POLYTECHNIQUE

PCLYPUBLIE

A [
UNIVERSITE )

Polytechnique Montréal D'INGENIERIE

Titre: 'Hybrid acoustic materials through assembly of tubes and
Title: microchannels: design and experimental investigation

Auteurs: Josué Costa-Baptista, Edith-Roland Fotsing, Jacky Mardjono, Daniel
Authors: Therriault, & Annie Ross

Date: 2023

Type: Article de revue / Article

L, Costa-Baptista, J., Fotsing, E.-R., Mardjono, J., Therriault, D., & Ross, A. (2023).
Référence: Hybrid acoustic materials through assembly of tubes and microchannels: design
Citation:  and experimental investigation. Rapid Prototyping Journal, 29(6), 1230-1239.

https://doi.org/10.1108/rpj-08-2022-0251

Document en libre acces dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:
PolyPublie URL:

Version: Version finale avant publication / Accepted version
" Révisé par les pairs / Refereed

https://publications.polymtl.ca/52506/

Conditions d’utilisation

Terms of Use: CC B-NC-3A

Document publié chez I’éditeur officiel
Document issued by the official publisher

Titre de la revue:

Journal Title: Rapid Prototyping Journal (vol. 29, no. 6)

Maison d'edition:l Emerald Publishing Limited
Publisher:

URL officiel: . . ;
Official URL: https://doi.org/10.1108/rpj-08-2022-0251

. Z .| © 2023. This AAM is provided for your own personal use only. It may not be used for
Mention Iega.le'. resale, reprinting, systematic distribution, emailing, or for any other commercial
Legal notice: purpose without the permission of the publisher’

Ce fichier a été téléchargé a partir de PolyPublie, le dépot institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal


https://publications.polymtl.ca/
https://doi.org/10.1108/rpj-08-2022-0251
https://publications.polymtl.ca/52506/
https://doi.org/10.1108/rpj-08-2022-0251

Hybrid acoustic materials through assembly of tubes and microchannels : Design
and experimental investigation

Josué Costa-Baptista
(Department of Mechanical Engineering, Laboratory for Acoustics and Vibration Analysis (LAVA),

Polytechnique Montréal, Montréal, Canada and Department of Mechanical Engineering, Laboratory
for Multiscale Mechanics (LM2), Polytechnique Montréal, Montréal, Canada)

Edith Roland Fotsing
(Department of Mechanical Engineering, Laboratory for Acoustics and Vibration Analysis (LAVA),

Polytechnique Montréal, Montréal, Canada and Department of Mechanical Engineering, Research
Center for High Performance Polymer and Composite Systems (CREPEC), McGill University,
Montréal, Canada)

Jacky Mardjono

(Safran Aircraft Engines, Villaroche, Rond Point René Ravaud — Réau, Moisy-Cramayel
Cedex, France)

Daniel Therriault

(Department of Mechanical Engineering, Laboratory for Multiscale Mechanics (LM?2), Polytechnique
Montréal, Montréal, Canada and Department of Mechanical Engineering, Research Center for High
Performance Polymer and Composite Systems (CREPEC), McGill University, Montréal, Canada)

Annie Ross

(Department of Mechanical Engineering, Laboratory for Acoustics and Vibration Analysis (LAVA),
Polytechnique Montréal, Montréal, Canada and Department of Mechanical Engineering, Research
Center for High Performance Polymer and Composite Systems (CREPEC), McGill University,
Montréal, Canada)



Structured abstract:
Purpose:

The design and experimental investigation of compact hybrid sound absorbing materials presenting low

frequency and broadband sound absorption.
Design/methodology/approach:

The hybrid materials combine microchannels and helical tubes. Microchannels provide broadband sound
absorption in the middle frequency range. Helical tubes provide low frequency absorption. Optimal
configurations of microchannels are used and analytical equations are developed to guide the design of
the helical tubes. Nine hybrid materials with 30 mm thickness are produced via additive manufacturing.
They are combinations of one-, two- and four-layer microchannels and helical tubes with 110 mm, 151
mm and 250 mm length. The sound absorption coefficient of the hybrid materials is measured using an

impedance tube.

Findings:

The type of microchannels (i.e., one, two or four layers), the number of rotations and the number of tubes
are key parameters affecting the acoustic performance. For instance, in the 500 Hz octave band (a5q),
sound absorption of a 30 mm thick hybrid material can reach 0.52 which is 5.7 times higher than the
Q5o of a typical periodic porous material with the same thickness. Moreover, the broadband sound
absorption for mid-frequencies is reasonably high with and a;q¢ > 0.7. The ratio of first absorption peak
wavelength to structure thickness A/T can reach 17, which is characteristic of deep-subwavelength
behaviour.

Originality:

The concept and experimental validation of a compact hybrid material combining a periodic porous
structure such as microchannels and long helical tubes are original. The ability to increase low frequency

sound absorption at constant depth is an asset for applications where volume and weight are constraints.

Keywords: sound absorbing materials, design, additive manufacturing, low frequency, subwavelength

absorption, deep-subwavelength absorption



Introduction

Additive manufacturing (AM), as a family of processes, allow the creation of structures with
unusual and complex shapes that would hardly be possible with traditional fabrication techniques [1-4].
Parts with improved functional performance are designed for specific applications. For instance,
topology optimization — a technique used to optimize the design of structures in within a given volume
and under specific loads, boundary conditions and constraints — and three-dimensional (3D) printing are
used to produce lightweight parts in the aerospace, automotive and medical industries [5—7]. Similar
techniques are employed to design and fabricate periodic porous structures (PPS) for noise control
purposes.

PPS are a class of sound absorbing materials made of the periodic arrangement of unit cells with
well-defined geometrical parameters (e.g., pore size and wall thickness) [8,9]. Micro-lattices [8,10,11],
microchannels [12,13], sonic crystals [14], micro-helix metamaterials [15] and triply periodic minimal
surfaces (TPMS) [16] are examples of effective sound absorbing PPS obtained via 3D printing. These
materials can exhibit broadband absorption at frequencies lower than the quarter-wave resonance
frequency (QWRF = ¢/4T, where c is the sound speed and T is the material thickness) [8,11-13]. The
first absorption peak of 30 mm thick uniform microchannels and micro-lattices can occur around 2250
Hz [10,13] (i.e., 583 Hz below the QWRF). However, it remains challenging to achieve low frequency
absorption (below 1000 Hz) unless thick structures are used, which is prohibitive in many applications
due to space constraints. Additional challenges come from the ability to produce PPS with pore size in
the sub-millimeter or micrometer ranges.

The stacking of PPS with different geometrical parameters in multilayered or graded materials is
an efficient way to improved subwavelength absorption [11,12]. For example, the first absorption peak
of multilayered microchannels and graded micro-lattices are ~ 1650 Hz (i.e., a 600 Hz improvement over
the one layer structures and 1183 Hz below the QWRF) [11]. Folded or coiled tubes can work as acoustic
resonators [17—19] and are interesting concepts to improve low frequency absorption. For instance,
broadband quasi-perfect sound absorption between 1150 Hz and 2000 Hz was achieved with a folded
metaporous material [20]. Despite the remarkable improvement of 1100 Hz over the uniform PPS and
500 Hz over the multilayered or graded periodic porous structures, achieving low frequency absorption
(below 2000 Hz) while keeping a reasonable absorption in mid frequency range (2000-4000 Hz) is still
a challenge for periodic porous structures.

The purpose of this work is to create hybrid sound absorbing materials capable of absorbing low

and mid frequency noise. The hybrid materials are created by assembling microchannels and coiled tubes,



both produced via fused filament fabrication (FFF) method. Their micro-structure is assessed by
microscopy observation and their sound absorption coefficient is measured using an impedance tube.
The sound absorption of the different structures is analysed and compared to determine materials with
best low frequency sound absorption. The developed hybrid materials exhibit deep-subwavelength

behavior and broadband sound absorption.

Design of the hybrid material

The developed hybrid materials are made by the assembly of microchannels and helical tubes.
The idea of assembling microchannels and coiled tubes is to create hybrid materials in which each
constitutive part would contribute to the absorption in different frequency ranges. The microchannels
provide broadband sound absorption for middle frequency range [13] while the helical tubes provide the
low frequency absorption.

Microchannels can be defined as a network of long parallel perforations which are not
interconnected and non obstructed. As an example, Figure la-c shows schematics of optimal
microchannels with 1, 2 and 4 layers, respectively. Longitudinal cuts of a section slightly larger than the
greatest channels (layers 2 and 4) are shown to explain the concept with a compact illustration. The same
section of the concept can be extended to materials occupying a larger surface. 7 is the total thickness of
the acoustic material (the sum of t,, ) where ¢, is the thickness of a specific layer. The geometrical
parameters of one layer of channels are presented in Figure 1d. D is the channels size; W is the wall

thickness; P is the mesh pitch (P = D + W); and ¢ is the thickness of the layer.



Table I lists the optimal channel sizes and layer thicknesses of the 1, 2 and 4 layers microchannels.
The optimal parameters are obtained via microstructure and sound absorption optimization. The sound
absorption coefficient of microchannels is simulated with the Johnson-Champoux-Allard-Lafarge
(JCAL) model [21-23] and the transfer matrix method (TMM) [24,25]. The JCAL parameters are
numerically evaluated using the Two-scale Asymptotic Method (TAM) solved with the Finite Element
Method (FEM) implemented in Comsol Multiphysics 5.4 [26]. The simplex Nelder-Mead optimization
method [27,28] is used to find the size of the channels and the stacking sequence leading to the best

acoustic absorption in



Table I. For the sake of conciseness, theory and details of the acoustic modelling and optimization
of microchannels are not presented but can be found in [12,13]. It is shown that with the proper density,
microchannels can present broadband acoustic absorption similar or higher than that of stochastic porous
materials [13]. Moreover, the microchannels offer a good compromise between effective acoustic
properties and useful mechanical properties compared to other 3D printed acoustic structures and can be
considered as viable candidates for applications where structural resistance is required [29]. Figure le
shows the sound absorption coefficient of optimal microchannels with 30 mm thickness and 1, 2 and 4
layers. Optimal microchannels features broadband sound absorption with the first resonance frequency
below the quarter wave resonance frequency of traditional porous materials, QWRF = 2833 Hz (i.e., f =
c/AT for ¢ = 340 mm/s and 7' = 30 mm). The first resonance frequency of the 1 layer microchannels is
2250 Hz. The first resonance frequency of the 2 and 4 layers materials is around 1900 Hz, allowing
higher absorption at low frequencies (i.e. below 2000 Hz). The second resonance frequency of the 4
layers microchannels is 5150 Hz. Moreover, 2 and 4 layers microchannels exhibit broadband absorption
over a large frequency range. However, from Figure 1e, it can be observed that the absorption coefficient

of 1, 2 and 4 layers microchannels remains low (a < 0.6) below 1000 Hz (grey area).
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Figure 1 — Design of the hybrid materials: a-c) are schematics of microchannels with, 1, 2 and 4 layers,
respectively; d) parameters of one layer of channels; ) Experimental sound absorption coefficient of 1,

2 and 4 layers microchannels.



Table I - Channel sizes and layer thicknesses of microchannels 1, 2 and 4 layers

1 layer 2 layers 4 layers

Channel size Layer thickness  Layer thickness ~ Channels size ~ Layer thickness Channel size

t; =1 mm D; =100 pm
t; =2 mm D; =100 pm
t, =13 mm D, =4.6 mm
T=30 mm D =290 um
t; =2 mm D3 =100 pum
t, =28 mm D, =4.6 mm
ty =14 mm D, =4.6 mm

When properly designed, tubes can lead to narrowband acoustic absorption at frequency centered

at the quarter-wave resonance. Moreover, by increasing the length of the tubes, the resonance is shifted

towards lower frequencies (f ﬁ, where L is the length of the tube) [30]. Therefore, when assembled

properly, long straight tubes would improve the low frequency absorption of microchannels or any
porous material. However, the increased thicknesses would make the solution impractical. Coiling is an
effective technique to contain long tubes in small volumes. It is proven that the helical conformation is
the most efficient way to fold a tube. Indeed, the helical conformation maximizes entropy, and therefore
provides compact and structurally stable tubes [31-34]. This shape is observed in DNA [33,34], heat
exchangers [35], stairs [36], rods and springs [37], for example. In the case of acoustic resonators, the
helical tubes would provide a smooth and continuous guide for the sound waves to be trapped and
dissipated [20]. Consequently, the combination of microchannels and helical tubes may lead to a compact
material with improved low frequency and broadband acoustic absorption.

Figure 2 shows the parameters of the helical tubes on the hybrid materials. 7'is the hybrid material
total thickness, R, is the helix radius, R; is the tubes radius, W; is the tubes wall width, Hj, is the helix
height and £ is the elbow height. H, = 28 mm and 7' = 30 mm, therefore £ =2 mm (E =T - Hy). The
elbow functions are to align the tube entrance with the incident wave propagation direction and to provide
a smooth transition to the helix. The length of the tubes L is calculated as follows:

L =+/C?+ H? + 2.66 mm, (1)
where C = £(2mR},) is the circumference of the helix and 2.66 mm is the theoretical elbow length. The
length of the tubes L, and therefore the absorption peak frequency or resonant frequency (f ~ c/4L), is
directly related to the volume of the hybrid material sample. Larger samples can be used to increase the
tubes length lowering the resonant frequency. The helix radius R}, is calculated using the following
equation:

Rh =RS_Rt_Wt' (2)
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Figure 2 — Geometrical parameters of the helical tubes in the hybrid materials: a) general schematic

view of the hybrid material; b) detail of a tube entrance; c¢) front view of the hybrid material.

The geometrical parameters are adjusted to avoid tubes overlapping. For a given helical tube’s
configuration (¢, Hy, R; and W), the maximum number of tubes is calculated with the following relation:
N ~ i
T EcosO2(R, + W)’ A3)

where 8 = arctan (?) The calculated N is rounded to the lower integer because the number of tubes

h

cannot be fractionated. Rounding up is not an option because tubes would overlap. Maximizing the
number of tubes for a given configuration is important to increase the dissipation on the absorption
frequency.

Hybrid materials with three different number of rotations and, consequently, different number of
tubes are investigated in this work. Figure 3 presents different configurations of the hybrid material made
by microchannels cinctured by helical tubes. N is the number of tubes, ¢ is the number of rotations of the
helix. Their parameters are listed in Table II. Increasing ¢ aims at expanding the length of the tubes and
consequently lower the absorption frequency. For instance, £ = 1.25 leads to L = 110 mm (3.7 times the
hybrid material thickness 7), £ = 1.75 leads to L = 151 mm (5 times 7) and ¢ =2.95 leads to L =250 mm

(8.3 times 7). The characteristics of the microchannels in the centre are shown in



Table 1.

a) N=17 b) N=5 c) N=3 d) 1layer e) 2layers f) 4 layers

Figure 3 — Schematics of different configurations of the hybrid material : a) to ¢) hybrid material with
7, 5 and 3 coiled tubes, respectively. d) to ) hybrid material with different 1, 2 and 4 layers

microchannels, respectively.

Table II — Parameters of the helical tubes for the hybrid materials

Sample Tube Tubes wall  Helix radius, = Number of Number of Tube length

radius, R;  radius, R, width, W, Ry (Eq. (2)) rotations (§) tubes, N(Eq.(3)) L (Eq.(1))

1.25 7 110 mm
15 mm 1.35 mm 0.4 mm 13.25 mm 1.75 5 151 mm
2.95 3 250 mm

Experimental methods

Manufacturing

The coiled tubes and microchannels are produced separately using the Black and Red Raise3D®
premium polylactic acid (PLA), respectively. The Raise 3D Pro2 FFF 3D printer with filament diameter
1.75 mm is used. The one, two and four layers microchannels are manufactured with a 0.2 mm nozzle to
obtain thin walls that provide better sound absorption [11]. The printing speed is set at 27 mm/s. The
extrusion temperature is set at 235°C to avoid nozzle clogging. The bed temperature is set at 50°C. All
microchannels are produced using the “Zigzag” 3D printing pattern [13]. Figure 4a shows a schematic

of the Zigzag 3D printing pattern and Figure 4b to d show pictures of 3D printed samples. The channels
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are produced via deposition of filaments along the zig-zag trajectory illustrated by the white points (p;,
P2, ..., pn) and arrows (Figure 4a and c¢). The FFF Zigzag 3D printing pattern is implemented in Matlab
R2019a. The Zigzag 3D printing pattern produces microchannels without transverse porosity (i.e.,
interconnections between channels) [13]. Figure 4b shows a picture of a sample 3D printed with the

optimal parameters of
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Table I. Close contact at corners (Figure 4c) and adjusted printing layer height (i.e., 0.1mm) prevent
having voids in the walls. Figure 4d shows clearly that the walls of the microchannels are completely
sealed and exhibit no apparent transverse porosities. The sealed walls avoid air diffusion between
channels and improve the mechanical properties [13]. On the contrary, the standard 3D printing pattern
to create microchannels would be the grid infill pattern commonly used by 3D printers. The grid 3D
printing pattern consists of successive deposition of orthogonal filaments overlapping each other with
the same layer height. However, due to overlapping at filament intersections, transverse porosity appears,

leading to voids in the walls, and therefore undesired interconnections between microchannels.

z
P PRI R TV e R e POD )

y

PR L A AL e

Figure 4 — Manufacturing of 1 layer microchannels: a) schematic of the Zigzag 3D printing pattern; b)

sample 3D printed with the optimal parameters of
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Table I. ¢) Optical microscopy images of the top of the sample (32X magnification) and d) the walls

(50% magnification).

Figure 5 illustrates the manufacturing of 2 and 4 layers microchannels with the Zigzag 3D printing
pattern. In order to print small channels over bigger ones, supports are added as shown in Figure 5a. The
support filaments rest on the edges of the samples and on the walls of the previously printed channels.
Additionally, to avoid obstruction of the microchannels, the support filaments are aligned with the walls
of the channels they will support. Figure 5b shows the interior of a 30 mm thick sample of 4 layers

microchannels with the characteristics described in
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Table 1. Figure 5c shows in detail the transition between the 4.6 mm channels (at the bottom of the
figure) and 0.1 mm microchannels (at the top). The two dashed lines on Figure 5S¢ indicate the alignment
of the supports with the walls of the 0.1 mm microchannels. The Zigzag 3D printing pattern enables the
manufacturing of microchannels with 0.1 mm minimum size. Such small perforations are difficult to
obtain with conventional manufacturing techniques, but it is required for acoustic liners or micro-
perforated panels with optimal sound absorption [12,13,38]. The Zigzag 3D printing pattern can produce
acoustic liners with multiple degrees of freedom in one manufacturing step, thus avoiding any subsequent
parts assembly. Microchannels treatment with the thickness and the pore size presented in this work
cannot be obtained via Stereolithography (SLA) because the laser beam polymerizes resin in the
surroundings of the desired areas. Therefore, removing the resin from inside the microchannels is
difficult. This issue was also raised in [16] during the manufacturing of structures with triply periodic

minimal surfaces (TPMS).

Microchannels W
.on

Support —LLJ : Cavities

i
|
!

Tt
SupP© 1.0 mm z 1.0 mm
— o e

Figure 5 — Manufacturing of 2 and 4 layers microchannels: a) detail of the supports used to print small
channels over bigger ones; b) interior of a cut 30 mm thick acoustic sample with 4 layers; c¢) detail of

the transition between 4.6 mm and 0.1 mm microchannels; d) detail of the bottom part of a sample.

The coiled tubes are designed in CATIA version 5-6 Release 2018 with straight line, helix and
spline curves as well as the rib and circular pattern tools. The CATPart files are exported in STL files
which are sliced with the Simplify3D software. The printing layer heights of the structures with N=7 (¢
=1.25); N=5 (& =1.75); N=3 (£ =2.95) are set at 0.1 mm, 0.05 mm, 0.03 mm, respectively. The
printing layer height for the tubes with higher number of rotations is lower to avoid porosity in the walls
of the tubes. The printing speed of the tubes is set at 35 mm/s and the extrusion and bed temperatures are
set at 210°C and 50°C, respectively. The internal diameter formed by the coiled tubes is designed to
receive cylindrical microchannel part. After 3D printing the tubes and microchannels, the two parts are
assembled manually by tight fitting to form the hybrid material. There is no opening between the helix
tubes and the cavities or micro-channels. The resulting assembly has a total diameter of 30 mm that fits

the impedance tube. All samples are 30 mm thick.
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Nine hybrid materials are studied in this work. They are combinations of microchannels with 1,
2 and 4 layers and coiled tubes with N =7, 5 and 3. The parameters of the microchannels and the coiled

tubes are described in
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Table I and Table II. Table III shows the calculated and the measured tube length L. The tube
length is measured by means of flexible filament runing from one end of the tube to the other end. The
length of flexible filament is measured afterwards with a simple ruler. The experimental error between

the measured and the calculated values does not exceed 2%.

Table III — Calculated and measured tube length L

Number of Number of Calculated tube Measured tube

tubes (N) rotations ($) length, L length, L Deviation
7 1.25 110 mm 109 mm 0.91%
5 1.75 151 mm 150 mm 0.66%
3 2.95 250 mm 250 mm 0%

Acoustic characterization

Figure 6 shows a schematic of the impedance tube used to obtain the experimental sound absorption
coefficient. The impedance tube is equipped with two microphones in absorption configuration — i.e.
hard backing behind the sample — according to ASTM E1050 [39] and ISO 10534-2 [40] standards. All
measurements are performed in the 500-4000 Hz frequency range. The sound pressure level is 94 dB.
The sound absorption coefficient (@) in octave bands centered at 500 Hz (a54¢) and 1000 Hz (@19) are
used to compare the structures. asg, and @449 are the averages of the narrow band (step of 1 Hz) sound

absorption coefficient for the frequency ranges 355-710 Hz and 710-1420 Hz, respectively [41].

| Frequency analysis system |

| Signal generator |

| Signal conditioner |

|Pewer impliﬁer| Sample
Mic 1 Mic 2 P
L
. X
Speaker [ Hard backing

Figure 6 — Measurement set-up with the 30 mm diameter impedance tube [8].
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Results and discussions

Microstructure of 3D printed hybrid materials

Figure 7a-c show images of the hybrid materials with 4 layers microchannels and 7, 5 and 3 tubes,
respectively. Figure 8 shows a picture of the internal cross section of the produced sample. Such hybrid
material with long coiled tubes and microchannels with 100 um perforations could hardly be produced
with conventional fabrication methods. The hybrid material with microchannels contains air cavities and
requires small amount of material. Therefore, it is a low cost and lightweight solution for noise control.
Moreover, it can be noticed that the manufactured structure is consistent with the designed one
demonstrating the capability of the FFF 3D printing to reproduces functional structures for noise
absorption. A small gap between the circular coiled tubes and the microchannels is observed in Figure
8c. This leads to the formation of an additional ‘coiled volume’ as shown by the white arrow. This gap
may contribute to the overall acoustic performance of the material. The results from the experimental

acoustic characterization of the hybrid materials are presented and discussed in the next sections.
a) b) c)

Figure 7 — Assembled hybrid materials with 4 layers microchannels and: a) 7 tubes; b) 5 tubes; ¢) 3

tubes.
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Figure 8 — Pictures of the internal structure of the hybrid material with 4-layers microchannels and 7

tubes: a) Perspective view of the assembly b) Front view c) Detail of the upper left of the sample.

Sound absorption characterization

Materials with coiled tubes and I-layer microchannels

Figure 9a presents the sound absorption coefficient of the assembled materials composed of 0, 3, 5 and
7 coiled tubes and one layer of microchannels. The black curve with circular marker is the absorption of
1 layer microchannels without tubes. Table IV lists the number of rotations ¢, the frequency f; and
absorption coefficient a; of the first absorption peak, the wavelength ratio A, /T, asqo and a;¢qo of the
4 structures. For all hybrid materials, the first absorption peaks are lower than the one corresponding to
1 layer microchannels without tubes. This is evidence that the presence of coiled tubes shifts the
absorption towards lower frequencies and improves the acoustic performance. For instance, asg, for the
7, 5 and 3 tubes is ~1.56, 2.11, 3.78 times higher than asg, for zero tubes and 1 layer microchannels,
respectively. Moreover, a4gg¢ 1S ~ 1.54, 1.94, and 1.03 times higher for the materials with 1 layer and 7,
5 and 3 tubes than for the 1 layer microchannel material without tubes, respectively. ayqo 1S lower for
the 3 tubes structure than for the 7 and 5 tubes due to the valley between the first and second absorption
peaks. The first absorption peak of the structure with the three tubes is located at the lowest frequency

(~ 600Hz). Since the material thickness is kept constant (7= 30mm), 1, /T increases progressively from
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5.0 for the 1 layer microchannels to a deep sub-wavelength with 1, /T ~17 for the hybrid material with

3 coiled tubes.

&
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=]
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—8— 3 tubes and 1 layer microchannels
—uw— 3 tubes and 1 layer microchannels
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0 L
500 1000

2000

Frequency (Hz)
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Figure 9 — Absorption coefficient of hybrid material with 1 layer microchannels and N=0, 3, 5 and 7

Table IV — Number of rotations &, frequency f; and absorption coefficient a4 of the first absorption

peak, wavelength ratio 41 /T, 599 and a9gg of the structures with 1 layer microchannels

$ fi1MHz) ay  A/T  ase0  @1000

1-layer - 2260 1.0 5.0 0.09 0.37
1layer + 7 tubes  1.25 1429 0.96 7.9 0.14 0.57
1 layer + 5 tubes  1.75 1090 1.0 10.4 0.19 0.72
1 layer + 3 tubes  2.95 680 0.83 16.7 0.34 0.38

Hybrid material with coiled tubes and microchannels

Figure 10 and Figure 11 present the sound absorption coefficient of hybrid materials composed of 0, 3,

5, and 7 coiled tubes and microchannels. For comparison purposes, the absorption of microchannel is

shown on the same graph. &, f;, a1, 11 /T, @soo and a4 of the hybrid materials with 2 and 4 layers

microchannels are listed in Table V. As in the previous case, the assembled materials present absorption

peaks below the one of the microchannels. However, the improvement at low frequencies is less

significant. This is due to the fact that 2 and 4 layers microchannels already present better absorption
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than 1 layer microchannels at lower frequencies. asgq is ~1.35, 1.58, 2.00 times higher for the materials
with 2 layers and 7, 5 and 3 tubes than for the 2 layers microchannel material without tubes, respectively.
Alternatively, the ;g0 Of the structures with 7, 5 and 3 tubes are ~1.23, 1.18, and 1.10 times higher
than the a4 0f 2 layers microchannels without tubes, respectively. The 4 layers microchannels present
equivalent results. Regardless of the nature of the microchannels, the length of the coiled tubes can be
further augmented by increasing the surface of the treatment according to Egs. (1) and (2). For instance,
the length of the tubes of a material with 2 tubes and 5.0 mm of diameter can reach 50 cm if the diameter
of the porous material is changed from 30 mm to 100 mm. The absorption frequency peak would be
decrease from 680 Hz to 300 Hz. The developed hybrid materials are relatively inexpensive and can be
applied in scenarios where combining low frequency noise reduction to weight and volume constraints
is challenging. Some examples are the transport industry in general (i.e., aircrafts, automobiles and
trains), ventilation and cooling systems. Other possible application is the improvement of the acoustic
insulation and quality of nightclubs, classrooms and concert halls. The hybrid structures are produced
using PLA material. However, if the same geometry (i.e., identical pore size, wall thickness and surface
finish) is reproduced with other materials (e.g., ABS or reinforced polymers), identical acoustic behavior

should be obtained.

,LQWRF = 2833Hz

<
o)

<
N

Sound absorption coefficient,

0.4
0.2 L —a#— 7 tubes and 2 layers microchannels
' —&— 5 tubes and 2 layers microchannels
—u— 3 tubes and 2 layers microchannels
0 . —ke— () tubes and 2 layers microchannels
500 1000 2000 3000 4000

Frequency (Hz)

Figure 10 — Absorption coefficient of hybrid material with 2 layers microchannels and N=0, 3, 5 and 7
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,L QWRF = 2833Hz
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Figure 11 — Absorption coefficient of hybrid material with 4 layers microchannels and N=0, 3, 5 and 7

Table V—§, f1, a1, 41/T, a5 and a1ggo of the structures with 2 layers microchannels

$ fi1MHz) ay  A/T  ase0 1000

2 layers - 1910 1.0 59 0.26 0.68

7 tubes + 2 layers  1.25 1400 0.95 8.1 0.35 0.84
5 tubes + 2 layers  1.75 1060 0.92 10.7 0.41 0.80
3 tubes + 2 layers  2.95 668 0.89 17 0.52 0.75
4 layers - 1920 0.99 59 0.22 0.65

7 tubes + 4 layers  1.25 1268 0.93 8.9 0.32 0.82
5 tubes + 4 layers  1.75 1029 0.89 11 0.38 0.76
3 tubes + 4 layers  2.95 665 0.91 17 0.50 0.76

Conclusions

In this work, proof-of-concept of sound absorbing hybrid materials made of parallel assembly of coiled
tubes and a network of straight microchannels is presented. A manufacturing procedure based on fused
filament deposition is used to produce submillimeter size microchannels. The 3D printed coiled tubes
and the microchannels are assembled by tight fitting the two pieces together. Although the manufacturing
procedure can be improved to avoid the assembly step, the creation of this hybrid material would hardly

be achievable with conventional manufacturing techniques. The experimental analyses showed that the
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type of microchannels (i.e., one, two or four layers), the number of tubes and number of rotations are key

parameters to improve the low frequency sound absorption. The sound absorption coefficient in the

500Hz octave band (a5q) increases from 0.09 to 0.52 without increasing the treatment thickness. The

assembled material exhibits deep-subwavelength behavior and broadband sound absorption. In fact, the

first peak wavelength to material thickness ratio A,/T reaches 17 with octave-band absorption

coefficients above 0.5 (i.e., a590 > 0.5 and @199 > 0.7). The proposed material shows that low frequency

acoustic absorption can be achieved without increasing the thickness of the material.
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