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a b s t r a c t

Synthetic fiber is still considered the best sound absorptive material. However, due to the health concern
of synthetic fiber usage, researchers are trying to find another viable alternative. A microperforated panel
(MPP) is a promising alternative that relies on the concept of a Helmholtz resonator for sound absorption.
MPP possessed excellent acoustic resistance and a considerable range of absorption bandwidth. In this
paper, MPP made of natural fiber composite was fabricated and its acoustic absorption was measured
using a two-microphone impedance tube method as per ISO 10534-2 standard. Later, the tensile strength
of the fabricated acoustic absorbers was measured using an Instron Universal Testing Machine as per
ASTM D638. The idea of employing additive manufacturing, better known as the 3D printing technique,
is proposed to produce lightweight MPP. The 3D printing technique provides design freedom and is less
tedious in creating complex and light structures. The 3D printing technique has various important pa-
rameters, and infill density is one of the parameters. It was found that the reduction of infill density leads
to a decrease of the MPP’s mass and thus, slightly affects the resonance frequency of the MPP, still within
the mid-frequency spectrum. It was also noted that the increment of air gap thickness leads to the
shifting of MPP’s resonance frequency to a lower frequency range. The tensile strength of the 3D printed
samples decreases with a decrease in infill density. A sample with an infill density of 100% has the
highest tensile strength of 22 MPa, and a sample with an infill density of 20% has the lowest tensile
strength of 12 MPa.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In this era of globalization and modernization, the noise level
gradually gets louder in an uncontrolled manner. As a result, people
realized that noise could affect a person psychologically and
physiologically. Prolonged noise exposure may cause stress eleva-
tion, temper tolerance reduction, intractable sleeping problems,
and, if worse, might lead to irreparable hearing complications [1]. A
lot of methods can be employed for noise control. Themost popular
rd of International Journal of

y Elsevier B.V. on behalf of KeAi Co
way is to install an acoustic absorber to solve the acoustic problem
within a designated space or room, as it is the most practical and
economical approach. There are mainly two types of acoustic ab-
sorbers; they are porous absorbers and resonant absorbers [2].
Porous absorbers are solid materials that contain cavities, channels,
or interstices to provide a path for sound waves. These materials
include fiberboard, rock wool, foams, and natural fibers connected
to pores where the sound waves spread [3]. Resonance absorbers
are further classified into membrane and Helmholtz absorbers.
Perforated panels which are considered as good example of
Helmholtz absorbers acts as a viable alternative to improve a built
environment’s acoustic condition in recent times [4]. It can be
installed as a wall partition, window, fluorescent light overlay,
sunshade, or column cover [5]. The perforated panel possesses
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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reasonable sound absorption capability at medium frequency range
or higher but exhibits poor sound absorption capability at lower
frequency range [6].

In 1975, Professor Dah You Maa proposed a microperforated
panel (MPP) for sound absorption purposes [7]. MPP is a particu-
larly thin panel that comprises a substantial amount of micro-
perforated holes [8]. The perforated hole’s diameter and the panel
thickness are commonly less than 1 mm. The sum of micro-
perforated holes is usually between 1% and 2% of the panel’s total
surface area [9]. An air space must be introduced between MPP and
a fixedwall to absorb sound effectively. MPP depends greatly on the
air particle wigwag motion around the microperforated holes to
absorb sound. The friction between the air particles and the inner
surface of microperforated holes causes deterioration of sound
energy by converting it to heat and thus, absorbing sound [10]. It
has been found that MPP possessed significantly higher acoustic
resistance and a much wider bandwidth of absorption than the
perforated panel, even without the inclusion of porous material
[11]. Fig. 1 illustrates the sound absorption mechanism of MPP.

MPP exhibits elegant and attractive appearance as it can be
made from various materials such as acrylic glass, plywood, metal,
and plastic suitable for interior architectural purposes [13]. For
instance, a MPP made from acrylic glass can absorb sound excel-
lently without blocking and hindering light rays from passing
through it [14]. It has been proven that fiberglass and rock wool
exhibit excellent sound absorption characteristics [15]. Yet, pro-
longed exposure to these synthetic materials is deleterious to our
health. Synthetic fibers are often made from petrochemical re-
sources and require high temperatures for the manufacturing
process, which may negatively contribute to the hikes in carbon
footprint [16]. Polymers like polylactic acid (PLA) and poly-
hydroxyalkanoates (PHA) have received a lot of attention in recent
years because of their biodegradability and made from renewable
resources [17]. Wood fiber (WF) based acoustic absorbers have
become the famous choice for acousticians since wood-based
acoustic absorbers are aesthetically good and exhibit better
acoustic absorption [18]. Wood is recyclable, reusable, renewable,
and has a high sustainability rate. Furthermore, its excellent
strength-to-weight ratios, thermally insulating, and acoustical
properties make it suitable for a wide range of building applica-
tions, including structural beams and frames, insulating envelopes,
windows, door frames, wall and flooring materials, and furniture
[19].

Inorganic soundproof panels are commonly used in the field of
building sound insulation, particularly in cement and concrete.
Fig. 1. Sound absorption m
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These inorganic materials have high surface density, high strength,
and good insulation, in addition to good weathering resistance.
However, it has issues with its heavy weight [20]. In recent times,
additive manufacturing (or) 3D printing has already rooted its
application into the field of acoustics and has the advantage with
the freedom of design and the ability to build complex and light-
weight structures [21]. Additive manufacturing process has variety
of process parameters. Infill density, which is defined as the
amount of filament used in printing the structure, is one of the
parameters. It is usually expressed as a percentage and ranges from
10% to 100%. Printed structures with a 10% infill density will be
hollow, and the infill density will increase as the material con-
sumption increases. Printed structures with 100% infill density are
more solid. Vignesh et al. demonstrated the effect of infill density
on acoustic absorption of the porous absorber (absorber without
perforations), whereas the effect of infill density on acoustic ab-
sorption of the perforated absorber was presented in this study
[22]. Noises come from different sources falls under different
spectrums. The spectrums may be of mainly low, mid and high-
frequency [23]. These noises that comes from various spectrums
are difficult to control with a single absorber because it comes in a
variety of spectrums. Considering all the above stated problems,
this research aims to fabricate the light-weighted acoustic ab-
sorbers made of natural fiber composites by reducing the infill
density in the additive manufacturing process and to absorb sound
at various spectrum by altering the air gap.

2. Theory of MPP

Maa proposed a theoretical model that can be used to predict
the sound absorption of MPP simply by considering the micro-
perforated hole as a narrow circular tube, as shown in Fig. 2. If the
echanism of MPP [12].

Fig. 2. The microperforated hole depicted as a narrow circular tube.



V. Sekar, S.Y. Eh Noum, A. Putra et al. International Journal of Lightweight Materials and Manufacture 5 (2022) 520e527
wavelength of the incident sound wave is more significant than
both the diameter (d) and the distance between the adjacent tubes
(da), the tube’s acoustic impedance (Z) can be formulated as [24]:

Z¼ jurL
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where u, r, L, r, and h are defined as sound angular frequency, air
density, length of the tube (MPP thickness), a radius of tube
(microperforated hole radius), and air dynamic viscosity respec-
tively, while J0 and J1 are defined as the zeroth and first-order Bessel
functions of the first kind respectively. To compute the acoustic
impedance of MPP, Eq. (1) must be divided by the ratio of micro-
perforated area. However, Eq. (1) required tedious computation and
calculation process and has been deemed as inconvenient and
impractical. Thus, Maa suggested another better equation with a
marginal error of less than 5%, and the normalized acoustic
impedance of MPP (Zn) can be formulated as [7]:
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where Rn and Xn are defined as the resistance and reactance of MPP,
respectively. f, p, and d0 are defined as the frequency of approaching
sound wave, a ratio of microperforated area, and the diameter of a
microperforated hole, respectively. B1 and B2 are defined as con-
stants for the normalized equation. Table 1 shows the constant
value for B1 and B2 for metallic and non-metallic MPP.

Finally, the sound absorption coefficient of MPP (a) under
normal incidence condition backed by an air space can be
expressed as [25]:

a¼ 4Rn

ðRn þ 1Þ2 þ �
Xnu� cot

�
uD
c

��2 (7)

where c is defined as the speed of approaching sound waves.
Table 1
Constant value for B1 and B2.

Constant Value

Metallic Non-metallic

B1 0.335 0.147
B2 0.210 0.316
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3. Experimental

3.1. Materials

Polylactic acid/polyhydroxyalkanoates-wood fibers (PLA/PHA-
WF) composite was commercially available in the form of filament
and hence outsourced from ColorFabb, DK Belfeld, Netherlands
under the trade name woodfill. The filament has a standard
diameter of 1.75 ± 0.05 mm, and the density of the filament is
1.15 g/cm3 with a melting temperature of greater than 155 �C.

3.2. Methodology

Raise 3D N2 Plus printer was used to 3D print the MPP. It prints
the MPP layer by layer using fused deposition modelling technology.
MPP are 3D printed at a rate of 70 mm/s at a melting temperature of
210 �C. These values were chosen from the recommended datasheet
provided by ColorFabb.MPPwere 3D printed for a thickness of 5mm
with varying infill densities (100%, 80%, 60%, 40%, 20%). The layers
which show the difference in infill density are printed between the
normally printed layers as shown in Fig. 3. The perforation diameter
was 0.6 mm with a 5 mm distance between the perforations. The
perforation diameter and the distance between the perforations
were adopted from Liu et al. for better acoustic resistance [26]. Few
cloggages were seen inside the perforations and the cloggages inside
the perforations were cleared using a needle of 0.6 mm.

3.3. Characterization of MPP

3.3.1. Mass
3D printed MPP (3DP-MPP) were weighed using a top-loading

balance machine with a repeatability of 0.001 g.

3.3.2. Density
The density of the successfully developed MPP was measured

using theMettler ToledoME204 densitymeter referring to the ASTM
D792 testing standard. The measurement of density works on the
Archimedes immersion technique. The density (in g/cm3) of theMPP
was obtained experimentally using the results of twomeasurements,
i.e. mass of sample in the air and mass of the sample in distilled
water at 25 ± 2 �C with the relative humidity of 65 ± 5%. The density
of the MPP was calculated experimentally as per Eq. (9).

Density of MPP¼ u
u� v

� Density of water (9)

where u is the mass of sample in the air (in g), v is the mass of
sample immersed in water (in g). Table 2 shows the specification of
the MPP samples.

3.3.3. Acoustic absorption
Sound absorption coefficient (SAC) was measured by using a

two microphone impedance tube method as per ISO 10534-2
standard [27]. The tube’s inner diameter is 33.4 mm which is the
diameter of the sample, and the outer diameter of the tube is
55 mm. Results are provided in the frequency range of 500 Hz to
4.5 kHz which is the valid frequency range considering the distance
of the microphones and the diameter of the tube. First, SAC was
measured for the MPP with varying infill densities. Next, SAC was
measured for the 3D-MPP-100 with varying air gap. Prior to the
experiment, the microphones were calibrated with a sound cali-
brator to ensure that the sound pressure inside the tube was
accurately measured. To ensure repeatability, the measurement
was repeated three times. For each measurement, the sample was
removed and reinserted into the sample holder, and the variability



Fig. 3. 3D printed MPP with different infill density.

Table 2
Specification of the MPP samples.

Sample ID Thickness (mm) Infill Density (%) Mas (g) Density (g/cm3)

3DP-MPP-100 (Control)
3DP-MPP-80
3DP-MPP-60
3DP-MPP-40
3DP-MPP-20

5.00
5.00
5.00
5.00
5.00

100.00
80.00
60.00
40.00
20.00

4.03
3.64
3.21
2.78
2.33

0.94
0.84
0.74
0.64
0.54
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was found to be negligible for all samples. Fig. 4 shows the acoustic
testing used in this study.

3.3.4. Tensile strength
Mechanical strength of thematerial can determine the quality of

the final product. Hence, the tensile strength of the fabricated ab-
sorbers with varying infill densities was tested. Three dog-bone
samples at each infill densities were 3D printed, tested for its
tensile strength and its average value along with its standard de-
viations were reported and discussed. The tensile testing condi-
tions and specifications were chosen in accordance with ASTM
Fig. 4. Acoustic t
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D638. Tensile strength was determined for the dog-bone samples
using an Instron Universal Testing Machine (load cell of 50 kN) at a
speed of 20 mm/min.

4. Results and discussion

4.1. Comparison of predicted and measured results

Fig. 5 compares the predicted and measured SAC of the control
sample, 3DP-MPP-100 backed by an air gap of 5 mm. Predicted
results are obtained from the MAA model. The maximum peak of
esting setup.
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acoustic absorption recorded was 0.9 at a resonance frequency of
2.07 kHz. The measured results show a closer trend to predicted
results with a minor deviation. The deviation between the pre-
dicted and measured results can be due to: (i) the procedure fol-
lowed during the installation of the sample and its mounting
condition [28]; (ii) the effect of eigenmode vibration happened in
the mass-spring setup of the panel [29].
4.2. Effect of density on SAC

In the case of density, it can be seen from Table 2 that the density
of the 3D printed samples tends to decrease with a decrease in infill
density. MPP printed with 100% infill density was more solid and
dense. The filament amount used to print a sample with an infill
density of 100% was more compared to sample with 20% infill
density was less. The mass of the MPP with 100%e20% infill density
was reduced from 4.03 g to 2.33 g. The difference in material
consumption varies the mass, which in turn alters the densities of
the samples with different infill densities. The printed sample
density with an infill density of 100% was 0.94 g/cm3, and the
density of the printed sample with an infill density of 20% was
0.54 g/cm3. Fig. 6 shows the effect of infill density on SAC of the 3D
printed MPP. It can be seen from Fig. 6 that the MPP with varying
densities exhibits a narrow peak of acoustic absorption at mid-
frequency spectrum which is a typical characteristic of the MPP.
The maximum SAC of MPP for all densities were almost similar
which was greater than 0.9. Varying densities to the MPP slightly
affect the resonant frequencies of the MPP which was previously
reported by the other researchers [30,31]. It can be seen from Fig. 6
that there is a slight movement of resonant frequency towards the
high-frequency spectrum as the density decreases. The reduction in
density caused a decrease in performance at low frequency as wave
propagation became loose to thematerial, and thus absorption took
effect on the shorter wavelength at higher frequency. However, the
range of resonant frequencies for MPPwith 100%e20% infill density
Fig. 5. Predicted and measured SAC of 3DP-M

524
was between 2000 Hz and 2600 Hz which was still within the mid-
frequency spectrum. Hence, it can be inferred that the reduction in
infill density reduces the mass of the MPP and slightly affects the
resonant frequency of the MPP but the range falls within the mid-
frequency spectrum.

4.3. Effect of an air gap on SAC

Fig. 7 shows the effect of air gap on the SAC of the 3DP-MPP-100.
It can be seen from Fig. 7 that there was no peak of acoustic ab-
sorption for the case without an air gap. The mass (perforated end)
and spring (air gap) system is the reason for resonant peaks and
without an air gap, there will not be the formation of this system,
which leads to the absence of resonant peaks. It can also be seen
from Fig. 7 that the peak of sound absorption gets shifted towards
the low-frequency spectrum as the air gap thickness increases. The
following phenomena can explain the above trends; the perforated
end acts as an acoustic mass, while the air occupying the tube
within this space acts as an acoustic spring. These both replicate the
mass-spring relation, and as the thickness of the air gap increases,
the stiffness amid it decreases, thus shifting the peaks of sound
absorption towards the low-frequency spectrum. Once the sound’s
frequency matches the resonance frequency, the stiffness of the air
gap cancels the acoustic mass, which in turn causes the peaks of
sound absorption to happen. 3D printed MPP with an infill density
of 100% at an air gap of 15 mm shows the maximum SAC of almost
unity at 1100 Hz.

4.4. Effect of density on tensile strength

Fig. 8 shows the effect of varying densities on the tensile
strength of the fabricated acoustic absorbers. It can be seen from
Fig. 8 that the tensile strength of the acoustic absorbers decreases
with a decrease in infill densities. A sample with an infill density of
100% has the highest tensile strength of 22 MPa and a sample with
PP-100 backed by an air gap of 5 mm.



Fig. 6. Measured SAC of 3DP-MPP at varying infill densities backed by an air gap of 5 mm.

Fig. 7. Measured SAC of 3DP-MPP-100 at varying air gap thickness.
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an infill density of 20% has the lowest tensile strength of 12 MPa.
The difference in infill densities has caused the variation in the
tensile strength of the samples. For the sample 3D printed with
100% infill density, the voids inside the structure were lesser, and
subsequently increased tensile strength compared to the sample
3D printed with 20% infill density.

As shown in Fig. 9, the voids inside the structures for 100% infill
density and 20% infill density can be visible at the region of fracture.
525
The voids in the 3D printed structures with 20% infill density were
higher because the amount of material required to infill the
structure was less, leading to the decreased tensile strength.

The range of tensile strength of the 3D printed samples with an
infill density of 20%e100% was within 12 MPae22 MPa. Although
the tensile strength of the acoustic absorbers decreases with a
decrease in infill densities, the range of tensile strength of the
acoustic absorbers was much nearer or greater than the previously



Fig. 8. Measured tensile strength of 3DP-MPP at varying infill densities.

Fig. 9. Voids visible at fracture region after tensile testing. (a) 100% infill density, (b) 20% infill density.
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reported acoustic absorbers such as fiber boards (12 MPae27 MPa)
[32], hardboards (26.30 MPa) [33], commercial ceiling board
(23.5 MPa) [34] and ceiling boards (less than 2 MPa) [35,36].
5. Conclusions

Microperforated panels made of PLA/PHA-WF were successfully
fabricated by additive manufacturing and its acoustic absorption
was measured. The maximum sound absorption coefficient of the
MPP with an infill density of 100% was 0.95 in the mid-frequency
spectrum of 2000 Hz. Reducing the infill density decreases the
mass of the MPP with the maximum of SAC for all the MPP with
reduced infill densities around 0.9 at a resonant frequency within
the same mid-frequency spectrum (2000 Hze2600 Hz). The idea of
reducing the mass of the MPP with maintaining the maximum SAC
and without deviating its resonant frequency to other spectrums
was demonstrated. The results obtained from increasing the air gap
thickness demonstrated the shifting of resonant frequencies.
Increasing the air gap thickness, shifts the peaks of acoustic ab-
sorption towards the lower frequency spectrum. MPP with an infill
density of 100% at an air gap of 15 mm shows the maximum SAC of
almost unity at 1100 Hz. The acoustic absorber fabricated with a
526
100% infill density has fewer voids in it since the amount ofmaterial
used to infill was much higher compared to the sample 3D printed
with a 20% infill density. This increased void content due to the
reduced infill density has caused a drop in tensile strength of not
less than 12 MPa. The proposed acoustic absorbers can be mounted
on building walls or ceilings with an air gap for effective acoustic
absorption.
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