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ABSTRACT

This paper presents the development and performance of micro-perforated panels (MPP) from natural fiber rein-
forced composites. The MPP is made of Polylactic Acid (PLA) reinforced with Oil Palm Empty Fruit Bunch Fiber
(OPEFBF). The investigation was made by varying the fiber density, air gap, and perforation ratio to observe the
effect on the Sound Absorption Coefficient (SAC) through the experiment in an impedance tube. It is found that
the peak level of SAC is not affected, but the peak frequency shifts to lower frequency when the fiber density is
increased. This phenomenon might be due to the presence of porosity in the inner wall of the holes. Increasing or
decreasing the air gap and perforation ratio shifts the peaks of acoustic absorption either way.
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1 Introduction

In this current time, noise pollution is one of the biggest problems faced by humankind since it involves
mental, health, and psychological risks. Noise provoked from dynamic sources, such as crowds and traffic, is
the major contribution to noise pollution in urban areas. Long-term exposure to noise higher than 85 dB can
lead to health problems such as loss of hearing, sleep disorder, and cardiovascular disease [1]. A lot of
workers are exposed to loud noise in their workplaces, such as mining, metal production, and
manufacturing of food. Therefore, noise-induced hearing loss is labeled as the “fifteenth-most serious
health problem” in the world. An estimation of 250 million people worldwide suffered from this disease,
and the United States alone has an estimate of 10 million people who have noise-induced hearing loss
[2]. As per the Malaysian Department of Environment’s Guidelines for Environmental Noise Limits and
Control, the maximum acceptable noise levels for high, medium, and low-density residential places range
from 60 dBA to 50 dBA [3]. However, a study conducted in 2018 near the intersection of roads leading
to residential areas in Shah Alam records the highest noise level of around 90 dBA, which adequately
overtakes the tolerance limit [4]. Furthermore, Malaysia has an approximate annual growth rate of 6%,
corresponding to registered independent vehicles, which can contribute to noise pollution [5]. Consistent
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or continual exposure to sound might cause hearing damage, stimulation of various stress responses, and
abnormality in circadian patterns. Hence, regulation of noise is much essential and has to be addressed
immediately [6]. The use of material acoustics is one of the methods to control the noise. Apart from the
conventional fibrous materials, this includes the micro perforated panels (MPP). The studies about MPP
to improve its absorption bandwidth are still progressing with most recently, those deal with
inhomogeneous hole arrangement [7,8]. Pan et al. studied the combination of perforated panels and two
micro-perforated membranes made of transparent Methyl Methacrylate, which was shown to have a
wideband sound absorption coefficient [9].

MPP is a panel (typically a thin one) with sub-millimeter perforations backed by an air gap and a rigid
wall, as shown in Fig. 1. Several factors like thickness, the density of the MPP, size, shape of the perforations,
perforation ratio, and the distance between perforations affect the acoustic absorption of the MPP.

Incident acoustic wave Rigid wall

—>|t|é
Figure 1: Configuration of a micro-perforated panel (MPP)
The sound absorption coefficient () of an MPP backed with an air gap under normal incidence can be

calculated theoretically by Eq. (1).
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where R and X represent the resistance and reactance of the acoustic impedance of the MPP, @ =2xf is the
angular frequency (in rad/s), and f'is the frequency (in Hz), D is the air gap (in mm), and c is the speed of
sound (in m/s). The details for R and X for MPP can be referred in [10,11].

MPP are usually made from metallic materials such as steel and aluminium. However, metallic materials
to produce MPP have an environmental impact on a larger scale and are not sustainable [12]. Moreover, the
fabrication of MPP using metallic material is costlier due to the complicated process involved in producing
sub-millimeter holes by jetting and etching [13]. The rising environmental concerns regarding MPP
fabrication with metallic materials have fuelled the research on utilizing the natural fibers in the MPP.

Rusli et al. investigated the sound absorption of natural fibers, namely fibers from pineapple and oil palm
coupled with acrylic MPP. The insertion of the natural fiber improved the performance of double-leaf MPP
[14]. Sheng et al. [12] recently presented the performance of MPP made of PLA reinforced with coconut
fibers. It was concluded that the natural fiber-reinforced composite MPP exhibits better sound absorption
performance than the conventional MPP made of steel. Polylactic acid (PLA), which is eco-friendly and
biodegradable, has become the rising star as a matrix for composite materials incorporated with natural
fibers to produce MPP. Natural fiber composites have porous surfaces that can enhance sound dissipation
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[12], and other than that, natural fibers are found abundantly around the world, eco-friendly, low in cost,
and biodegradable. The sound absorption of different natural fiber such as coir fibers, jute fiber, bamboo
fiber, and tea leaf fiber has been studied, and they showed promising performance for sound absorption
application [15].

Utilizing natural fibers in the fabrication of MPP would be beneficial to tropical countries, especially for
Malaysia. This is because Malaysia is one of the largest oil palm production countries with an estimation of
5 million hectares of oil palm plantation. Palm oil export is one of Malaysia’s major economies; it generates
around RM 60 billion in 2019 [16]. The huge amount of palm oil leads to many biomasses left behind after
processing the palm oil. These biomasses can cause some environmental issue which cannot be ignored.
Therefore, utilizing these biomasses to create valuable products can minimize the number of biomasses.
Oil Palm Empty Fruit Bunch Fiber (OPEFBF) is one of the biomasses left after palm oil production, and
it almost contributes more than 70% of fibrous biomass, which has not been used effectively [17]. This
study applies these OPEFBF to construct the MPP. For the type of fibrous absorbers, OPEFBF has been
demonstrated to have good sound absorption performance [18].

The performances of the test samples are studied by varying the densities of the fibers. Parameters of air
gap and distance between the holes (perforation ratio) are also varied to complete the performance data of the
proposed MPP made of OPEFBF composite.

2 Materials and Methods

2.1 Materials

Polylactic acid (PLA) pellets having a melt flow index of 6 g/10 min and a specific gravity of 1.24 with a
grade of Ingeo™ Biopolymer 2003D were used. The Oil palm empty fruit bunch fibers (OPEFBF) were
obtained from a nearby palm oil mill, as shown in Fig. 2. The length of the fibers is within the range of
25 mm to 35 mm, with a diameter ranging from 0.25 mm to 0.55 mm.

Figure 2: Oil palm empty fruit bunch fibers used in this study

2.2 Methodology

First, the OPEFBF were soaked, rinsed, and washed with normal tap water to remove any impurities.
Then, the PLA pellets and OPEFBF were put into an oven for 24 h to minimize the moisture content.
The OPEFBF were then grinded and sieved into a smaller size by filtering the OPEFBF through a
500 um mesh. Later, the OPEFBF and PLA pellets were weighed to ensure the composition considering
the weight ratio. After weighing, PLA pellets and OPEFBF were placed into an oven for melting. The
oven temperature was set at 210°C, which is higher than the melting temperature of pure PLA to
compensate for the convection inside the oven. Once the PLA pellets and OPEFBF were melted, the
mixture was stirred well and kept inside an oven. This process was repeated until the materials are well
mixed. At the end of this process, melt blended PLA-OPEFBF was collected as a lump. Before hot
pressing the produced lumps, the machine was preheated for about 15 min at 180°C, considering the
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melting temperature of the pure PLA. Later, the melt blended PLA-OPEFBF composite lumps were
hot-pressed for 2 min with 5 tons of load, followed by cold-pressed for 2 min with 5 tons of load. Lastly,
the PLA-OPEFBF composites were laser cut into the required dimensions of the MPP, designed in
SolidWorks software. The hole diameter was selected as 0.6 mm [0.5 mm (design input) + 0.1 mm
(tolerance of laser cutting [19])] to offer better resistance [13]. The diagram is shown in Fig. 3. The
methodology is summarized in the flow chart is shown in Fig. 4.

Distance between the perforations, b

Hole diameter, d

Figure 3: Detailed drawing of the MPP
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Figure 4: Methodology for fabricating MPP made of PLA-OPEFBF composite

Tab. 1 shows the specification of the fabricated MPP made of PLA-OPEFBF composite, and Tab. 2
shows the physical parameters of all the fabricated samples.

Table 1: Specification of the fabricated MPP made of PLA-OPEFBF composite

Sample No.  PLA (wt. %)  OPEFBF (wt. %)

1 95 5

2 90 10
3 85 15
4 80 20
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Table 2: Physical parameters of the fabricated samples

Sample Density  Diameter of Thickness, ¢ of Hole diameter,
No. (g/em’)  the sample (mm)  the sample (mm)  d (mm)

1 2.16 33.40 2.00 0.60

2 2.18 33.40 2.02 0.60

3 2.21 33.40 2.01 0.60

4 2.23 33.40 2.00 0.60

Fig. 5 shows the MPP made of PLA-OPEFBF fabricated with different OPEFBF content, and Fig. 6
shows the MPP made of PLA-OPEFBF fabricated with varying distances between the perforations.

Figure 5: MPP made of PLA reinforced with 5, 10, 15, and 20 wt. % of OPEFBF (left to right)

Figure 6: MPP made of PLA-OPEFBF with different distance between the holes, b =3, 5, and 7 mm (left to
right)

2.3 Impedance Tube Test

The Sound Absorption Coefficient (SAC) of the fabricated panels was measured by a two-microphone
impedance tube method as per ISO 10534-2 standard [20]. Before the experiment, the microphones were
calibrated with a sound calibrator to ensure the sound pressure inside the tube was accurately measured.
To ensure repeatability, the measurement was repeated three times, and for each measurement, the sample
was taken off and inserted back in the sample holder. The experiments were conducted under three cases,
1) by varying OPEFBF content at 5 mm air gap, ii) by varying the air gap thickness, iii) by varying the
distance between the holes. The results were presented within the frequency range of 500 Hz to 4500 Hz,
valid frequency based on the tube diameter and the distance of the microphones. The experimental setup
is shown in Fig. 7.

3 Results and Discussion

3.1 Effect of Density
Fig. 8 shows the effect of varying densities on acoustic absorption of the MPP made of PLA-OPEFBF
composite. It has been widely known that density played an important factor in affecting the sound
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absorption performance of a porous material. Based on the results obtained in Fig. 8, it can be seen that
density affects the characteristic of sound absorption performance of the MPP composite. The increment
of density causes the absorption peak to shift to a lower frequency. This phenomenon occurred mainly
due to the increment in the number of small pores with the increment of sample density. The absorption
mechanism of an MPP works through the viscous effect between the inner hole wall and the air (resistive
part) and through the inertia of the air inside the hole (the reactive part). Combining with the stiffness of
the air layer in the backed air gap and the perforation ratio (number of holes), these together determine
the peak frequency and the bandwidth of absorption of MPP. In the study, when the MPP surface is
attached with fabric [21], the peak frequency is maintained, only the frequency bandwidth is widening
towards higher frequency, which is the absorption performance provided by a porous material.
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Figure 8: Effect of varying densities on acoustic absorption of the MPP made of PLA-OPEFBF composite
(air gap, D=5 mm)

The results in Fig. 8 show an interesting phenomenon, where the peak frequency shifts consistently
towards lower frequency as the amount of fibers is added in the composite. In these fabricated samples,
the MPPs were finished with a clean surface (low porosity), and thus it is not the cause of the
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phenomenon. If the surface is porous, then it will increase only the bandwidth, as demonstrated in [18]. The
only possibility of the frequency shifting is the presence of porosity on the inner wall of the holes, which
contributes to adding the amount of air inside the hole (increasing the air mass) and thus lowering the
resonant frequency. The findings are also similar to the study presented by Chin et al. [22]. Tab. 3 shows
the maximum SAC of the samples with varying fiber content.

Table 3: Maximum SAC of the samples at their given resonant frequency

Sample No. Resonant frequency (Hz) Maximum SAC

1 2762 0.99
2 2748 0.99
3 2648 0.98
4 2438 0.99

3.2 Effect of Air Gap and Perforation Ratio
The sound absorption performance of MPP based on the air gap and distance between holes (perforation
ratio) is already well known. The approximated peak resonant frequency is given by Eq. (2) [10]

P/ c
N 2
fo t <8nD) 2)
where P is the perforation ratio (in %), ¢ =344 m/s is the speed of sound, ¢, and D are the panel thickness
and air gap (in mm). The perforation ratio is in relation with the hole distance, b can be determined by

Eq. (3) [11]
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where d is the hole diameter (in mm).

From Eq. (2), it can be predicted that by increasing the air gap, D the peak frequency will be reduced as
seen in Fig. 9.

It can be seen from Fig. 9 that the peaks of acoustic absorption move towards the low-frequency
spectrum when the air gap between the impedance tube and the sample increases. The air inside the holes
serves as an acoustic mass (reactance), whereas the air layer in the back air gap acts as an acoustic
spring. As the gap behind the MPP is increased, its stiffness decreases, hence shifting the peaks (natural
frequency) of the acoustic absorption towards the low-frequency spectrums. By using Eq. (2) for a solid
MPP (without the effect of porosity), the peak frequency in Fig. 9 can be seen to shift to low frequency
due to the presence of porosity discussed for the results in Fig. 8. And by increasing the perforation ratio,
P (or decreasing the distance between the hole, b), from Eq. (2), it can be predicted that the peak
frequency will be increased, as seen in Fig. 10.

Tab. 4 shows the maximum SAC and the corresponding resonant frequency of the samples with varying
distances between the holes. Again with the effect of porosity in the inner surface of the holes, the resonant
frequencies in Tab. 4 are lower than those obtained from the prediction using Eq. (2).

There were a few small resonant peaks noticed in Figs. 8—10. This could be due to the eigenmode caused
by the air inside the impedance tube, which was not free to undergo movement (as impedance tube is a
closed-ended tube) and was forced to resonate the sample within the tube [23].
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Figure 9: Effect of varying air gap on acoustic absorption of the Sample-1
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Figure 10: Effect of varying distance between holes on acoustic absorption of the Sample-2 (air gap, D=5 mm)
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Table 4: Maximum SAC of the samples at their given resonant frequency

Sample Distance between Resonant Maximum
No. holes (mm) frequency (Hz) SAC
2 3 2250 0.98
2 5 2748 0.99
2 7 3450 0.94

4 Conclusions

MPP composites made of PLA reinforced OPEFBF have been successfully fabricated, and the acoustic
performance has been discussed. This study reveals that the peak frequency of the absorption coefficient
shifts to a lower frequency when the content of fibers is increased in the composite. This could be
because of the presence of porosity in the inner wall of the holes, which adds the oscillating mass and
hence reduces the resonance frequency. This study can be extended by increasing the fiber density in the
composite and possibly constructing an MPP with a certain degree of porosity across the panel. Also, the
methodology provided in this study can show the interest for the designers and researchers to develop
MPP made of natural fibers reinforced composites and to vary its parameters based on the required
acoustic spectrum.
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