement in each
pair is from the sample manufacturer (i.e. UTC or IPPT), while the
second result was measured by ECL. It is easy to see that the differences
between the measurements in each pair are insignificant and actually
similar to the differences that usually occur when repeating acoustic
tests for the same sample (in the same laboratory).

Surface acoustic impedance curves (real and imaginary parts) ob-
tained from measurements for some FPC samples are presented and
discussed in Appendix E.
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Fig. 15. Sound absorption measured for FPC-Z samples: (a) no air gap, (b) with
an air gap of 40 mm.

5.3. Sound absorption for FPC samples measured in tubes with different
diameters

In Figs. 17-19 , acoustic absorption curves measured in 40 mm
impedance tubes for FPC samples manufactured by TCD in FFF, SLM,
SLA, and LCD technologies, and also for samples manufactured by TUe
in FFF technology, are compared with each other and with the corre-
sponding results measured in 30 mm tubes for FPC samples manufac-
tured by MIT in DLP technology. In addition, several absorption curves
measured in 29 mm impedance tubes for FPC samples manufactured by
UTC in SLA technology and by IPPT in SLM technology, already shown
in Section 5.2, are re-plotted as reference in the relevant graphs in
Figs. 17-19, in the frequency range up to 4.5kHz (valid for 40 mm
impedance tubes). To decode the labels for specific results, see Table 3.

The general observation is that the discrepancy between the mea-
surements of the corresponding 40 mm samples is greater than for most
of the samples manufactured for tubes with a diameter of 29 mm. Also
for 40 mm samples these discrepancies are already growing above
3.5 kHz. There are several reasons for this.

The quality of 40 mm FFF samples manufactured by TUe (and
acoustically tested by KUL) is lower than that of the 29 mm FFF samples
manufactured by IPPT using Flashforge Creator PRO or Zortrax M200
(though it is better than the quality of samples 3D printed with Makerbot
Replicator Z18). LCD samples are also of rather poor quality because
some of the channels are clogged with resin that was not completely
removed. Nevertheless, the agreement for the remaining resin samples
(i.e. excluding the LCD ones) is rather good, as it is in the case of FFF
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Fig. 16. Sound absorption measured for FPC and OPC-5 samples: (a) manu-
factured by UTC in SLA technology, (b) manufactured by IPPT in SLS tech-
nology. Two results are shown for each sample: one measured by the sample
manufacturer and the other by ECL.
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Fig. 17. Sound absorption measured in tubes with different diameters for FPC-
X samples.

samples produced by TCD. It should also be noted that the absorption
curves for 30 mm DLP samples are very similar to the sound absorption
measured for 29 mm metal samples wrapped in tape.
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Fig. 18. Sound absorption measured in tubes with different diameters for FPC-
Y samples.
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Fig. 19. Sound absorption measured in tubes with different diameters for FPC-
Z samples.

6. Conclusions

Based on the examination of samples and comparison of measured
sound absorption curves and surface acoustic impedance, we deter-
mined that there are three reasons for the discrepancy between the
measurement results:

1. Overall manufacturing quality associated with AM technology and
the material used for production. The main factor here is the correct
(undistorted) reproduction of the designed micro-geometry related
to the resolution of 3D printing (however, it should be remembered
that the pore and channel diameters will always be slightly different
than in the case of the CAD models used for 3D printing). Other
factors are small imperfections (fibres, completely or partially clog-
ged channels, microporosity, etc.) that appear during the production
process, but also in a post-production treatment (due to difficulties in
removing resin or powder, deformation during curing, problems
with curing inner parts of resin porous samples), and sometimes even
later (a delayed shrinkage effect).

2. Matching samples to the diameter of the impedance tube. This is a
well-known reason for possible discrepancies [48,23]. When 3D
printing samples for the impedance tube, one should proceed with
caution as follows (to get a ‘perfect’ or exact fit, tight or only
acceptable): (a) samples are 3D printed with slightly larger diameters
than the diameter of the tube, and then cut to fit (‘perfect’, exact, or
tight fit depending on the cutting method); (b) the sample diameter is
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determined by trial and error (for a specific AM device and material),
so the samples can be 3D printed for a very tight fit (rather tight than
exact, but can be sufficient if the cylindrical shape of the samples is
not distorted); (c) samples are 3D printed with a slightly smaller
diameter than the tube, and then wrapped with tape (acceptable, but
should be avoided if possible).

3. The proposed periodic micro-geometries have relatively large fea-
tures (i.e. large pores, wide channels), so the sample faces have large
details around their circular edges, different for different sample
diameters, because they depend on how the periodic cells are cut by
the cylinder edge. This can affect the measurements.

Nevertheless, the overall consistency of the results measured for all
good quality samples with the same periodic cellular designs proved to
be good. We can also recommend SLA technology as the most suitable
for manufacturing samples, because of the high accuracy of reproduc-
tion of designed periodic geometry, which is particularly suitable for
prototyping and validating advanced acoustic modelling of porous and
meta-porous materials with designed periodic geometry. On the other
hand, the presented results show that for such relatively large cellular
designs sufficient quality is achievable even when using FFF technology,
provided that one has some experience (or luck) in matching the se-
lection of parameters and materials for 3D printing.

The pronounced peaks in the absorption - clearly visible on the
graphs — are associated with the so-called quarter (three-quarter, five-
quarter, etc.) wavelength resonances related to the ratio between the
wave length and the thickness of the porous layer [3]. For higher po-
rosities, but with smaller pore sizes, absorption curves would become
less “oscillating”, i.e. peaks should not be so pronounced with much
higher absorption between them. Obviously, the resonant frequencies
(as associated with the frequency-dependent sound speed in a new
porous medium) would also change.

High-tortuosity materials, such as FPC samples, are typically better
acoustic treatments than less tortuous materials with the same porosity
and similar sizes of the pore network (cf. the results for FPC and OPC-5
samples in Fig. 16). However, from the same reason it is more difficult to
fabricate them, because of the complexity and tortuosity of their pore
network. The difficulty is also largely related to the necessary post-
processing treatment. For example, the FPC samples made from poly-
amide or metal powders had to be thoroughly cleaned with a high-
pressure air compressor to remove powder residue from their open
pore network. Otherwise, clogged channels would block the way for the
oscillatory visco-thermal flow, and the acoustic waves would largely be
reflected instead of being admitted, slowed down, and suppressed. It was
even more difficult with samples fabricated from photopolymer resins (i.
e. in the process of stereolithography or its variants). Such a sample must
undergo an even more complicated post-processing treatment: first, the
remaining liquid resin must be removed from the sample pores and
channels, and then, the sample must be exposed to UV light to enhance
its solidification. The winding geometry of the pore network (so desir-
able from the point of view of sound absorption) hinders these two
stages of post-processing.

Small imperfections (such as roughness, small fibres inside voids,
microporosity) tend to significantly increase sound absorption, which is
usually desirable in applications (but not for model validation pur-
poses). We believe that this can also be used to assess the 3D printing
quality using acoustic measurements, like it was done, e.g. in [49]. It
should be noted that, for example, the sound absorption between the
peaks is very low, even at higher frequencies for samples with smooth
surfaces without noticeable imperfections.
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Appendix A. Code listings for the CAD models of OPC and FPC samples

Table A.1 contains the code for the CAD models of OPC samples. The code for the CAD models of FPC samples is given in Tables A.2 and A.3 . These
codes (see also Appendix F in the online verison) were provided to all laboratories that independently used them to generate STL files and G-codes for
their 3D printers. They are in the OpenSCAD language [50,51] and we strongly recommend to use them with FreeCAD [52,53], because the OpenSCAD
program may encounter problems rendering geometries composed of large arrays of periodic cells with many facets.

Table A.1

OpenSCAD code for periodic samples based on OPC.

e (and cell array) dime

numebr of cell layers
/ sample height

~0.5% (Nx+1) *Le;

%

o

5]
[t

21 Ysh = -0.5% (Ny+1) Lc;

2 Zsh 0.5+Lc*FFP;

23

24 // Periodic cell

25 module riodicCell (Nfacets=16) {

26 difference() {

27 cube (size=Lc, center=true);

28 sphere (d=Dp, $fn=Nfacets);

29 cylinder (h=Lc, d=Dw, $fn=Nfacets, center=true);

30 rotate (a=90, v=[1,0,0]1)

31 cylinder (h=Lc, d=Dw, $fn=Nfacets, center=true);
32 rotate (a=90, v=[0,1,0])

3 cylinder (h=Lc, d=Dw, $fn=Nfacets, center=true);

s for FreeCAD, 32 for Op
cell uncomment the line

all the lines below.

a1 Cylindrical sample
42 intersection() {

43 cylinder (d=Ds, h=Hs, $fn=128);

44 for (nx=[1:1:Nx], ny=[1:1:Nyl, nz=[FFP:1:Nz]) {

45 translate ([nxxLc+Xsh, nyxLc+Ysh, Lct+Zsh])

46 PeriodicCell(0); // Use 0 facets for FreeCAD.
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Table A.3

Continuation of the code from Table A.2.
Table A.2 62 // ... continuation of the previous Listing.
OpenSCAD code for periodic samples based on FPC. 6 ; )

64 // Cylinder between two points
65 module CylinderBetweenPoints(Pl, P2, D, Nfacets=16) {
66 PP = P2-Pl; x = PP[0]; y = PP[l]; =z = PP[2];

67 height = norm(PP); // cy )
68 beta = acos(z/height); // inclinatio:

ylinder he

on) 69 gamma = atan2(y,x); // azimuthal ar
- 70 translate (P1) {
nyn, or nzmy 7 rotate ([0, beta, gammal)
¥t @ U 7 cylinder (h=height, d=D, $fn=Nfacets);
73
) 2 [0,1,0] : (XYorz=="Y") ? [1,0,0] : [0,0,1]; ) !
10 RotAngle = (XYorz=="2") 2 0 : 90; %
’; line facie 76 // Periodic cell (skeleton)
2 scaling factor 77 module PeriodicCell (Nfacets=16) {
" 78 rotate (a=RotAngle, v=RotAxis)
s GoE e nitial d 79 difference() {
. BRSPS (LRt R 80 cube (size=Lc, center=true);
" o) 81 union() {
s ~ 0.00; 21 = 0.00; 82 N = len(Diameters)-1;
19 pl 1,y1,21]; 83 for(m = [0:1:N]) {
. pl = [xl,yl,z1]; 84 Pm = Positions[m];
;0 N 85 Dm = Diameters[m];
] A ) 86 dm = round (PSSF+100+Dm) /100;
> = Yol Y 87 translate (PmsLc) sphere (d=dmsLc, $fn=Nfacets);
23 x2 = -0.47; y2 = -0.44; z2 = 0.04;
2 = [x2,y2,22]; /] 88 for(n = [(m+1):1:N]) {
ol > oS0 G 89 Pn = Positions([n];
;; pore s 90 Dn = Diameters([n];
o d’3 :”0'67'; 1 :; ]i';'(;wng?d?leameter(Pm, Dm, Pn, Dn);
ol lodie ?"3‘5"3 311’3 S =y = Wokp M o dw = round(100+Dw) /100;
. p3 = Ix3,¥3,23]; 94 CylinderBetweenPoints (PmsLc, PnsLc, dwslLc, Nfacets);
31| // Pore 4 :; } l
32 d4 = 0.76; / r) - :
33/ x4 = 0.04; y4 = -0.51; z4 = 0.37; // o8 2
34 pd = [x4,v4,z4]; r/ 99 }
35
100}
36 pos = [ 101
3 tpl, [0, 0, 011, | -
38 [p2, [0, 0, 0], [ 1, 0, 0], [0, 1, 0], [ 1, 1, 011, w3 // T
39 [p3, (0, 0, 0}, (-1, o, 0], [0, O, 1], [-1, 0, 1]] 0| 77
40 [p4, [0, O, 0], [ O, 1, O], (O, O,-1], [ O, 1,-11], 105
a1 1;
106 /
2 w7 //
43| Diameters = [dl, d2,d2,d2,d2, d3,d3,d3,d3, dd,dd,dd,dd]; 108|Ds =
4 |Fositions = et (em(penl) o=l b 19 Nx = 2xceil (0.5xceil (Ds/Lc)); - ps
i 110 Ny = Nx;
46 function Funl (n,X) = 11| Nz = 10; o
== ? PR o 1 - 2(1 - - - . ’ o
:; (n==0 2 [] : concat (Funl(n-1,X), Fun2(len(X[n-1])-1,X[n-11)) ); 2| Hs = NzeLe; y
3
49 function Fun2(n,X) = " /o - a a
s0 ( n==0 ? [] : concat (Fun2(n-1,X), [X[0]+X[n]]) ); e GLARCEIEED CENRIO
0 : Poeone &0 i 15 nNx = [-0.5%(Nx-1) : 1 : 0.5%(Nx-1)];
. ey & mores 16 nNy = [-0.5%(Ny-1) : 1 : 0.5x(Ny-1)];
52| // Window diameter between two pores (NaN for non-overlapping pores) W7 Nz = [0.5 : 1 : (Nz-0.5)];
53 function WindowDiameter (P1, D1, P2, D2) = . -
w Tet ( 18 intersection() {
- 19 cylinder (d=Ds, h=Hs, $fn=128);
ss RIRL = 0.25+D1%D1, R2R2 = 0.25+D2+D2, SratmCE(EoE By GER-E2)
120 union() {
56 dd = pow(norm(P1-P2),2), 121 for (nx=nNx, ny=nNy, nz=nNz)
:; Tl = (dd + RIRL - R2R2 )/ (2xdd) 2 translate ([Lc*nx, Lesny, Lexnzl)
N 123 P 11 ; // Use 0 facets for FreeCAD.
59 2+sgrt ( RIRL - xixxixdd ); - . eriodicCell (0) C } r FreeC
60
125}
61| // To be continued in the next Listing ...

Appendix B. Construction of the Four-Pore Cell

A periodic arrangement of four spherical pores of different sizes in a cubic cell was randomly generated using the algorithm proposed in [34]. The
central point of the cubic cell was moved to the centre of the smallest pore, and the whole system was scaled (normalized), so that the size (i.e. edge) of
the cubic cell is 1. Then, the normalized positions (centres) and pore diameters were rounded to two decimal places. The obtained normalized values of
pore diameters, i.e. 0.59, 0.64, 0.67, and 0.76, respectively, will be reduced by 10% for the reasons explained below. Because the pore diameter is
smaller than the size of a cubic cell, only one instance of central pore appears in the cubic cell. On the other hand, for each of the other three pores, four
periodically shifted pore instances are partly in the same cubic cell, which means that together there are 13 instances of 4 different pores in such a
Fore-Pore Cell (FPC). This initial FPC design is shown in the top frame in Fig. B.1 for three different orientations of the periodic cell. The bottom row in
this frame shows the results of analyses carried out by the Z-SUITE slicing software (dedicated for Zortrax 3D printers) for the periodic cell scaled to the
size of 5mm. These analyses show that the wide fragments of the edges around the windows connecting the pores are too thin to be properly 3D
printed using Zortrax M200 3D printer (or other FFF devices with a standard nozzle size of 0.4 mm), and undesigned windows (holes) will also be
created, because some parts of the wall between the pores are too thin. Therefore, the diameters of all the pores were reduced by 10% and rounded
again to two decimal places (see the middle frame in Fig. B.1), and then cylindrical channels were set between each pair of pores that were originally
connected by windows. To accurately re-create these connections, the normalized diameters of the cylindrical channels were set to the values found
for the windows in the initial design (rounded to two significant digits). In this way, the edges of the windows are now thick enough so that they can be
correctly manufactured using FFF devices (see the final design in the bottom frame in Fig. B.1).

All the necessary data for the final FPC design are given in Table B.1 in the form of normalized values that have to be scaled, i.e. multiplied by L, =
5 mm, which is the size (length of the edge) of the cubic cell. These data are for the cell orientation designated FPC-Z, because the axis of the porous
cylinder of the corresponding FPC-Z sample is along the Z-axis. Two other orientations are: FPC-X when the axis of the porous cylinder of the
respective sample is along the X-axis, and FPC-Y when it is along the Y-axis. The porous cylinders are upright, so in practice the FPC cell is rotated,
namely: the FPC-X cell is obtained by rotating FPC-Z cell by 90° around the Y-axis, while the FPC-Y one by rotating the FPC-Z cell by 90° around the
X-axis.
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Table B.1
Data for the FPC geometry with the cubic cell centred on [0, 0, 0] and edge length 1. To get the actual dimensions, the values in the tables below should be multiplied
by the cell size (e.g. 5 mm).

Diameters of pores and positions for relevant pore instances Diameters of channels between pore instances
(dimensionless values, normalised by cell size) (dimensionless values, normalised by cell size)
No. Pore Pore Coordinates of the pore Pore Pore Channel
instance | diameter centre [z, Y, 2 instance instance diameter
1 P1-1 0.53 0.00 0.00 0.00 1 (P1-1) 6 (P3-1) 0.26
2 P2-1 0.58 -0.47 -0.44 0.04 1 (P1-1) 10 (P4-1) 0.24
3 P2-2 0.58 0.53 -0.44 0.04 1 (pP1-1) 11 (P4-2) 0.27
4 P2-3 0.58 -0.47 0.56 0.04 2 (P2-1) 7 (P3-2) 0.34
5 P2-4 0.58 0.53 0.56 0.04 2 (P2-1) 10 (P4-1) 0.34
6 P3-1 0.60 0.45 -0.05 -0.35 3 (P2-2) 6 (P3-1) 0.34
7 P3-2 0.60 -0.55 -0.05 -0.35 3 (P2-2) | 10 (P4-1) 0.37
8 P3-3 0.60 0.45 -0.05 0.65 4 (P2-3) | 11 (P4-2) 0.34
9 P3-4 0.60 -0.55 =-0.05 0.65 5 (P2-4) 11 (P4-2) 0.37
10 P4-1 0.68 0.04 -0.51 0.37 6 (P3-1) | 12 (P4-3) 0.23
11 P4-2 0.68 0.04 0.49 0.37 8 (P3-3) | 10 (P4-1) 0.23
12 P4-3 0.68 0.04 -0.51 -0.63
13 P4-4 0.68 0.04 0.49 -0.63

— 1. INITIAL D

&

\

— 2. INTERMEDIATE STAGE

A

.

~ 3. FINAL DESIGN

*

\\ J

Fig. B.1. Four-Pore Cell (FPC) geometry: a re-design procedure and three orientations.

Appendix C. More 3D printed samples

Fig. C.1 shows perspective views of some samples with a diameter of 29 mm, fabricated by IPPT from ABS thermoplastic polymer, polyamide
powder, aluminium powder (wrapped in protective tape), and photopolymer resins (in LCD SLA technology).

Fig. C.2 presents complete sets of high-quality OPC and FPC samples (¢ ~ 29 mm) produced by EMPA from photopolymer resin using DLP
technology, as well as metal samples from stainless steel powder (SLM technology). For acoustic testing, the metal samples were wrapped with tape to
securely fit them into the impedance tube.
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FDM/FFF SLM

(Zortrax M200)  (Flashforge Creator PRO) SLS (wrapped in tape)

OPC-3

Fig. C.1. Some of the OPC and FPC samples (¢ ~ 29 mm) manufactured by IPPT using various 3D printers.

OPC-5

FPC-Y

2 ~ 30 mm

OPC-3 OPC-5 FPC-Y FPC-X FPC-Z

Fig. C.3. OPC and FPC samples (¢ ~ 30 mm) manufactured by MIT from a
photopolymer resin.

OPC-3 OPC-5 FPC-Y FPC-X FPC-Z

Fig. C.2. OPC and FPC samples (¢ ~ 29 mm) manufactured by EMPA from a
photopolymer resin and stainless steel powder.

The OPC and FPC samples (¢ ~ 30 mm) manufactured by MIT in DLP technology are shown in Fig. C.3. Their quality was good, comparable with
the high quality of resin samples manufactured in SLA technology by UTC, EMPA, and TCD.

The top faces of OPC and FPC samples (¢ ~ 40 mm) produced by TUe in FFF technology are shown in Fig. C.4. The surface of these samples is
moderately uneven, but without fibres, however the shape mapping is rather rough. Their overall quality is estimated to be lower than that of the
samples manufactured with Flashforge Creator PRO or Zortrax M200, comparable to the quality of the samples manufactured with Creality Ender 3, and
higher than the quality of the samples manufactured with Makerbot Replicator Z18.

Appendix D. Impedance tube setup

Fig. D.1 shows a typical configuration used for acoustic testing of 3D printed samples. The setup consists of a round impedance tube with two high-
quality microphones (in “the middle™) and a loudspeaker at one end of the tube. The sample is inserted at the other end and the tube is sealed with a
rigid piston. In some tests an air gap of 40 mm was left between the rigid piston and the bottom of the sample. The microphones are fixed at a certain
distance from the sample surface and the distance between them depends on the diameter of the tube. The white noise signal is sent to the loudspeaker
by a signal generator usually via an amplifier. The pressure signals measured by the microphones are sent to a multi-channel analyser (i.e. data
acquisition hardware) operated by means of a signal analysing software according to the two-microphone transfer function method [44]. Fig. D.1
shows the Briiel&Kjeer impedance tube kit (¢ = 29 mm) used by IPPT, equipped with two B&K quarter-inch pressure-field microphones (Type 4187)
and a 6-channel module of B&K LAN-XI data acquisition hardware (Type 3050-A-060); the signal generator was Arbitrary Waveform Generator Rigol
DG1022.
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OPC-3 OPC-5

- -
2

QO

Fig. C.4. OPC and FPC samples (¢ ~ 40 mm) manufactured by TUe from ABS polymer filament.

DATA ACQUISITION HARDWARE SIGNAL GENERATOR

SIGNAL
ANALYSIS SIGNAL

SOFTWARE MICROPHONES AMPLIFIER
i'l-— |SAMPLE / ~H— (
FIS [ PLANE WAVE - .

IMPEDANCE TUBE

Fig. D.1. Impedance tube measurement kit.

Appendix E. Surface acoustic impedance for some of the FPC samples

Figs. E.1, E.2, E.3 show the real and imaginary parts of the (normalized) surface acoustic impedance measured for some FPC samples. The surface
acoustic impedance shown on the graphs is normalized, i.e. divided by the characteristic air impedance accurately determined during the acoustic
tests on the basis of ambient mean pressure, temperature, and humidity conditions.

The impedance curves were measured in 29 mm tubes by sample manufacturers and independently by ECL. In fact, they were used to calculate the
corresponding sound absorption curves, which are presented in Section 5.2. One may notice that the poles (zeroes) of the imaginary part of the surface
impedance correspond to the extrema (local minima and maxima) of its real part, and to the extrema (but this time local maxima and minima,
respectively) of the corresponding absorption curve. We present these impedance curves because they can be useful when looking for discrepancies,
since in absorption curves some of the measured information is “compacted”. The impedance curves measured for different samples of the same
(macro- and) micro-geometry are still very similar but perhaps with more noticeable discrepancies. Finally, it should be noted again that the results
measured by IPPT and ECL for the same sample are practically the same or very similar, although the tests were carried out in different laboratories
over a period of several months (in early springtime by IPPT, and in summertime by ECL).
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Fig. E.1. Normalized surface acoustic impedance independently measured by

Zielinski et al.

FPC-X sample (H:50 mm)

2 29 mm: IPPT, IPPT*(ECL), UTC*(ECL) |
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ECL and IPPT for some FPC-X samples manufactured by IPPT and UTC.

Fig. E.2. Normalized surface acoustic impedance independently measured by
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FPC-Y sample (H:50 mm)
16

FFF-ippT

(Real part)

- SLS-ppT*
SLM.1pPT
SLM.1pPT*

Normalised surface acoustic impedance
o ) - (=] w o DD L o o

-2
—4

(Imaginary part)

—6

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 GOOO

Frequency (Hz)

ECL and IPPT for some FPC-Y samples manufactured by IPPT and UTC.

Appendix F. Supplementary data
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[#29 mm: IPPT, IPPT*(ECL), UTC*(ECL) |

FPC-Z sample (H:50 mm)
16

FFF-ippT

’!r:.': 14 ----- FFF-ppT*
_:‘ 12 —o— SLSappT
& --- SLS-ppT*
~ 10 —»— SLM.ippT

SLM.1pPT*

Normalised surface acoustic impedance
o ) - (=] w o D L o o

2 2 ] ' e
g \
5 -4 . =
£ 6
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Frequency (Hz)

E.3. Normalized surface acoustic impedance independently measured by

ECL and IPPT for some FPC-Z samples manufactured by IPPT and UTC.

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.addma.2020.101564.
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