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Abstract: Acoustic materials are widely used for improving interior acoustics based on their sound
absorptive or sound diffusive properties. However, common acoustic materials only offer limited
options for customizable geometrical features, performance, and aesthetics. This paper focuses on
the sound absorption performance of highly customizable 3D-printed Hybrid Acoustic Materials
(HAMSs) by means of parametric stepped thickness, which is used for sound absorption and diffu-
sion. HAMs were parametrically designed and produced using computational design, 3D-printing
technology, and feedstock material with adjustable porosity, allowing for the advanced control of
acoustic performance through geometry-related sound absorbing/diffusing strategies. The proposed
design methodology paves the way to a customizable large-scale cumulative acoustic performance
by varying the parametric stepped thickness. The present study explores the challenges posed by the
testing of the sound absorption performance of HAMs in an impedance tube. The representativeness
of the test samples (i.e., cylindrical sections) with respect to the original (i.e., rectangular) panel sam-
ples is contextually limited by the respective impedance tube’s geometrical features (i.e., cylindrical
cross-section) and dimensional requirements (i.e., diameter size). To this aim, an interlaboratory
comparison was carried out by testing the normal incidence sound absorption of ten samples in
two independent laboratories with two different impedance tubes. The results obtained demonstrate
a good level of agreement, with HAMs performing better at lower frequencies than expected and
behaving like Helmholtz absorbers, as well as demonstrating a frequency shift pattern related to
superficial geometric features.

Keywords: architectural acoustics; Hybrid Acoustic Materials (HAMs); sound absorption; computa-
tional design; 3D printing; interlaboratory comparison; impedance tube

1. Introduction

Acoustics is a crucial factor for human comfort and well-being in any built envi-
ronment. Sound can be considered as important as any other architectural aspect that
contributes to spatial quality and can be shaped through design principles. Through the
parametrization of boundary surfaces, geometric features, and material properties, the
individual acoustic experience related to the functions hosted in an interior space can
be highly customizable [1]. However, state-of-the-art measurement methods need to be
further tested and validated for innovative structures. The aim of this paper is to address
some of the challenges in the characterization of the acoustic properties of customizable
3D-printed materials. The focus is on sound absorption property characterization through
the measurements of two different impedance tubes.

Indoor acoustics are highly affected by the choice of materials and geometrical con-
figurations [2]. Studies show that millions of citizens within the WHO European Region
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spend approximately 90% of their time in indoor spaces: their homes (2/3 of this time) and
workplaces, schools, and public spaces (1/3 of this time) [3]. Considering that Europe has
a significant proportion (90%) of buildings constructed before 1990 and a 40% proportion
constructed before 1960, the issue of acoustic management, human comfort, and well-being
is brought to the forefront [4]. In this frame, a huge opportunity for the improvement
in the acoustic quality of indoor spaces arises, paving the way for innovative, sustain-
able, and customizable solutions for acoustic renovation in order to meet current standard
regulations. With mass customization as the inherent aspect of Additive Manufacturing
(AM) [5], designers are now much more able to positively influence both outdoor and
indoor acoustics towards these new frontiers.

The use of AM to produce acoustic materials has been increasingly studied in the
last few years. In terms of building acoustics, recent studies have focused on the large-
scale 3D printing of full-scale building elements (e.g., wall panels) that combine both
thermal and sound-insulating properties [6-8]. On a smaller scale, the development of
3D-printed sound-absorbing materials has been increasingly explored in several studies,
including sound absorbers with controlled porosity [9-11], microperforated panels [12],
and metamaterials [13]. Moreover, 3D-printed panels have also been combined with porous
sound absorbers to enhance the performances of the latter [12,14,15]. The production of
porous sound-absorbing materials with AM is a promising approach to control the pores’
shape and network, within a lattice structure, and optimize their tortuosity and porosity.
The intended acoustic performances have been targeted through a variety of 3D-printing
technologies, materials, and design principles.

Open-porous Acrylonitrile Butadiene Styrene (ABS) lattice structures have been pre-
viously 3D printed through Fused Deposition Modeling (FDM), suggesting that their
sound-absorbing performance is highly influenced by their thickness [9]. A metafluid
bio-inspired cereal straw has been fabricated through the Fused Filament Fabrication of
thermoplastic to form a periodic repetition of double Quarter-Wavelength Resonators
(QWR) [16]. Resin-based acoustic metamaterials based on Helmholtz resonators have also
been produced through Stereo-Lithography (SLA), where the addition of a thin 3D-printed
membrane at the base of the resonators aims to enhance the stop band [17]. In addition,
sound absorbers based on the principle of Passive Destructive Interference (PDI) have been
fabricated through powder-based Polyamide Selective Laser Sintering (SLS). The scope of
these compact-size resonators was tailored, in terms of extended absorption bandwidth,
through targeted performance-driven combinations and with the addition of a resistive
layer at the orifices for site-specific applications [18,19]. Micro-Perforated Panels (MPP)
operating on the principle of Helmholtz resonators (i.e., when excited by a sound wave,
the mass of air in the holes oscillates in front of the elastic air volume) have also been
produced through FDM, employing Polylactic acid /Polyhydroxyalkanoates-Wood Fiber
(PLA/PHAWF) composites [20], powder-based Selective Laser Sintering (SLS) [21], and
MultiJet Printing (M]JP) [22], suggesting a correlation between the sound absorption per-
formance and the material porosity in terms of micro-tube design features. Furthermore,
gypsum-based 3D-printed porous metamaterials with various open-cell structures and
porosity have been investigated [23]. The specimens produced through Binder Jetting
(BJ) technology were analyzed considering the effect of the unit-cell structure. The re-
sults indicated an increased sound absorption capacity performance for Octet lattice and
Gyroid structures.

In order to measure the sound absorption performances of the 3D-printed panels, in
most past studies, the normal incidence sound absorption coefficient of different 3D-printed
porous sound absorbers was measured in an impedance tube [9,13,15,23-25] or predicted
through theoretical models [12,13,15,23].

Given the novelty of porous 3D-printed materials with respect to traditional ones,
past researchers studied the extent to which the measured sound absorption coefficient of
a given sample is influenced by the 3D-printing techniques used for its production [25],
i.e., the impedance tube characteristics and the presence of air gaps at the back of the
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sample [9,11,25]. In particular, the work in [25] presented a Round Robin test on the influ-
ence of different AM technologies (e.g., FFF, SLS, SLM, and LCD), materials (e.g., PLA, ABS,
polyamide or aluminum powder, and photopolymer resin), and 3D-printing devices on the
measured sound absorbing performance of porous samples exhibiting two different cellular
designs. The measurements were conducted by independent laboratories with impedance
tubes of different diameters. The study highlighted that while most of the measurement
results were very close, some discrepancies were reported due to (a) shape and surface
imperfections, or microporosity, induced by the manufacturing process; (b) imperfect
matching between the tube and sample diameter; and (c) different geometric details present
at the circular edges of the samples, based on the cellular design and sample diameter.

While previous studies focused on porous sound-absorbing materials composed of
a 3D-printed lattice micro-geometry of single thicknesses, to the best knowledge of the
authors, no previous investigation was found on 3D-printed materials combing sound-
absorbing and diffusing properties. Such materials, commonly known as “hybrid” ma-
terials, can be created by combining a porous layer designed for absorption with surface
irregularities that promote sound diffusion [26]. In the present exploratory study, the pres-
ence of surface irregularities in the form of variable patterned stepped thickness poses new
challenges to the characterization of the sound-absorbing performance of such materials
in the impedance tube. Indeed, the representativeness of the test samples (i.e., cylindrical
sections) with respect to the original (i.e., rectangular) panel samples is limited by the
impedance tube’s geometrical features and dimensional requirements (i.e., cylindrical
cross-section and respective diameter size). Therefore, the cylindrical samples selected for
representation are required to exhibit the essential characteristics of the entire rectangular
area’s irregular surface pattern.

This contribution focuses on the sound-absorbing performance of 3D-printed HAMs
and explores the challenges associated with their characterization in the impedance tube,
considering the need to adequately represent the surface irregularities within the afore-
mentioned geometrical and dimensional constraints of an impedance tube. To this aim,
two different measurement set-ups (of cylindrical cross-sections, but with different di-
ameters) were used to measure the sound absorption capacity of ten different material
typologies, according to EN ISO/IEC 17025:2017 [27]. The intent of the present work is to
add to the previous scientific knowledge acquired through interlaboratory testing on the
sound absorptive properties of 3D-printed open-cell specimens of a single thickness [25],
with the introduction of an innovative design variable of parametric stepped thickness. To
the best of the authors” knowledge, this key parameter, enabled through computational de-
sign and 3D printing, has not been previously investigated. Therefore, the main objectives
of the present work are summarized as follows:

An interlaboratory [27] comparison of ISO 10534-2:2001 [28] measurements with
two different impedance tubes.

An exploratory study on the effect of the sample diameter [25] and sample typology [9],
highlighting the effect of surface irregularities in the form of variable patterned stepped
thickness, for future targeted compilations [18-20].

A consideration of the 3D-printed gyroid cellular core design [23,25] acoustic proper-
ties made of a customizable lightweight thermoplastic material (i.e., PLA) [20].

However, the analysis of the diffusing properties of these typologies is out of the scope
of the present study.

2. Methodologies
2.1. Design and Theoretical Bases

In the present study, a new class of HAMs with absorption in lower frequencies was
proposed by manipulating their surfaces and overall thicknesses. This was pursued by
means of an irregular stepped pattern based on Truchet tiling [29] and a gyroid macro-
porous structure with a proven absorbing capacity [23]. The Truchet tiling concept was
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selected as a means to develop an infinite and modular non-repeating pattern, appropriate
for extended architectural surfaces.

The basic concept relies on and takes inspiration from the Schroeder diffuser design
which is often interpreted as being a surface with a spatially-varying impedance [26].
In the proposed design, the variable impedance was achieved by patches of absorption
and reflection combined in a complex 3D quarter-circle Truchet design. The aim was to
build a hybrid surface which is the result between a pure 3D-printed porous absorber and
a diffuser. Partial absorption was considered inherent in the design while any reflected
sound is dispersed. The porous absorber, i.e., 3D-printed foam, was faced with a complex
mask that allows the creation of laterally slotted panels with rectangular vertically oriented
slits that follow the quarter-circle Truchet design. As in hybrid surfaces based on the same
principle, it was expected that the additional vibrating mass within the open areas of the
mask would shift the absorption curve down in frequency, generating additional low-
to mid-frequency absorption. At high frequencies, the hard parts of the mask reflected
sound, causing a reduction in the absorption coefficient [26]. It is at these high frequencies,
where the absorption is reduced, that the surface disperses the reflected sound. Cox and
D’Antonio [26] presented the bases of the discussion of the design of hybrid surfaces’
diffuse properties using the simplest Fourier theory. They highlighted that this simple
prediction theory and the subsequent design process are only applicable at mid- and high-
frequency, while at low frequency the mutual interactions across the surface make the
prediction model inaccurate. As mentioned in the previous section, the dispersed sound
has not been investigated in this work.

Regarding the absorbed sound, an approximation to the model of the slotted absorbers,
which are a derivation of the Helmholtz absorbers, was assumed. A simple model was
also implemented in [30] based on the theory developed in [26]. The model required data
on airflow resistivity, top coating thickness, slot width, porous material thickness, and
open area. Given that no airflow resistivity measurements could be performed in the
framework of this study, more exact theories to match the experimental results could not
be implemented. Therefore, it was not considered further in the present work which relies
on exploratory experimental work.

Ten hybrid acoustic panel typologies were designed in the integrated development
platform Grasshopper for Rhino 7. The panels consisted of a porous lattice structure,
i.e., a foam core as a cellular porous material, which provides sound absorption, covered by
a cut-out sound reflective layer with different surface patterns, which provides sound dif-
fusion while enabling the sound energy to access the porous layer through the lateral sides.
A pattern consisting of quarter-circle Truchet tiles (Figure 1), connecting the midpoints of
adjacent sides was employed for the upper surface pattern.

- -
Truchet Tile Inverse Truchet Tile, Created by
Any 90° Rotation or Orthogonal Flip
(a) (b)

Figure 1. Truchet tiling: (a) principal 2D quarter-circles; (b) 90° rotation of principal 2D quarter-circles.
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The Z coordinates of points on the 2D quarter-circles were remapped to form a para-
metric stepped profile curve on the X-Z plane. The parameters for the formation of the
profile curve were the number of steps (i.e., 1 to 3 steps) and the controllable curvature
through a Bézier curve graph mapper (Figure 2a). This profile curve defined the boundary
conditions of regular and irregular polygons (Figure 2b) for a dual-material properties
allocation during the realization of the design. In the following sections, the two intended
material functionalities (i.e., foam core and high-density surface) are represented in white
and cyan colors, respectively. The polygons were then revolved and mirrored to form the
principal 3D quarter-circle Truchet tile (Figure 2c). Each such tile was randomly repeated
within a rectangular 2D grid (L160 mm x W160 mm) (Figure 2d)) in two different orienta-
tions: the principal Truchet tile orientation and its inverse, created by any 90° rotation or
orthogonal flip (Figure 2e).

~
il
e——
. . . . . .
Parametric Dual- 3D Quarter- 2D Rectangular Grid Upper Surface Customizable
Stepped Material Circle {L160 mm x W160 mm) Customization Upper Surface
Profile Boundary Truchet with Bulk Base of
Curve  Conditions Tile Variable Thickness
(a) (b) (c) (d) (e) (f)

Figure 2. Design methodology for hybrid indoor acoustic panels with a customizable upper surface
and variable thickness: (a) parametric stepped profile curve with a variable number of steps; (b) dual-
material boundary conditions; (c) 3D quarter-circle Truchet tile; (d) 2D rectangular grid (L160 mm x

W160 mm), (e) upper surface customization; and (f) customizable upper surface with a bulk base of
variable thickness.

Five typologies of the upper surface of the acoustic panels (i.e., A, B, C, D, and E) were
generated by tuning the Truchet tile size (i.e., 20 mm for B and D and 40 mm for A, C, and
E) on the grid, as well as the aforementioned parameters for the quarter-circle profile curve
(i.e., number of steps ranging from 1 to 3 and Bézier curve). Finally, the five upper surface
typologies were applied over bulk bases to generate hybrid acoustic panels (Figure 2f). The
employed bulk bases are of two thicknesses, i.e., 70 mm and 50 mm, respectively, referred
to in the identification code of the panels with numbers 1 and 2, allowing for the formation
of ten acoustic panel typologies in total, classified as A1, A2, B1, B2, etc. (Figure 3).

Bl C1 D1 El

Steps: 1 Steps: 2 Steps: 2 Steps: 3
5 : lle Size: 20 mm Tile Size: 40 mm- Tile Size: 20 mm  Tile Size: 40 mm
Thickness: 70mm Thickness: 70 mm Thickness: 70 mm Thickness: 70 mm Thickness: 70 mm

r

B -
OLO i\

O N
5 L]

~
oY
N
AN
s sy e
i0) \

0

»
ol R

£y

.
-
.

c
Steps: 1 Steps: 2
Tile Size: 40 mm

Thickness: 50 mm

Figure 3. Ten hybrid indoor acoustic panel typologies with a customizable upper surface and
variable thickness.
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As indicated in the following section (i.e., Section 2.2), the bulk bases were further
customized in terms of macro-porosity, through a gyroid pattern (Figure 4), in order to
create the foam-cores. The designed pore size and porosity are estimated 5 mm and 80%,
respectively [31].

|
|

Thickness: 1,00 mm Foam-Core Customization
Pore Size: 5.00 mm
Length: 10.60 mm

Figure 4. Customization of the foam-core macro-porosity through a gyroid pattern.

2.2. Materials and Fabrication

The testing specimens were fabricated in a dual-nozzle Raise3D Pro2 Plus FFF unit,
employing the commercial thermoplastic filament (J1.75 mm) colorFabb Light-Weight
PLA (LW PLA) Natural (colorFabb, Belfeld, The Netherlands) and capitalizing on its cus-
tomizable functionality. The complete property range of LW-PLA is analyzed in Table A1l
(see Appendix A) [32]. The specified material contains foaming agents that become ac-
tivated at around 230 °C, thus, allowing fine-tuning of the extruded material’s volume
by regulating the printing temperature along other parameters. The same material was
3D printed by employing two different profiles with respect to its location, i.e., foam core
and top cut-out surfaces. Both 3D-printing profiles were created in the 3D Slicer Software
ideaMaker 4.3.1. Printing Profile A (i.e., the left extruder with a temperature set at 265 °C,
allowing for the agents” activation) for the foam core, while Printing Profile B (i.e., the right
extruder’s temperature set at 207 °C) was employed for the top cut-out surfaces. The core
of all specimens was printed as an open-cell structure based on a gyroid pattern of 20%
density (Printing Profile A). The bottom of the foam cores was created with solid fill layers
following a linear pattern (alternately 45° and 135° per layer). Finally, the upper surfaces
were printed as a compact layer (infill pattern of 100% density) of 2 mm thickness (Printing
Profile B). The detailed slicing parameters for the 3D printing procedure are presented in
Table 1.

In order to carry out the acoustic performance testing of the 10 panels, the cylindrical
specimen cut-outs for each panel typology were printed with two diameters (i.e., @60 mm
and P35 mm) and two thicknesses (i.e., 70 mm and 50 mm).

Figure 5 demonstrates the allocation of the variant material properties in the two spec-
imen sets (i.e., 60 mm samples and 35 mm samples) according to the two slicing profiles.
Printing Profile A is represented in both samples in white color, whereas Printing Profile B
is represented in cyan color.
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Table 1. The 3D printing profiles for the realization of the samples using dual-nozzle printing for the
integration of two functionalities.

Printing Profile A Printing Profile B
First Layer Height 0.10 mm -
Layer Height 0.20 mm 0.20 mm
Extrusion Width 0.75 mm 0.60 mm
Shells 0 0
Retraction Speed 45 mm/s 45 mm/s
Retraction Material Amount 0.50 mm 0.50 mm
Flowrate 45% 90%
Infill Pattern Type Gyroid Grid
Infill Density 20% 100%
First Layer Solid Fill Pattern Lines -
Bottom Solid Fill Layers 2 -
Bed Temperature 60 °C 60 °C
Extruder 265 °C 207 °C
Fan Speed No Fan No Fan
First Layer Speed 15.00 mm/s -
Default Printing Speed 40 mm/s 40 mm/s

The specified material contains foaming agents that become activated at around 230 °C, thus, allowing fine-tuning
of the extruded material’s volume by regulating the printing temperature along other parameters. The same
material was 3D printed by employing two different profiles with respect to its location, i.e., foam core and top
cut-out surfaces.

(a) (b)

Figure 5. Allocation of the variant material properties based on Printing Profile A and Printing Profile
B in the two indicative specimen sets: (a) 60 mm samples; (b) 35 mm samples.

2.3. Tested Configurations

For the needs of the acoustic analysis, representative circular areas of the upper surface
typologies were selected (Figure 6) to produce the 60 mm samples and 35 mm samples.
The areas of the upper surface were randomly opted, ensuring the inclusion of all steps
involved in each typology.

More detailed information on the geometry and dimensions of the different sample
typologies are reported in the following. The number of steps, step size, and remaining
core thickness (i.e., measured height from the bottom level up to the level where the surface
pattern begins) of the samples are presented in Table 2.
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(b)

(c)

Panel Surfaces’
Selected TCOAs

~ O rFESE
(D60 & (D35

Samples ; - . =
. } F - L e g - AT -
T & Y 1 (. v L

HHH

Figure 6. Selected TCOAs: (a) circular TCOAs for the 60 mm samples and 35 mm sampled in relation
to rectangular panels’ TCOAs; (b) 60 mm samples; and (c) 35 mm samples.

60 mm

Table 2. Step size, number of steps, and remaining core thickness of the sample typologies for both
60 mm samples and 35 mm samples.

Remaining Core

Sample Typ010gy Number of Steps Step Size (mm) Thickness (mm)
Al 1 133 54.7
c1 2 10.7 467
b1 ’ 53 573
A2 1 133 34.7
B2 1 6.7 413
D2 ’ 53 37.3
B 3 8.6 23

While, for reference, the volumes (with a material density of 230 kg/m?) of the
two sample sets, (i.e., with 60 mm and 35 mm diameters), with core thickness and respective
steps included, are collected in Table 3.
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Table 3. Volumes of A, C, and E typologies for both 60 mm samples and 35 mm samples.

Sample Typology Volume (x10~5 m3) of Volume (x10-5 m?) of
60 mm Samples 35 mm Samples
Al 17.3 5.98
Bl 18.4 6.10
C1 16.6 5.52
D1 18.0 5.98
El 16.2 5.22
A2 11.6 4.11
B2 12.7 423
C2 10.9 3.65
D2 124 4.11
E2 10.5 3.35

For each specimen in the two sets, both the Top Cut-Out Areas (TCOAs) and the
Lateral Cut-Out Areas (LCOAs) were calculated (Figure 7). The TCOAs were defined as
the horizontally planar Truchet surfaces (i.e., the goings of all the steps, in terms of stair
design terminology) and LCOAs were defined as the vertically developed Truchet surfaces
(i.e., the rises of all the steps, in terms of stair design terminology).

Acoustic Panel Sample 60 mmSample 35 mm
(L160 mm x W160 mm) (@60 mm) (@35 mm)

Figure 7. The TCOAs, LCOAs, and TTAs on rectangular acoustic panels, 60 mm samples, and 35 mm
samples. The TCOAsgy mm and TCOAs35 i, evaluated as a percentage with respect to the TTA of the
respective cylindrical specimens.

The specimens” TCOAs were evaluated as percentages in relation to the total TCOAs
of the respective rectangular panel surfaces. Furthermore, the frequency of occurrence for
the selected TCOAs within the rectangular areas was taken into consideration (Table 4).
The aggregated areas were then calculated as representative percentages of measurement
coverage (Figure 8b,c).

Table 4. The frequency of occurrence for the 60 mm samples and 35 mm samples within the respective
rectangular panel surfaces.

60 mm Samples 35 mm Samples
A 2 16
B 1 17
C 2 6
D 2 17
E 2 2
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( Panel Surfaces’
@) Selected TCOAs @ g
(P60 & P35 mm)

Samples

60 mm

Representative |
Percentage ] @ F

20.46% 11.51% 21.08% 22.58% 21.78%

samples & - . .
(@ 35mm h » e

Representative
Percentage

78.24% 69.36% 22.14% 65.28% 6.88%

Figure 8. Selected TCOAs and their frequency of occurrence: (a) circular TCOAs for 60 mm samples
and 35 mm samples in relation to the rectangular panels’ TCOAs; (b) 60 mm samples and their
representative percentage of measurement coverage based on their frequency of occurrence; (c) 35 mm
samples and their representative percentage of measurement coverage based on their frequency
of occurrence.

The TCOAs were also evaluated as a percentage in relation to the Total Top Area (TTA)
of the respective cylindrical specimens (referred to as TCOA%). Finally, the TCOA Ratios
(TCOAg) mm: TCOA35 mm), as well as the TCOA% Ratios (TCOA%g0 mm: TCOA%35 mm)
and the LCOA Ratios (LCOAgy mm: LCOA35 mm), were calculated. The scope of these
interdependencies was to identify similarities or differences in the percentage values of
TCOAs with respect to the TTAs of both the 60 mm samples and the 35 mm samples.
A mean TCOA% Ratio of ~1.00 (i.e., 0.92) indicated closeness in the percentage values.
This essentially means that even though the TCOAs are larger in the 60 mm samples, the
percentage of the area that was cut out in relation to the total circular area (in both 60 mm
samples and 35 mm samples) is almost equal, and this could indicate similarities in the
results. Tables 5 and A2 (see Appendix B) represent an analysis of the interdependent data
for the five surface design typologies (i.e., A, B, C, D, and E).

Table 5. Aggregated data on TCOA Ratios (TCOAgp mm: TCOA35 mm), TCOA% Ratios (TCOA%g0 mm:
TCOA0/035 mm)l and LCOA Ratios (LCOA60 mm- LCOA35 mm)~

TCOA Ratios TCOA% Ratios LCOA Ratios

Samp]es (TCOAgo mm: (TCOAO/OGO mme (LCOA60 mme

TCOA35 mm) TCOA%35 mm) LCOA35 mm)
Al 2.09 0.69 2.24
A2 2.09 0.69 2.24
B1 2.82 0.93 2.86
B2 2.82 0.93 2.86
C1 2.86 0.95 2.90
C2 2.86 0.95 2.90
D1 2.94 0.97 3.08
D2 2.94 0.97 3.08
El 3.17 1.05 3.00
E2 3.17 1.05 3.00

Mean 2.78 0.92 2.82
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Furthermore, the open area was calculated as the ratio of LCOA and the total irregular
surface area (LCOA + TCOA). It has been observed that the open areas are comparable
for the two series of samples (i.e., 60 mm samples and 35 mm samples) (see Appendix B,
Table A2) [26,30].

2.4. Acoustic Characterization

The sound absorption coefficient (x) was used to characterize the different samples.
It is defined as the ratio of the energy absorbed by a surface to the energy incident. The
absorption coefficient can be defined for a specific angle of incidence or random inci-
dence [26]. Measurements have been performed in the impedance tube in accordance
with ISO 10534-2:2001 [28] (two-microphone technique) in order to measure the normal-
incidence absorption coefficient («).

This method relies on measurements obtained from small samples suitable to the aim
of the interlaboratory comparison (i.e., in consideration of the dimensional constraints and
representativeness of surface irregularities with respect to the entire rectangular area’s irreg-
ular surface pattern) [27]. The measurements took place in BIOG3D (Lavrion Technological
Cultural Park—LTCP) and the Applied Acoustics Laboratory (Department of Energy, Po-
litecnico di Torino). Two different impedance tubes were used: a custom impedance tube,
equipped with two MPA416 1/4” microphones (BSWA Tech, Beijing, China) (identified in
the following as “ITgp”), and an HW-ACT-TUBE (Siemens, Munich, Germany), equipped
with two 1/4” flush-mounted GRAS 46BD (GRAS, Holte, Denmark) microphones (identified
in the following as “IT35”). Both impedance tube configurations consisted of a loudspeaker,
a sound propagation tube, microphone holders, and sample tubes with a diameter of 60 mm
and 35 mm. In general, the method allows for accurate sound pressure amplitude and
phase measurements in the whole frequency range of interest, i.e., 100-5000 Hz [28]. In our
experimental study, the geometry of the tubes follows the specifications of ISO standards,
including the minimum distance between the microphone and source, and the microphone
and test sample. In particular, IT4g has been equipped with two microphone holders, with
a fixed microphone spacing of 45 mm, allowing for measurements at a frequency range
from 125 to 3150 Hz. IT35 has been equipped with three microphone holders to extend the
supported frequency range as much as possible. Therefore, it is possible to obtain accurate
measurements at a low-frequency range of 50 to 2400 Hz and a high-frequency range of 119
to 5700 Hz when 65 mm and a 29 mm microphone spacing are used, respectively. The latter
distance has been used for the aim of this work. For the sake of clarity, the measurement
results of both impedance tubes are reported for the frequency range between 125 and
3150 Hz (see Section 3).

The air temperature, relative humidity, and atmospheric pressure were monitored with
properly calibrated transducers during the measurement campaigns. The test specimens
were mounted at the end of the respective impedance tubes by means of sample holders,
which were assumed to behave as a rigid termination, with no gaps between the samples
and the termination.

The experimental campaign was preceded by a comparison between the two tubes
in order to investigate any possible artifacts. The comparison of the sound absorption
coefficients was performed on a baseline porous material made of polyester fiber with
a density of 29 kg/m? and a thickness of 85 mm. Moreover, given the presence of surface
irregularities on the samples, as a preliminary and complementary step, the potential effect
of the samples’ orientation within the tube on the measured sound absorption coefficient
was evaluated (see Appendix C). A deeper investigation was performed on one of the
randomly chosen samples (C2) to assess the effect of the top cut-out surfaces and foam core.
To this aim the original sample C2 was progressively sectioned by using a coping saw (see
Appendix D).

Nonetheless, the interlaboratory testing presented is primarily focused on the effect of
the sample diameter (see Section 3.2) and sample typology (see Section 3.3).
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Due to 3D printing limitations, all measurements were performed on single samples
for each typology; thus, it was not possible to assess reproducibility contributions. Repeata-
bility was evaluated by repeating the measurement three times for each typology in both
tubes without varying the set-up conditions (e.g., re-mounting the sample). The results
showed highly repeatable measurements with maximum standard deviations (5Dmax) of
0.002. Due to the limited visual presentation of such small values, these were not pre-
sented in the graphs. For both measurements, the sound absorption coefficient («p) was
determined with a resolution of 2 Hz and represented in one-third-octave bands.

3. Results and Discussion
3.1. Baseline Material Comparisons

The results of the preliminary investigation on the influence of the two tubes on the
baseline material measurement results are shown in Figure 9b. It can be observed that the
differences are very small, and the results could be considered compatible. Therefore, it
could be considered that the differences observed in the following sections are due to the
sample properties only.

=&=Buseline & 35

= Buscline @ 60

160 200 250 315 400 500 630 KOO 1000 1350 1600 2000 2500 3150

Frequency [Hz]
i) (b)

Figure 9. (a) Baseline polyester fiber sample with a density of 29 kg/m3 and a thickness of 85 mm
and (b) comparative measurements of the sound absorption coefficient of the baseline material.

3.2. Effect of the Sample Thickness

The graphs in Figure 10 plot the normal incidence sound absorption coefficient («) in
one-third-octave-band center frequencies of the tested samples, i.e., 60 mm samples in IT4g
and 35 mm samples in IT35. The plotted data were calculated as the arithmetic average of
the results of three repeated measurements and presented a sound absorption coefficient,
versus frequency, with a succession of peaks and troughs. As expected, the samples with
the greater thickness (i.e., Al, B1, C1, D1, and eE1, with a thickness of 70 mm) performed
better than the lower thickness samples (i.e., A2, B2, C2, D2, and E2, with a thickness of
50 mm) in the lower frequency range. This well-known trend has also been reported in
previous studies investigating the sound absorption properties of 3D-printed materials in
an impedance tube, such as [9,24]. In addition to the frequency shift, for a given sample
tested in IT4g or IT3s5, the peak absorption values are often comparable for the 70 mm
and 50 mm thick samples, with g values from 0.6 to 0.7 for IT¢y (60 mm samples) and
from 0.7 to 0.9 for IT35 (35 mm samples). The peak values, due to the first frequency of
resonance of the porous material (i.e., quarter-wavelength fo = c¢/4d, where c =343.1m/s
at 20 °C and d equals the material thickness), are generally observed in the range between
630 and 1000 Hz, in the case of the 70 mm thick samples, and the range between 800 and
1250 Hz, in the case of the 50 mm thick ones. Interestingly, these frequencies are almost half
the amplitude of those expected from the f( formulation provided above (i.e., 1250-1600
and 2000-2500 for the 70 mm and 50 mm thicknesses, respectively). This is similar to the
effect of coupling perforated panels and Helmholtz resonators with porous materials [26].
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Further evidence of the effect of the top hard coating has been shown in the measurements
(e.g., C2_2T vs. C2_2F) in
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Figure 10. Normal incidence sound absorption coefficient of 60 mm samples and 35 mm samples,
measured in ITg and IT3s, respectively: (a) Al and A2; (b) Bl and B2; () C1 and C2; (d) D1 and D2;
and (e) E1 and E2.

Appendix D. The samples’ foam core open areas (i.e., LCOAs) are vertical and interact
with the sound waves mainly laterally and due to the back reflection over the TCOAs.
The effect of surface roughness and impedance changes is to generate diffraction, i.e., the
breaking up of sound wavefronts due to edges and other effects. The diffraction from
the edges at low frequencies causes the reflected wave to no longer be planar, and so
the simple theories (see the f( formulation above) no longer apply. As sound velocity is
lower in the porous absorbents than in the air, HAMs also have the ability to perturb the
sound field more at lower frequencies, when compared to hard diffusers of the same depth.
In theory, HAMs can produce diffuse reflections at lower frequencies, although at low
frequencies the effect of these materials can be dominated by absorption. This shows that
the HAM s are behaving like the Helmholtz absorbers. The amount of added mass in the
holes determines the increase in absorption at low frequencies [26]. The diffuse reflections
could also be optimized at an early design stage, allowing for a more comprehensive
study of the combined effect [33]. The effect of non-planar materials in impedance tube
measurements has been investigated in past works [34], showing that, due to the shape
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of the sample surface, the reflected pressure is not constant, varying from one point to
another, and, consequently, the acoustic reflection coefficient is not well defined. The
results showed that the first maximum peak is maintained and that the irregular steps
smoothen the minima of the acoustic absorption. The first maximum remains unaltered for
different configurations while the higher frequencies are subject to significant differences.
To investigate this in a deeper way, the implementation of a more exact theoretical model
to match the experimental results would be necessary.

The 1600-2000 Hz and 2000-2500 Hz troughs for the 70 mm and 50 mm thick samples,
respectively, demonstrate a decremental trend of the sound absorption coefficient for all
of them, regardless of the various configurations. It is possible to hypothesize that the
visco-thermal losses that take place within the material are not sufficient to completely
absorb the sound wave at these specific wavelengths. It can be assumed that the curves
are little correlated above these frequencies (however within the accurate frequency range
for both tubes), due to a more prevalent effect of the diffusive elements. As indicated
in Section 2.1, at high frequencies, the hard parts of the sample reflect sound, causing
a reduction in the absorption coefficient [26]. It is at these high frequencies, where the
absorption is reduced, that the surface would disperse the reflected sound. However, as
reported above, sound diffusion has not been further investigated in the present work.

3.3. Effect of the Sample Diameter

The comparison of the results obtained with the two impedance tubes showed a good
level of agreement between the results obtained for 60 mm samples and 35 mm samples,
as the frequencies of the peak absorption values were generally coherent for all samples.
This trend could be justified by the comparable open areas (i.e., upper irregular reliefs) of
both 60 mm samples and 35 mm samples being almost equal, regardless that the TCOAs of
60 mm samples are larger (see Appendix B, Table A2), indicating a good level of similarity
between the two sets of samples and, therefore, representativeness criterion fulfillment.
However, the sound absorption coefficients reported were systematically lower in the
case of 60 mm samples than in 35 mm samples, with differences up to ~0.15 at peaks.
As mentioned in Section 2.1, the hybrid surfaces behave like Helmholtz absorbers (see
also Appendix D). An approximation to the model of the slotted absorbers, which are
a derivation of the Helmholtz absorbers, could have been made in the design phase.
A simple model could be used, as implemented in [30], based on the theory developed
in [26]. As reported in Section 2.1, the model requires data on airflow resistivity, top coating
thickness, slot width, porous material thickness, and open area. The model could have been
used to investigate the theoretical effect that airflow resistivity might have for fixed open
areas (this is the case for each typology, see Appendix B, Table A2) and vice versa, adapting
the model implemented in [30]. A limitation of this study is that it was not possible to
perform air flow resistivity measurements to characterize the core foam for each sample.
Based on this, the above-mentioned model could not be applied in this study. Nonetheless,
the decrease in the airflow resistivity between samples would lead to a decrease in the
absorption coefficient maintaining the same frequency peak, while variations in the open
area would cause a decrease and a frequency shift of the frequency peak. Therefore, the
differences in the peak values between the 60 mm samples and 35 mm samples could be
attributed to any variation in the above-mentioned properties (e.g., air flow resistivity)
due to any small differences in the 3D printing. In the literature, small differences in peak
absorption values were also found in [25] between samples with different diameters (40,
30, and 29 mm) manufactured with the same AM technology and tested in independent
labs. Given that previous studies [35] have found good agreements between measurements
on the rather small and inhomogeneous sample, in the standing wave tube with a circular
cross-section, and results using the transfer matrix method presupposing layers of infinite
size, we assumed no artifacts induced by the tube walls. Further investigations through
measurements on bigger samples (e.g., using the reverberation room method) could be
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made and compared to the impedance tube measurements, and the implementation of
more exact theories to match the experimental results would also be necessary.

3.4. Effect of the Sample Typology
For the sake of simplicity, the measured results have also been plotted in Figure 11, for
the two samples’ diameters separately, by grouping the samples based on the dimensions
of the Truchet tile pattern on the panels’ surfaces, i.e., samples B and D, exhibiting a tile side
length of 20 mm, and A, C, and E with a tile side length of 40 mm. This was completed in an
attempt to better shed light on the influence of the number of steps (see Sections 2.1 and 2.3,
and Appendix D) on the measurement results obtained for a given Truchet tile size of the
superficial pattern.
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Figure 11. Normal incidence sound absorption coefficient of (a) the 70 mm thick samples; (b) the
50 mm thick samples. The results are grouped based on the side dimensions of the Truchet tiles, i.e., B
and D, with a side length of 20 mm, and A, C, and E with a side length of 40 mm, and are shown
separately for 60 mm samples (above) and 35 mm samples (below).

When comparing the B and D samples, having a tile side of 20 mm and 1 or 2 steps,
respectively, the results were quite comparable, showing slightly lower values of the sound
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absorption coefficient in the case of B samples (i.e., 1 step). As concerns the A, C, and E
samples, with a side of 40 mm and 1, 2, or 3 steps, respectively, the results highlighted a shift
in the peak absorption towards the higher frequencies for an increasing number of steps,
since it resulted in a reduced thickness of the foam core. This finding aligns with the typical
behavior of porous materials [26]. Despite the frequency shift, the peak absorption values
were quite similar, with variations generally in the range of £0.1. From Figure 11 and
Table 3 (see Section 2.3), it can be assumed that the volume difference (i.e., B1-D1, B2-D2,
Al1-C1,[... ], and C2-E2) between the two sets (ranging from 1200 mm?3 to 3600 mm? for
samples B and D, and from 3000 mm? to 7000 mm? for samples A, C, and E) is not the cause
of the shifting pattern observed for samples A, C, and E. On the other hand, the Truchet tile
side length of 40 mm, in conjunction with a step size larger than 8 mm, and an increasing
number of steps seems to be the apparent cause.

4. Conclusions and Outlook

The sound-absorbing performance investigation of the customizable 3D-printed
HAMSs was presented in this contribution, demonstrating their potential through compi-
lation. The proposed design methodology paves the way to a customizable large-scale
cumulative acoustic performance by means of variable patterned stepped thickness. The
challenges associated with the characterization of these materials through the impedance
tube method have been explored considering the need to adequately represent the surface
irregularities within the dimensional constraints of the two tube diameters. The results of
the normal incidence sound absorption were collected and presented from ten configura-
tions of a 3D-printed material and tested in two different measurement set-ups. The effect
of the sample orientation, the sample diameter, and the sample typology were taken into
consideration. The main results can be summarized as follows:

e  The preliminary analysis in two orientations (i.e. at 0° and 90°) demonstrated an
almost perfect overlapping between the measured data, suggesting that the orien-
tation of the sample’s irregularities within the impedance tube does not affect the
measurement repeatability.

e  The results obtained with the two impedance tubes demonstrated a good level of
agreement on the first frequency of resonance, while at higher frequencies, larger
differences occurred due to the non-plane wave propagation being affected by the
surface irregularities and impedance variations.

e  The HAMs performed better at lower frequencies than expected and behaved like
Helmholtz absorbers, demonstrating a frequency shift pattern related to superficial
geometric features, i.e., surface irregularities, compared to the theoretical frequency of
resonance due to the material thickness alone.

e Lower values of sound absorption for the 60 mm diameter tube were observed at
the frequency of resonance, suggesting a significant effect on the sample air volume
(increasing factor of ~2.9).

e A shifting pattern in the peak absorption values towards higher frequencies was
observed for specimens with a larger (i.e., 40 mm) Truchet tile size length, a step
size larger than 8 mm, and a gradually incremental (i.e., 1, 2, and 3) number of steps.
This suggests that a full frequency range acoustic absorber could be achieved by
determining the proper combination of the design factors.

Future studies will focus on flow resistivity measurements to support the data pre-
sented, as well as on the analysis of the random incidence sound absorptive and diffusing
properties of the material typologies, for large-scale performance-driven combinations.
Furthermore, it might be worth considering different topological complexities with various
combinations of porosity characteristics for the foam core (e.g., pore-size variations or
unit cell typologies based on various Triply Periodic Minimal Surfaces (TPMS)) as well
as different inclinations of the steps” walls. This last design parameter might significantly
affect the activation of the sound-absorbing foam layer. Additionally, it might be interesting
to consider the selective application of omni-phobic products for the introduction of self-
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cleaning properties, enhanced durability, and, thus, an expanded lifespan. Furthermore,
acoustic simulations based on FEM methods could be used after calibration based on the
measured data achieved here. A more detailed parametric study could also be easily imple-
mented and useful to explore design factors based on the fabrication and measurements
set-ups limits.
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Appendix A

Table A1l. Typical material properties of colorFabb Light-Weight PLA (LW PLA): 3D-printed and
injection molded [32].

Phvsical Value at Value at
yoies Unit  200°C;100% 250 °C; 45% Method
Properties
Flow Flow
Tensile modulus MPa 3333.76 864.25 ISO 527
Yield strength MPa 43.07 N/A ISO 527
Yield strain % 1.68 N/A ISO 527
Tensile strength MPa 43.07 10.83 ISO 527
Tensile strain at tensile o 1.68 12.00 1SO 527
strength
Tensile stress at break MPa 38.74 10.73 ISO 527
Tensile strain at break Y% 8.08 12.78 ISO 527
Charpy unnotched impact K] /m? 546 150 179-1/1 eU
strength
Charpy notched impact kJ/m? 3.67 1SO 179-1/1 eU
strength
Density kg/m?3 400-1240
Glass transition Temperature °C 55-60 DSC
Appendix B

Table A2. Interdependencies of TCOAs and LCOAs for the five upper surface design typologies.

Acoustic Panel Sample 60 mm Sample 35 mm
Profile Type Rectangular Circular Circular
Visual
Representation - Ny “ -
Size (mm) L160 > W160 x 1160 x W60 X prs  H7o @60 x H50 @35 x H70 @35 x H50

H70 H50
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Profile Type

Table A2. Cont.

Acoustic Panel

Sample 60 mm

TTA (mm?)

Rectangular

Sample 35 mm

TTAgo mm:

25,600

Circular

TTA35 mm

Circular
2827 935

TTA% (%)
TTA%60 mm*

100

3.02
100

TTA%35 mm

100

1.00
Al

Visual

4l

A2 Al o

Representation

13,404

1371

TCOA) mm:
TCOA35 mm

655

TCOA% (%)

52.36

2.09

48.50

TCOAO/O6O mm-
TCOA%35 mm

70.05

LCOAG) mm:

26,808

0.69

2680

LCOA35 mm

1197

Open Area
(LCOA/LCOA +

2.24

TCOA) (mm?)

0.67

B1 B2

0.66 0.65

Visual

B1 B2 51 -

Representation

13,404

TCOAg) mm:
TCOA35 mm

1543 iy

TCOA% (%)

52.36

2.82

TCOAO/O6O mm-
TCOA%’35 mm

54.58 585

26,808

0.93

LCOA60 mm:
LCOA35 mm

3072 \o7s

Open Area
(LCOA/LCOA +

2.86

TCOA) (mmz)

0.67

0.67 0.66
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Profile Type

Table A2. Cont.

Acoustic Panel

Sample 60 mm
Rectangular

Sample 35 mm

Circular
< C1

Circular

Visual

Cc2

C1 2

Representation

( )

21,726

TCOA60 mm-
TCOA35 mm

2289

801

TCOA% (%)

2.86

84.87

TCOA%60 mm'
TCOA%35 mim

80.97

85.67

0.95
32,261

LCOA60 mm?
LCOA35 mm

3503

1209

Open Area
(LCOA/LCOA +

2.90

0.60 0.60
D1

D2 D1

0.60

Visual

D2

DL D2

Representation

TCOA (mm?)

21,726

TCOAg mm:
TCOA35 mm

2452

835

TCOA% (%)

2.94
84.87

TCOA%40 mun:
TCOA%35 mm

86.74

89.3

0.97
32,261

LCOA60 mm*
LCOA35 mm

3589

1167

Open Area
(LCOA/LCOA +

3.08

0.60 0.5

E1 E2

0.58

Visual

E1

E2

Representation
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r
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Table A2. Cont.

Acoustic Panel Sample 60 mm Sample 35 mm
Profile Type Rectangular Circular Circular
TCOA% (%) 92.45 91.16 87.06
TCOAO/060 mm-
TCOA%35 mm 1.05
LCOA (mm?) 38,180 4163 1388
LCOA60 mm-
LCOA35 mim 300
Open Area
(LCOA/LCOA + 0.62 0.62 0.63
TCOA) (mm?)
Appendix C

The preliminary test was carried out in the IT35 on samples Al and C1 since, in both
cases, the test samples presented inhomogeneous surface patterns with a good level of
symmetry. For each sample, two measurements were compared, one with a given sample
orientation within the tube, identified as “0°”, and the other one with the sample rotated
by ~90°, identified as “90°”. The two sample positions inside IT35 are shown in Figure A1.

Figure A1. Pictures of the A1l and C1 samples with the two orientations, i.e., 0° and 90°, inside IT35.

The results of the preliminary investigation on the influence of the samples’ orientation
on the measurement results are shown in Figure A2. As it can be noticed, there is an almost
perfect overlapping between the measured data obtained for the two orientations, i.e., at 0°
and 90°, suggesting that the orientation of the sample within the impedance tube does not
affect the measurement repeatability.
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Figure A2. Sound absorption coefficients of samples Al and C1 with either a 0° or 90° orientation
within IT3s.
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Appendix D

The tested sample C2 is composed of a foam core and an irregular structure on top of it
forming three steps of top coating indicated as 3T in the denominations of the samples. As
indicated in Section 2.2, the foam core is a customized structure based on a gyroid pattern.
The top surfaces were printed as a compact layer (infill pattern of 100% density) of 2 mm
thickness. It should be noted that each top coating step has been indicated as 3T, 2T, and T;
the foam steps have been indicated as 3F, 2F, and F. All tested samples were obtained by
cutting each step progressively.

The results of the measurements of the one-third-octave band’s sound absorption
coefficients are presented in Figure A3.

(b) (0
3T (50.0)
3F(48.0)
2T (38.35)
IF(36.5) -
F(27.0)

3F

3T 2T 2F F

Figure A3. Progressive transformation of the C2 sample for ISO 10534-2:2001 measurements on
(a) C2_3T (data in brackets show the thickness of the sample at each step); (b) C2_3F; (c) C2_2T;
(d) C2_2F; and (e) C2_F.

The effect of the foam core of the first step (the upper one) could be observed by
comparing samples C2_3T with C2_3F (Figure A4). The differences between the results
of the two samples were quite small and the effect of the first top coating layer is very
limited. For the second top coating step, i.e., the middle one, the effects could be observed
by comparing C2_2T with C2_2F (Figure A4). In this case, it was shown that the differences
were more evident as shifts in both the maxima and minima. Given these shifts, the values
of the sound absorption were lower, up to 1600 Hz for the C2_2F sample, and were higher
for the range 1600-3150 Hz. Moreover, comparing the curves presented in Figure A4 for
C2_3F and C2_3T, it can be observed that there was a shift toward lower frequencies (from
2000 Hz to 1250 Hz) and an approximate increment of the sound absorption coefficient
from 0.5 up to 0.7.
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Figure A4. Sound absorption coefficients of samples C2_3T, C2_3F, C2_2T, C2_2F, and C2_F.
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