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ABSTRACT

This paper investigates the sound absorption capability of porous materials produced by additive manufacturing
(sometimes known as 3D printing) with different geometrical parameters, where the porosity @, hole diameter d,
specimen thickness h and aspect ratio dy/h are chosen for parametric study. The sound absorption coefficient of
the specimens is experimentally measured by using a two-microphone impedance tube and the results indicate
that the frequency of the peak absorption coefficient varies with porosity and the peak value is insensitive to the
diameter of the holes but strongly correlated to the aspect ratio. Finally, the selection criterion of geometric pa-
rameters of 3D printed porous materials is established for achieving maximum sound absorption at a certain
frequency.

1 INTRODUCTION

Porous materials have been widely used in the noise control of buildings, vehicles, aircraft, etc. The tortuous pores
can dissipate the acoustic wave energy by viscous dissipation and thermal conductivity. In recent years, intensive
research has been conducted to evaluate the sound absorption capability of different innovative porous materials.
In general, those studies could be grouped into two categories: metallic porous and non-metallic porous materials.

In terms of metallic porous materials, Xie et al. (2004) investigated the sound absorption ability of lotus-type po-
rous copper with porosity ranging from 43~52%. Hur et al. (2005) examined the sound absorption coefficient of
aluminium fibre and foam. The acoustic absorption performance of porous fibrous metal at high sound power
levels was investigated by Wang et al. (2009). Pannert et al. (2009) measured the absorption coefficient of porous
metal with hollow sphere structure; JingFeng et al. (2014) characterized the absorption capability of multilayer
aluminium foam with airgaps of different thickness; Sun et al. (2015) prepared steel slag porous material and
examined its acoustic properties; Ru et al. (2015) measured the sound absorption coefficient of porous copper
prepared by resin curing and a foaming method. For non-metallic porous materials, the acoustic properties of
porous ceramic materials were characterized in (Cuiyun et al. 2012, Wu et al. 2014), showing broadband sound
absorption above 500Hz. The acoustic properties of polyolefin-based porous materials and a novel multilayer poly
foam were investigated by Alvarez-Lainez et al. (2014) and Zhao et al. (2015) respectively. With growing concern
about a green and sustainable environment, sound absorption bio materials have drawn much attention. The
sound absorption performance of tea-leaf-fibre, vegetable particle materials and luffa fibre have been examined in
(Ersoy et al. 2009), (Glé et al. 2011) and (Koruk et al. 2015) respectively, indicating that bio materials indeed have
the potential to act as sound absorbers. In summary, for various innovative porous materials reported in previous
studies, good sound absorption coefficient could be achieved over frequencies ranging from 500Hz to 6000Hz.
However, for the noise control of a specific application, it could be considered challenging to customize the fre-
quency characteristics of sound absorption coefficient for the aforementioned porous materials.

More recently, for the ease of customizing the internal structure, additive manufacturing technology (otherwise
known as 3D printing) has been applied to the preparation of sound absorbing materials. 3D printed continuously
graded phononic crystals have been acoustically characterized by Zhang et al. (2016), showing a potential in
broadband noise absorption, especially at lower frequencies over 1350Hz to 3000Hz. Liu et al. (2016) investi-
gated the acoustic properties of 3D printed polycarbonate porous materials, indicating a high sound absorption
coefficient could be achieved by the proposed materials. The peak absorption frequency of this 3D printed ma-
terial could be shifted to a desired range using an airgap configuration.

In this study, inspired by micro perforation panel theory proposed by (Maa 1975, 1998), a series of open-cell
porous materials with straight micro-tube-shape holes have been fabricated by additive manufacturing. The
acoustic properties of the proposed materials with varying geometries have been measured. Furthermore, the
geometry design criteria for achieving maximum sound absorption over a certain frequency range have been
discussed.

ACOUSTICS 2017 Paper Peer Reviewed Page 1 of 8



Proceedings of ACOUSTICS 2017
19-22 November 2017,
Perth, Australia

2 METHODOLOGY

2.1 Specimens

In this study, all specimens are made of 3D printing material Visijet M3 supplied by 3D Systems Inc.. This material
has a liquid density of 1.02 g/cm® at 80 °C; a tensile strength of 42.4 MPa; a tensile modulus of 1463 MPa and a
flexural strength of 49 MPa. A high-definition professional 3D printer Projet 3500 HDMax was adopted for
specimen fabrication. All specimens are printed with a layer resolution of 16 um and an accuracy of 0.025-0.05mm
per 25.4 mm of part dimension. The structure of test specimens is shown in Figure 1, the geometries of these
specimens are characterized by pore diameter dy, thickness h, aspect ratio y= dy/h and porosity ®= V,/Vr, where
V, is the volume of void-space and V7 is the total volume of material. The acoustic properties of ten porous
specimens and three reference specimens were measured, where the reference specimens were used to eval-
uate the effectiveness of the porous specimens. All cylinder specimens have a diameter of D =29 mm. For the ten
porous specimens P1 ~ P10, the porosity @ ranges from 5.35% to 11.53%; hole diameter d, ranges from 0.6 mm
to 1mm and thickness h ranges from 5mm to 10mm. For the two reference specimens R1 and R2, they are
non-porous cylinders with a diameter D = 29mm and thickness of 5mm and 10mm respectively. R3 is All geo-
metric detailed of these twelve specimens are listed in Table 1.

Figure 1: Geometry of 3D printed specimens. (a) Specimen structure; (b) Specimens with different thickness h; (c)
Specimens with different hole diameter dy; (d) Reference specimens: R1(3D printed; solid; h~=10mm), R2(3D
printed; solid; h=5mm) and R3(Aluminium foam; porosity ®=92~94%)
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Table 1: Geometric properties of test specimens

Specimen  No. Holes  Hole Diameter dp (mm) Porosity @ (%) Thickness h (mm) Aspect Ratio y

P1 97 1 11.53 10 0.1
P2 69 1 8.20 10 0.1
P3 45 1 5.35 10 0.1
P4 146 0.8 11.11 10 0.08
P5 269 0.6 11.51 10 0.06
P6 97 1 11.53 9 0.111
P7 97 1 11.53 8 0.125
P8 97 1 11.53 7 0.143
P9 97 1 11.53 6 0.167
P10 97 1 11.53 5 0.2
R1 0 0 0 10 n/a
R2 0 0 0 5 n/a
R3 n/a n/a 92~94 10 n/a

2.2 Measurement setup and theoretical background

The acoustic properties of the 3D printed specimens were measured by a two-microphone impedance tube B&K
type 4206. It consists of a solid anodised aluminium tube with a diameter of 29 mm. The specimens were held at
a rigid termination at one end of the tube. A loudspeaker was situated at the other end acting as sound source.

Two microphones were positioned at two different positions on the top of the tube to measure the acoustic
properties of the specimens.

Microphone #1 Microphone #2

Loud speaker . Specimen

Signal from
power amplifier

\E/— —é

(@)

Figure 2: (a) Schematic of impedance tube; (b) measurement setup in-situ
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The acoustic measurement is based transfer function method introduced by Chung et al. (1980). As shown in
Figure 2(a), the test specimen is fixed at one end, the distance from the test specimen front face to the further
microphone and closer microphone are denoted as x4 and x», distance between two microphone is denoted as s=
X1- Xo. The transfer function for the incident wave H, and for the reflected wave Hgr are

H = P2l — g-jko(x1-%2) = g=Jkos (1)
D11

Hg = P2R _ ,-jko(x1—%x2) — elkos (2)
P1R

where p; and p;r are incident and reflected sound pressure in the position of microphone j, kyis the wave number
ko=2ttf/c. The transfer function Hq; can be determined by

H D2 eJkox2 4 yre—ikox2
12 = 5, T efkox14re—ikox1’

()

and complex sound reflection coefficient r, complex acoustic impedance Z and sound absorption coefficient a can
be determined by

— Hiz—Hy ezjkoxl’ (4)
Hp—Hqz
1+r
Z=15pc ©)
a=1-|rl2. (6)

Measurement setup in-situ is shown in Figure 2(b), a B&K LDS PA25E power amlifier and a loud speaker act as
the sound source, two G.R.A.S Type 40PH Free-field micophones are used to measure sound pressure, a laptop
and a NI 9234 CompactDAQ 24 bit are used to generate the source signal and collect measured data respectively.
In this experiment, the complex sound reflection coefficient, acoustic impedance and sound absorption coefficient
of twelve specimens have been examined.

3 RESULTS AND DISCUSSION

3.1 Effect of porosity

Figure 3 presents the comparison of sound absorption coefficients of specimens P1, P2, P3 and reference
specimen R1 (solid). For P1, P2 and P3, they have the same thickness h and same hole diameter d, but different
porosity resulting from different hole numbers. The porosities for specimens P1, P2 and P3 are 11.53%, 8.20%
and 5.35% respectively. As shown in Figure 3, for frequencies lower than 3800Hz, the specimens have very
similar sound absorption coefficients (less than 0.2) which are relatively low and could be considered inefficient for
sound absorption. For frequencies higher than 3600Hz, the sound absorption coefficients of porous specimens
are significantly greater than that of solid reference specimen R1, indicating that the sound absorption resulting
from porous structures is efficient for higher frequencies from 3600Hz to 6400Hz. For the sound absorption co-
efficient of porous specimens over 500Hz to 6400Hz, the peak amplitude varies from 0.79 to 0.99 and the peak
absorption frequencies range from 5400Hz to 6200Hz. These specimens have showed good acoustic absorption
performance over 5000Hz. Furthermore, it is noticeable that the peak frequency and amplitude of the absorption
coefficient has shown a tendency to decrease with decreasing porosity. Therefore, for noise control over a specific
frequency range, a potential strategy of shifting the peak sound absorption coefficient is to optimally adjust the
porosity distribution.
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Figure 3: Sound absorption coefficients of reference specimen R1(solid, ®=0) and specimens with same thick-
ness h, same hole diameter dy and different porosity @. P1: $=11.53%; P2: ®=8.20%; P3: ®=5.35%.

3.2 Effect of aspect ratio

Figure 4(a) shows the sound absorption performance of specimens P1, P4, P5 and reference specimen R1. For
porous specimens, they have almost identical porosities, which are 11.53%, 11.11% and 11.51% for P1, P4 and
P5 respectively. The most significant difference between these specimens is that they have different hole diam-
eter dy, which are 1mm, 0.8mm and 0.6mm for P1, P4 and P5, respectively. The results presented in Figure 4(a)
show that for these three porous specimens, the frequency characteristics of their sound absorption coefficients
are similar, hence the dependency of porosity on the frequency characteristic of 3D printed materials is reason-
ably independent of hole diameter. It can also be found that the peak values of the sound absorption coefficient
are similar, ranging from 0.96 to 0.99. To be noticed, the comparison between porous specimens and reference
specimen has also shown that porous structures are efficient for sound absorption at higher frequencies ranging
from 3600Hz to 6400Hz.

Figure 4(b) shows the comparison of sound absorption coefficient curves of specimens with same porosity and
different thickness h. It could be found that the trends of their sound absorption curves are considerably similar.
However, their amplitudes varied significantly from 0.24 to 0.99, indicating the strong dependency of sound ab-
sorption amplitude and the geometry of the micro tubes inside these porous materials.
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Figure 4: Sound absorption coefficients of reference specimen R1(solid, ®=0), specimens with same porosity
(11.5%) and different thickness h or different hole diameter dy. (a) Reference specimen and specimens with dif-
ferent hole diameter dy; (b) specimens with different thickness h.

For a certain cylinder-shape micro tube inside these porous materials, its geometry can be described by the
aspect ratio y = dp/h. Figure 5 shows the variation of peak sound absorption coefficients with aspect ratio. The
peak absorption coefficient first increases with aspect ratio from y = 0.06 to 0.1 and peaks at around y = 0.1 with
the value of a = 0.99, then quickly decreases to around a = 0.3 when the aspect ratio increases from 0.1 to 0.16,
and finally gently approaches an asymptotic value of a = 0.25 as the aspect ratio increases further. Since porosity
is the most significant parameter affecting acoustic absorption, it can be concluded that the maximum sound
absorption performance for this type of material with a certain porosity may be achieved by optimal design of the
hole aspect ratio.
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Figure 5: Relationship between aspect ratio y and peak sound absorption coefficient a.
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The comparison of sound absorption coefficients between porous specimens and reference specimens is shown
in Figure 6. Figure 6(a) presents the comparison between P1, R1and R3, that both have thickness of 10mm. For
3D printed specimens P1 and R1, their sound absorption curves are very similar under 3600Hz, which again
indicates that the holes inside this material are inefficient in absorbing sound over 500Hz to 3600Hz. For fre-
quencies ranging from 3600Hz to 6400Hz, the sound absorption performance of the porous specimen is much
better than that of the solid specimen. Moreover, compared with aluminium foam R3, the 3D printed porous
specimen P1 is much more efficient in sound absorption over 2800Hz to 6400Hz.

Figure 6(b) shows the sound absorption coefficient of P10 and R2, that both have thickness of 5mm. It can be
seen that the trends of their sound absorption curves are also similar, and the overall sound absorption perfor-
mance of the porous specimen is even worse than the solid reference specimen. It might result from the high
aspect ratio of the holes, making the viscous dissipation and thermal conductivity inefficient in dissipating acoustic
energy. Summarized from the results presented in Figure 4, 5 and 6, for the proposed 3D printed porous materials
with a porosity of 11.53%, the aspect ratio of the holes inside the material should be less than 0.14 to be effective
in normal-incident sound absorption. In general, it could be deduced that for such materials with a certain porosity,
an optimal aspect ratio to achieve maximum sound absorption and a maximum aspect ratio for the materials to be
effective in sound absorption are existed. To optimally design the geometry of this type of material to achieve the
maximum sound absorption performance for a specific application, porosity and hole aspect ratio are two crucial
parameters that should be determined.
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Figure 6: Comparison of sound absorption coefficients of porous specimens (®=11.53%) and reference speci-
mens. (a) Specimens with thickness h=10mm: P1, R1 and R3; (b) specimens with thickness h=5mm: P10 and R2.

4 CONCLUSIONS

This paper investigated the feasibility of fabricating 3D printed materials with micro-tube-shaped holes using
additive manufacturing and evaluated their acoustic properties. A series of such 3D printed materials have been
fabricated by a professional 3D printer, and their sound absorption performance has been measured using an
impedance tube. The results have shown that the peak sound absorption coefficients ranging from 0.24 to 0.99
can be achieved by test specimens, and they are examined to have good sound absorption performance over
higher frequencies ranging from 4800Hz to 6400Hz. Based on the experimental data obtained in this work, it could
be concluded that the frequency characteristics of 3D printed materials with mirco-tube-shape holes are corre-
lated to the porosity of the material. Furthermore, to achieve maximum sound absorption for noise over a desired
frequency range, the following geometric design criterion for proposed 3D printed porous materials have been
discussed and established: 1) the peak frequency of sound absorption coefficient can be shifted to lower fre-
quencies by increasing porosity; 2) for materials with a certain porosity, the amplitude of their sound absorption
coefficient strongly correlated with the hole aspect ratio, and the maximum sound absorption coefficient can be
achieved by selecting an optimal hole aspect ratio. However, more experimental work is still needed to establish a
more comprehensive database for the application of this type of 3D printed porous material. A promising further
study will focus on extending proposed materials to noise control of aeroacoustic applications.
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