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Abstract: Natural fibres have been extensively studied due to their potential in a wide range of
applications. This study aims to demonstrate the viability of composite earmuffs for low-frequency
noise reduction in continuous and transient noise environments. Pink noise and aircraft take-off
exterior noise were considered for the former and the latter, respectively. The assembly components
of the composite earmuffs were kept identical to a commercial earmuff, which served as a reference
for results comparison. Based on the profile of the ear cups from the commercial earmuff, composite
ear cups were fabricated from coir fibre and coir/carbon fibre fabrics reinforced with polypropylene.
In contrast to the commercial earmuff, the composite earmuffs showed improvements in insertion loss
at specific frequencies in the respective noise environments. In pink noise, up to 12 dB improvement
in insertion loss was achieved. In aircraft take-off exterior noise, up to 8.6 dB improvement in
insertion loss was achieved at 160–544 Hz particularly by the coir fibre-reinforced polypropylene
earmuff. Consequently, the proposed earmuffs may find applications in areas where noise exposure
is predominantly low-frequency—in some vehicle cabins, at airports, and at construction sites,
for example.

Keywords: low-frequency noise; noise reduction; hearing protection; earmuffs; natural fibre;
occupational noise

PACS: 43.50.Hg; 43.66.Vt

1. Introduction

In recent years, the study of natural fibres has been increasing rapidly due to their potential in
a wide range of applications. Natural fibres are advantageous in several aspects. Some of the key
advantages include affordability, availability, biodegradable, environmentally friendly, lightweight,
and good mechanical properties [1–8]. Unsurprisingly, there are also disadvantages of natural fibres
concerning issues such as durability and fire resistivity. However, researchers are already exploring
means to improve these drawbacks as highlighted by a recent review paper [3]. As the community is
becoming more aware of the importance of environmental impact, natural fibres may be a potential
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alternative to synthetic fibres in certain applications. One of these applications include low-frequency
noise reduction.

Consider a typical airport, noise generated within the environment is dominantly contributed
by aircraft engines. Generally, the noise generated by the engines is of a low-frequency (<500 Hz)
and transient nature due to the variation in the rotating speed of the compressor blades and fan
blades during the take-off or landing of the aircraft. This noise can be excessively loud to the extent of
adversely affecting the auditory system of the ground crew. Excessive exposure to aircraft noise has also
been reported to contribute partly to psychological and physiological health issues [9]. Some of these
health issues are critical such as cardiovascular disease and hypertension. Additionally, the ground
crew may experience an increased stress level while performing their routine tasks. Certainly, it is
a priority to minimise such health issues that may be experienced by the ground crew.

Clinical studies have been performed to gain better understanding of the underlying biochemical
and molecular mechanisms of hair cell death in the cochlea [10,11]. The death of hair cells is
an irreversible process, resulting in hearing loss of the human. To date, clinical research is ongoing to
understand noise-induced hearing loss. For example, Ralli et al. [12] found that workers—limited to
only Italians—were likely to experience noise-induced hearing loss if they were exposed to a noisy
working environment over an extended period of employment. The findings were consistent with
a recent study by Masterson et al. [13], which instead focused on the Americans. Rosler [14] highlighted
that a larger population with hearing loss would be expected in developing countries because of lesser
emphasis on hearing protection programs.

In practice, hearing protection devices (HPDs) are provided to the ground crew to reduce noise
exposure throughout their working hours. The common types of HPDs are earplugs and earmuffs
with each having their unique advantages and disadvantages. Earplugs are advantageous for being
disposable, inexpensive, and easy to use. Unfortunately, improper fitting of the earplugs compromises
the intended performance in noise attenuation [15]. An obvious solution is to provide workers with
proper training, albeit shown to be ineffective by Toivonen et al. [16]. They reported that poorly fitted
earplugs may lower the intended performance in noise attenuation by up to 10 dB. Expectedly, if the
earplugs are poorly fitted, leakage paths may exist and permit exterior noise to enter the ear canals
directly instead of first propagating through the earplugs and then into the ear canals. Nonetheless,
Toivonen et al. [16] emphasised that incompatible ear canals may also contribute to the drop in
acoustical performance of the earplugs.

Considering the characteristic of aircraft noise, earmuffs are typically recommended over earplugs
for better hearing protection [17]. This recommendation is because typical earmuffs can achieve a noise
attenuation of about 9 dB per octave between 125 Hz and 1 kHz before reaching a saturation point of
around 35 dB noise attenuation above 2 kHz. Earplugs, on the other hand, are typically more effective
for noise attenuation above 1 kHz with the assumption that a proper fit is ensured by the user [18].

Earmuffs may be costly and bulky but their acoustical performance is independent of the ear
canals and require minimal user knowledge. As compared to the earplugs, the user is less likely to
wear the earmuff incorrectly. Hence, the intended acoustical performance of a given earmuff may likely
be achieved in contrast to the earplugs. Nonetheless, a drop in acoustical performance of the earmuffs
can be expected in the field as compared to that achieved from a laboratory test because the earmuffs
are usually worn in an ideal manner without much considerations of comfort [18]. For example, a tight
headband may provide a better seal around the pinnae but the forces exerted on the temporal bones
may lead to discomfort. Additionally, personal protective equipment, such as eye goggles, face shields
and helmets, and facial hair may also adversely influence the acoustical performance of the earmuffs.

An extensive range of earmuffs is available commercially for general use, including proprietary
models designed for specific noise environments. Expectedly, the proprietary models come with a hefty
price tag and may also be much heavier. Alternatively, the acoustical performance of typical earmuffs
can be improved by modifying the assembly components—namely the cushion pads, headband,
ear cups, and inner foam lining [19–22].
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Augustine [23] recently showed that natural fibre-reinforced polymer composite earmuffs could
improve the noise reduction at certain frequencies. The acoustical performances of several synthetic
fibre-reinforced polymer earmuffs were measured and compared with various commercial earmuffs.
The acoustical performances of the composite ear cups were found to be different depending on the
noise environment—continuous and impulse—albeit not discussed in detail. Apart from this study,
limited reports with similar interest can be found in the literature.

Earlier studies focused on the viability of natural fibres rather than the understanding of their
acoustical properties [7,8]. Recent studies, however, showed a rise in research effort to understand the
acoustical properties of natural fibres. For example, coir fibre was considered in place of synthetic fibre
as an absorptive layer behind a micro-perforated panel [24,25]. Results showed remarkable sound
absorption properties (up to 0.95) of the panel assembly above 1 kHz. Unfortunately, the findings were
unable to represent the acoustical properties of coir fibre independently. This gap was later addressed in
a separate study by the same research group [26]. The follow-up study investigated several parameters
and found that, if properly designed, coir fibre could achieve good sound absorption properties below
1 kHz. At that point in time, the conclusion was made based on numerical simulations without any
validation work, until much later [27]. To date, research efforts are still ongoing to understand and
improve the acoustical performance of coir fibres [28,29].

Coir fibres have been characterised based on sound absorption properties but their transmission
behaviour has yet to be investigated, especially in the context of industrial applications. This research
gap motivated the present work to consider coir fibre-reinforced polypropylene (Coir-PP) as
an alternative to the material selection for the ear cups of earmuffs. Additionally, a hybrid
model—coir/carbon fibre-reinforced polypropylene (Coir/C-PP)—was also considered. This work
aims to demonstrate the feasibility of composite earmuffs for low-frequency noise reduction in
continuous and transient noise environments. The former and the latter were emulated by pink noise
and aircraft take-off exterior noise, respectively. The acoustical performances of the composite earmuffs
were evaluated experimentally in a reverberation chamber. Consequently, the proposed earmuffs may
find potential applications in noise environments that are predominantly low-frequency—at airports,
at construction sites, and in some automobile cabins, for example [30,31]. In Section 2, the specimen
details and experimental approach are elaborated. In Section 3, the acoustical performances of the
composite and the commercial earmuffs are presented and discussed further in Section 4. Section 5
provides conclusions based on the earlier sections.

2. Materials and Methods

This section first presents the information on the commercial earmuff used for benchmarking
and the materials used to fabricate the composite ear cups. Subsequently, the fabrication process
of the composite ear cups is provided. The last part of this section presents the experimental
method used to evaluate the respective earmuffs and discusses the considerations made to minimise
experimental uncertainty.

2.1. Specimen Details and Materials

The composite ear cups were designed with high resemblance to the ear cups of a commercial
earmuff (PeltorTM OptimeTM I H510F, 3M, Maplewood, MN, USA), which was purchased off-the-shelf.
The commercial (or reference) earmuff served as the reference to distinguish the acoustical benefits
and drawbacks of the composite earmuffs. Apart from the ear cups, the remaining assembly
components—headband, cushion pads, and inner foam lining—were kept identical between the
reference and the composite earmuffs for consistency. It should be noted that the Young’s modulus of
the reference ear cups—made from acrylonitrile butadiene styrene (ABS)—is proprietary. Hence,
the Young’s modulus of the material was taken as a typical value (2.6 GPa) from a materials
handbook [32].
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Compression moulding technique was used to manufacture the composite ear cups. First,
fibre fabrics and PP films were placed between a two-piece aluminium mould according to a prescribed
stacking sequence. The aluminium mould was designed to replicate the profile of the ear cups from the
reference earmuff. The set-up was then placed into the Collin hot press for 15 min under a processing
temperature and pressure of 190 ◦C and 20 bar, respectively. Thereafter, the set-up was cooled to room
temperature at a rate of −10 ◦C per minute. Finally, the excess material was removed by cutting to
form the composite ear cups. Figure 1 shows the composite ear cups assembled with the inner foam
lining and cushion from the reference earmuff.

Figure 1. Closed-up view of the composite ear cups assembled with the inner foam lining and
cushion: (a) coir fibre-reinforced polypropylene (Coir-PP); and (b) coir/carbon fibre-reinforced
polypropylene (Coir/C-PP).

Coir-PP ear cups were made from nine layers of coir fibre fabric with a fibre volume fraction
of 28%. One layer of PP film was added in between each layer of coir fibre fabric and at the outermost
(exposed) layers. Coir/C-PP ear cups were made from six layers of coir fibre fabric, which were
sandwiched by one layer of carbon fibre fabric. Similarly, PP films were added in between each layer of
fibre fabric. In the hybrid model, the volume fractions of carbon fibre and coir fibre were 8% and 19%,
respectively. The estimated Young’s moduli of the composites were around 2.0–2.3 GPa. Figure 2
shows the schematic representation of the fibre stacking sequence for the respective composite ear
cups. Table 1 shows the mass and the estimated cost of the respective ear cups.

Figure 2. Schematic representation of the fibre stacking sequence for (a) the coir fibre-reinforced
polypropylene (Coir-PP) ear cups; and (b) the coir/carbon fibre-reinforced polypropylene (Coir/C-PP)
ear cups.
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Table 1. Mass and estimated cost of the respective ear cups.

Ear Cup Mass (g) Estimated Cost ($/kg) *

Reference 39.0 5.00
Coir Fibre-Reinforced Polypropylene 27.6 3.00

Coir/Carbon Fibre-Reinforced Polypropylene 28.1 8.00
* Note: Amount is in Singapore dollar.

The raw materials were provided by different sources, which are as listed in Table 2. Due to
manufacturing limitations, only three samples were fabricated for each type of composite ear cups
as opposed to five samples as specified in ANSI S12.42 [33]. Nonetheless, such requirement is not
specifically indicated in BS EN ISO 4869-3 [34].

Table 2. Details of the materials used.

Material Type Density (g/m2) Source

Coir Fibre Fabric Non-Woven 120 Can Tho University, Can Tho, Vietnam
Carbon Fibre Fabric (282 3K) Plain Woven 197 Hexcel, Stamford, CT, USA
PP Film (Cosmoplene Y101E) Unmodified 90 The Polyolefin Company, Singapore

2.2. Experimental Details

The experiment was performed in a reverberation chamber of 226.9 m3 with reference
to ANSI S12.42 [33] and BS EN ISO 4869-3 [34]. A sound quality head and torso simulator
(Type 4100, Brüel & Kjær, Nærum, Denmark) and a data acquisition unit (Type 3663, Brüel & Kjær,
Nærum, Denmark) were placed on a table, which was positioned at the centre of the chamber.
Pink noise (50–12,800 Hz) was generated and amplified by a noise generator (Type 1405, Brüel & Kjær,
Nærum, Denmark) and a signal amplifier (BAS002, Larson Davis, Depew, NY, USA), respectively.
The signal was then transmitted by an omnidirectional loudspeaker (BAS001, Larson Davis,
Depew, NY, USA) situated at one corner of the chamber. An additional microphone was placed
at 1 m away from each side of the simulator’s moulded pinna. These additional sensors served
to ensure consistency in the sound field with reference to the sound pressure level (SPL) recorded
by the simulator without any earmuff (open ear). Figure 3a shows the experimental set-up in the
reverberation chamber.

Figure 3. (a) Overview of the experimental set-up in the reverberation chamber with a reference
earmuff worn on the simulator; and (b) closed-up view of the simulator with the composite earmuff
worn based on the reference scales.

It should be noted that the simulator was designed for evaluating sound quality in vehicle cabins
and other optimisation studies [35]. As such, the results obtained from the simulator were only valid
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as relative measurements for benchmarking of the composite earmuffs with the commercial earmuff.
Ang et al. [36] highlighted the same limitation in a recent study. Therefore, the presented results must
not be misunderstood as a direct indication of real-ear attenuation values, which is one of the most
accurate evaluation methods for HPDs [18].

The subsequent stage of the study involved the consideration of aircraft take-off exterior noise to
emulate the noise field exposed by the ground crew at the airport. It should be noted that the use of
a reverberation chamber to emulate the aircraft take-off exterior noise environment is a limitation of
the present study. An anechoic chamber would better emulate the scenario albeit such a facility was
not available. The recorded soundtrack—downloaded from the Internet—was played via an audio
system (ZS-RS70BT, Sony, Minato, Tokyo, Japan). Due to technical limitations, the omnidirectional
loudspeaker was substituted with a pair of self-powered loudspeakers (DXR15, Yamaha, Hamamatsu,
Shizuoka, Japan), which were placed at different corners of the chamber.

Comparing the simulator and a real human head, it may be understandable that leakage paths
exist differently in both cases. In view of this concern, efforts were made to minimise possible leakage
paths that may exist in the simulator and reduce experimental uncertainty. For instance, prior to
each set of measurements, the simulator was inspected to ensure that the moulded pinnae remained
well-fitted in the respective recesses of the simulator. This inspection was essential because the fitting
of the pinnae in the respective recesses could be affected during the process of changing the tested
earmuffs. Experimental uncertainty was further minimised by ensuring consistency in the fitting
and the positioning of each earmuff worn on the simulator. This consistency was achieved by taking
note of the reference scales around the moulded pinnae of the simulator and at the top of its head.
The reference scales are partly shown and labelled in Figure 3b. Interested readers may refer to the
manufacturer’s manual for a detailed projection view of the simulator [35]. The extended length of
the headband for each earmuff was also kept constant throughout the experiment to minimise the
possibility of inconsistent sealing. Additionally, the consistency in the position of the earmuff based
on the reference scales and the extended length of the headband helped to minimise discrepancy in
the headband force for each earmuff. However, the headband force could not be measured because it
would require a specially designed test rig as demonstrated by Hsu et al. [37], for example.

Six measurements were recorded for each earmuff in the respective noise fields. This number of
measurements exceeded the minimal number as specified in both test standards (at least two and three
measurements for ANSI S12.42 and BS EN ISO 4869-3, respectively). The reason for this approach
was to reduce experimental uncertainty by obtaining the results from the average of more datasets,
even though the noise level at any field point in the reverberation chamber should ideally be the
same. All earmuffs were first measured in pink noise to obtain a complete dataset before moving on to
aircraft exterior take-off noise. The measurement durations were 30 and 15 s for pink noise and aircraft
exterior take-off noise, respectively. The SPL of each noise source was ensured to be at least 15 dB
higher than the background noise within the chamber. All measurements were recorded in the time
domain at a sampling rate of 32,768 Hz and saved as wave files.

The saved data were then post-processed and presented in terms of insertion loss (IL) as defined
by the SPL difference between without and with an earmuff worn on the simulator as given by

IL f = Lwo, f − Lw, f (1)

where the subscript f denotes a frequency-dependent term; Lwo and Lw denote the time-averaged SPL
without and with an earmuff worn on the simulator, respectively (dB). The time-averaged SPL was
computed by the arithmetic average between the left and the right ears of the simulator based on the
assumption of a reverberant sound field. As specified in ANSI S12.42, the use of arithmetic average to
calculate IL is permitted if the SPL at each ear is within a difference of 5 dB. Else, the IL curves must be
presented and discussed based on each ear. It should be noted that the characterisation of the earmuffs
using sound transmission loss values or sound absorption coefficients would not be representative
due to the requirements of the respective test standards [38,39].
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3. Results

This section presents and discusses the acoustical performance, in terms of IL, of the earmuffs in
pink noise and in aircraft take-off exterior noise. To better show the overall characteristics of the earmuffs,
the IL curves are plotted in narrowband frequency range instead of octave band frequency range.
The IL curves in pink noise and in aircraft take-off exterior noise are plotted with a frequency resolution
of 8 and 16 Hz, respectively. Instead of presenting the mean IL values, each IL curve is represented
by a shaded area, which is bounded by the upper and the lower limits of the expanded uncertainty at
a confidence level of 95% (i.e., coverage factor = 2) [40]. Systematic error was taken to be 0.5 dB.

3.1. Acoustical Performance of the Earmuffs in Pink Noise

The acoustical performance of each earmuff was first evaluated based on the IL in a continuous
noise environment. Figure 4 shows the IL curves of the earmuffs in pink noise. It should be noted that
the results were truncated at 6 kHz, as no significant differences were observed above this frequency.

Figure 4. Insertion loss curves of the reference earmuff (dark grey), the Coir-PP earmuff (red), and the
Coir/C-PP earmuff (blue) in pink noise. Shaded area is bounded by the upper and the lower limits of
the expanded uncertainty at a confidence level of 95%. Note that the frequency interval is 16 Hz.

Based on the mean values, Coir-PP earmuff showed better IL within a narrow bandwidth
(320–512 Hz) in contrast to the reference earmuff. Although this improvement came with a compromise
in IL below 192 Hz, the inclusion of carbon fibre brought the IL closer to that of the reference
earmuff. At higher frequencies (>1120 Hz), the acoustical performance of Coir-PP earmuff showed
improvements in IL by up to 8.2 dB. This value increased by 3.8 dB at the same frequency (4928 Hz)
with Coir/C-PP earmuff. Having a total noise reduction of 12 dB, more than half the perceived
loudness could be reduced.

In general, the overall trend of the IL curves was similar with a distinct IL dip at around 170 Hz.
Since the physical design of the composite ear cups was kept identical to that of the reference earmuff,
this observation suggested that the phenomenon was not influenced by the assembly components
of the earmuff. In this case, the IL dip was due to the resonance (pumping motion) of the ear cups,
which is dependent on the design parameters and the leakages around the cushion pads. In another
work, Paurobally and Pan [41] demonstrated that the presence of leakages could deteriorate the
intended performance of an earmuff in the low-frequency range (<500 Hz). To improve the IL at this
frequency range, a perfect seal could be a feasible solution. Unfortunately, it would be challenging to
achieve zero leakage as the compliance of the cushion pad with the morphology of the temporal bone
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(around the pinna) may not be perfect. The pressure exerted by the headband could also be tuned to
minimise leakages around the cushion pads of the earmuff. For example, Boyer et al. [42] showed that
a higher headband force would provide a better sealing of the cushion pads, improving low-frequency
performance of the earmuffs. However, the higher headband force would lead to a higher equivalent
stiffness of the cushion pads, which could compromise comfort, discouraging the user from wearing
the earmuff over a prolonged period of time as suggested by Zannin and Gerges [22].

The second IL dip occurred at different frequency for the reference and the composite earmuffs.
Similarity was only observed between the composite earmuffs. The IL dip occurred at around 1088 Hz
and 736 Hz for the reference and the composite earmuffs, respectively. This observation could be
attributed to the structural resonance of the ear cups. Elaborating further, the ear cups of the reference
earmuff were made from ABS, which had a higher structural stiffness as opposed to the composite ear
cups. Hence, a higher structural resonance would be expected for the ABS ear cups.

Up to this point, the presented results suggested that the composite earmuffs would be ineffective
for low-frequency noise reduction, which is the dominant source of noise exposed by the ground
crew at an airport. However, it should be noted that the acoustical performance of the composite
earmuffs were determined based on only the continuous noise environment (pink noise). In the study
by Augustine [23], he showed that the acoustical performance of composite earmuffs may differ in
transient noise environments. As such, the proposed composite earmuffs were further evaluated based
on aircraft take-off exterior noise.

3.2. Acoustical Performance of the Earmuffs in Aircraft Take-Off Exterior Noise

The ground crew at an airport is exposed to the noise mainly generated from an aircraft take-off
at specific time intervals. This transient noise event generally lasts for 15–20 s before the aircraft
eventually leaves the runway. In this study, the scenario was emulated in the reverberation chamber
by an audio playback. Figure 5 shows the open ear SPL of the aircraft take-off exterior noise alongside
the background noise measured by the simulator in the reverberation chamber. It should be noted
that transient noise is different from impulse noise where the main characteristic of the former and
the latter is time-dependent and instantaneous, respectively. An example of impulse noise is the
firing noise generated by a gunshot, which was considered by Augustine [23]. In this case, an aircraft
take-off exterior noise would be more appropriate to be categorised as a transient noise due to the
speed variation of the engines.

Figure 5. Time-averaged open ear sound pressure level of the aircraft take-off exterior noise and the
background noise measured by the simulator in the reverberation chamber. Note that the frequency
resolution is 8 Hz.
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Figure 6 presents the IL of the earmuffs. In overall, similar trend was observed as that achieved
in pink noise where the first and the second IL dips occurred at approximately the same frequency
range. Interestingly, the acoustical performance of the composite earmuffs in the lower frequencies
(160–544 Hz) showed an improvement in IL by up to 8.6 dB at 256 Hz in contrast to the reference
earmuff. At the higher frequencies, an improvement in IL was also observed for Coir-PP earmuff
(1280–1952 Hz) albeit not extending beyond 1952 Hz, which was the case in pink noise. In general,
Coir/C-PP earmuff was observed to perform poorer than Coir-PP earmuff.

Figure 6. Insertion loss curves of the reference earmuff (dark grey), the Coir-PP earmuff (red), and the
Coir/C-PP earmuff (blue) in aircraft take-off exterior noise. Shaded area is bounded by the upper and
the lower limits of the expanded uncertainty at a confidence level of 95%. Note that the frequency
interval is 8 Hz.

The results suggested that Coir/C-PP earmuff may not be beneficial if the intended use is in
a transient noise environment. However, both composite earmuffs—Coir-PP in particular—showed
improvements in IL at the lower frequencies (160–544 Hz) as compared to the reference earmuff.
As such, Coir-PP earmuff may potentially help to reduce low-frequency noise exposed by the ground
crew at the airport because the acoustical energy of the noise environment falls between 100 Hz and
300 Hz as shown in Figure 5.

4. Discussion

Coir-PP and Coir/C-PP were considered as potential alternatives to the material selection of the
ear cups of typical earmuffs. To reiterate, this work aims to explore the viability of composite earmuffs
in low-frequency noise reduction in contrast to a reference earmuff. Results indicated a difference
in IL of both composite earmuffs in continuous noise environment (pink noise) and transient noise
environment (aircraft take-off exterior noise).

In continuous noise source, Coir-PP earmuffs showed improvements in IL in contrast to the
reference earmuff at 320–512 Hz. This improvement, however, resulted in a compromise in IL
below 192 Hz albeit this compromise was found to reduce with the inclusion of carbon fibre into
the Coir-PP ear cups. In the higher frequencies (>1120 Hz), Coir-PP earmuff achieved up to 8.2 dB
improvement in IL. This improvement increased further by 3.8 dB when the hybrid ear cups (Coir/C-PP)
were considered, suggesting that the loudness perception could be reduced by more than half.
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Interestingly, otherwise was observed in transient noise environment where a higher IL was
observed in the lower frequencies (160–544 Hz) for both composite earmuffs. In contrast to the
reference earmuff, the improvement in IL went up to 8.6 dB at 256 Hz. Although both composite
earmuffs showed marginal drop in IL in the higher frequencies (>1952 Hz), it was not crucial because
low-frequency noise reduction is the key interest. The improvements in IL achieved by the composite
earmuffs could be attributed to the high damping property of the natural fibres. Such property is
usually low in thermoplastics—ABS, for example.

As highlighted in Section 2.1, the assembly components—headband, inner foam lining,
and cushion pads—of the earmuffs and the physical profile of the ear cups were kept identical.
As such, it would be interesting to discuss the cost to produce the respective ear cups. Based on Table 1,
the estimated cost to produce a pair of the reference, the Coir-PP, and the Coir/Carbon-PP ear cups
would be $0.39, $0.17, and $0.45, respectively (Singapore dollar). The estimated cost suggests that the
composite earmuffs may provide a cheaper and greener alternative in reducing low-frequency noise
as opposed to the proprietary earmuffs. It should be noted that the cost of the reference ear cups was
calculated based on only the material cost without taking into consideration of the manufacturer’s
branding, which could further increase the cost. Moreover, the reduced weight (up to 29%) of the
composite earmuffs in relative to the reference earmuff suggests that the user may be more likely to
wear the earmuff over an extended duration of time.

Future work may include the numerical simulations to gain better understanding of the
acoustical performance of the respective ear cups and optimise their designs, resulting in enhanced
acoustical performance. Additionally, a modal analysis may also be considered to understand the
acoustic-structure interaction between the ear cups and the surrounding components, such as the
cushion pad, inner foam lining, pinna, and the enclosed fluid cavity. Different manufacturing
parameters may also be considered to understand their influence on the acoustical performance
of the composite ear cups—processing temperature and pressure, for example. Various types of
transient noise sources may also be considered to evaluate the composite earmuffs and understand
their potential in such noise environments. Additionally, the present study may also be extended
for clinical studies with the possibility to analyse temporary threshold shift and distortion product
otoacoustic emissions on human subjects.

5. Conclusions

In conclusion, this study shed light to the potential of composite earmuffs for low-frequency noise
control applications. Although the study was limited to the evaluation of the composite earmuffs in
a laboratory rather than an actual site, the results could still suggest that the consideration of composite
ear cups—combining natural and synthetic fibres—may be beneficial in reducing noise exposure for
the ground crew at an airport. Such consideration could reduce the need for expensive and heavy
customised commercial earmuffs. Consequently, the proposed composite ear cups may find potential
applications to areas where the noise field is predominantly low-frequency such as in certain vehicle
cabins, at construction sites, and at airports.
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Abbreviations

The following abbreviations are used in this paper:

ABS Acrylonitrile Butadiene Styrene
Coir-PP Coir Fibre-Reinforced Polypropylene
Coir/C-PP Coir/Carbon Fibre-Reinforced Polypropylene
HPDs Hearing Protection Devices
IL Insertion Loss
SPL Sound Pressure Level

References

1. Arenas, J.P.; Crocker, M.J. Recent trends in porous sound-absorbing materials. Sound Vib. 2010, 44, 12–17.
2. Joshi, S.V.; Drzal, L.T.; Mohanty, A.K.; Arora, S. Are natural fibre composites environmentally superior to

glass fibre reinforced composites? Compos. Part A Appl. Sci. Manuf. 2004, 35, 371–376.
3. Mamtaz, H.; Fouladi, M.H.; Al-Atabi, M.; Namasivayam, S.N. Acoustic absorption of natural fibre

composites. J. Eng. 2016, 2016, 5836107.
4. Pitarresi, G.; Tumino, D.; Mancuso, A. Thermo-mechanical behaviour of flax-fibre reinforced epoxy laminates

for industrial applications. Materials 2015, 8, 7371–7388.
5. Stoof, D.; Pickering, K.; Yuanji, Z. Fused deposition modelling of natural fibre/polylactic acid composites.

J. Compos. Sci. 2017, 1, 8.
6. Swolfs, Y.; Gorbatikh, L.; Verpoest, I. Fibre hybridisation in polymer composites: A review. Compos. Part A

2014, 67, 181–200.
7. Verma, D.; Gope, P.C.; Shandilya, A.; Gupta, A.; Maheshwari, M.K. Coir fibre reinforcement and application

in polymer composites: A review. J. Mater. Environ. Sci 2013, 4, 263–276.
8. Wambua, P.; Ivens, J.; Verpoest, I. Natural fibres: Can they replace glass in fibre reinforced plastics?

Compos. Sci. Technol. 2003, 63, 1259–1264.
9. McReynolds, M.C. Noise-induced hearing loss. Air Med. J. 2005, 24, 73–78.
10. Henderson, D.; Bielefeld, E.C.; Harris, K.C.; Hu, B.H. The role of oxidative stress in noise-induced hearing

loss. Ear Hear. 2006, 27, 1–19.
11. Le Prell, C.G.; Yamashita, D.; Minami, S.B.; Yamasoba, T.; Miller, J.M. Mechanisms of noise-induced hearing

loss indicate multiple methods of prevention. Hear. Res. 2007, 226, 22–43.
12. Ralli, M.; Balla, M.P.; Greco, A.; Altissimi, G.; Ricci, P.; Turchetta, R.; de Virgilio, A.; de Vincentiis, M.

Work-related noise exposure in a cohor of patients with chronic tinnitus: Analysis of demographic and
audiological characteristics. Int. J. Environ. Res. Public Health 2017, 14, 1035.

13. Masterson, E.A.; Bushnell, P.T.; Themann, C.L.; Morata, T.C. Hearing impairment among noise-exposed
workers—United States, 2003–2012. Morb. Mortal. Wkly. Rep. 2016, 65, 390–394.

14. Rosler, G. Progression of hearing loss caused by occupational noise. Scand. Audiol. 1994, 23, 13–37.
15. Colucci, D.A. Fit for hearing protection with earplug testing. Hear. J. 2014, 67, 40.
16. Toivonen, M.; Paakkonen, R.; Savolainen, S.; Lehtomaki, K. Noise attenuation and proper insertion of

earplugs into ear canals. Ann. Occup. Hyg. 2002, 46, 527–530.
17. Nelisse, H.; Gaudreau, M.A.; Boutin, J.; Voix, J.; Laville, F. Measurement of hearing protection devices

performance in the workplace during full-shift working operations. Ann. Occup. Hyg. 2012, 56, 221–232.
18. Berger, E.H.; Casali, J.G. Hearing protection devices. In Handbook of Acoustics, 3rd ed.; Crocker, M.J., Ed.;

John Wiley & Sons: Hoboken, NJ, USA, 1998; pp. 799–813.
19. Boyer, S.W.; Doutres, O.; Sgard, F.; Laville, F.; Boutin, J. Objective assessment of the sound paths through

earmuff components. Appl. Acoust. 2014, 83, 76–85.
20. Wells, L.; Berger, E.H.; Kieper, R. Attenuation characteristics of fit-compromised earmuffs and various

non-standard hearing protectors. Proc. Meet. Acoust. 2013, 19, 040003.
21. Williams, W.; Seeto, M.; Dillon, H. The mechanical properties of earmuffs. Noise Control Eng. J. 2012, 60, 29–35.
22. Zannin, P.H.T.; Gerges, S.N.Y. Effects of cup, cushion, headband force, and foam lining on the attenuation of

an earmuff. Int. J. Ind. Ergon. 2006, 36, 165–170.



Appl. Sci. 2017, 7, 1121 12 of 12

23. Augustine, S.C. Sound Attenuation Performance of Fibre-Reinforced Polymer Composite Circumaural
Hearing Protection Devices. Master’s Thesis, University of South Florida, Tampa, FL, USA, 2015.

24. Fouladi, M.H.; Nor, M.J.M.; Ayub, M.; Leman, Z.A. Utilisation of coir fibre in multilayer acoustic absorption
panel. Appl. Acoust. 2010, 71, 241–249.

25. Zulkifli, R.; Nor, M.J.M.; Mat Tahir, M.F.; Ismail, A.R.; Nuawi, M.Z. Acoustic properties of multi-layer coir
fibres sound absorption panel. J. Appl. Sci. 2008, 8, 3709–3714.

26. Nor, M.J.M.; Ayub, M.; Zulkifli, R.; Amin, N.; Fouladi, M.H. Effect of different factors on the acoustic
absorption of coir fibre. J. Appl. Sci. 2010, 10, 2887–2892.

27. Fouladi, M.H.; Ayub, M.; Nor, M.J.M. Analysis of coir fibre acoustical characteristics. Appl. Acoust. 2011, 72,
35–42.

28. Lim, Z.Y.; Putra, A.; Nor, M.J.M.; Muhammad, N.; Yaakob, M.Y. Sound absorption of multilayer natural
coir and kenaf fibres. In Proceedings of the 23rd International Congress on Sound and Vibration (ICSV23),
Athens, Greece, 10–14 July 2016; International Institute of Acoustics and Vibration: Athens, Greece, 2016.

29. Fatima, S.; Mohanty, A.R. Acoustical characterisation of bulk natural fibrous material using flow
resistivity. In Proceedings of the 45th International Congress and Exposition of Noise Control Engineering
(INTER-NOISE 2016), Hamburg, Germany, 21–24 August 2016; Kropp, W., Ed.; Deutsche Gesellschaft Fuer
Akustik: Hamburg, Germany, 2016; pp. 2813–2821.

30. Ang, L.Y.L.; Koh, Y.K.; Lee, H.P. Acoustic metamaterials: A potential for cabin noise control in automobiles
and armoured vehicles. Int. J. Appl. Mech. 2016, 8, 1650072.

31. Lee, H.P.; Wang, Z.; Lim, K.M. Assessment of noise from equipment and processes at construction sites.
Build. Acoust. 2016, 24, 21–34.

32. Cardarelli, F. Materials Handbook: A Concise Desktop Reference, 2nd ed.; Springer-Verlag: London, UK, 2008.
33. American National Standards Institute (ANSI). ANSI/ASA S12.42-2010 Methods for the Measurement of Insertion

Loss of Hearing Protection Devices in Continuous or Impulsive Noise Using Microphone-in-Real-Ear or Acoustic Test
Fixture Procedures; American National Standards Institute: Melville, NY, USA, 2010.

34. International Organisation for Standardisation (ISO). BS EN ISO 4869-3:2007 Acoustics—Hearing
Protectors—Part 3: Measurement of Insertion Loss of Earmuff Type Protectors Using an Acoustic Test Fixture;
International Organisation for Standardisation: Geneva, Switzerland, 2007.

35. Bruel & Kjaer (B&K). Sound Quality Head and Torso Simulator Type 4100 and 4100D User Manual; Bruel & Kjaer:
Copenhagen, Denmark, 2001.

36. Ang, L.Y.L.; Koh, Y.K.; Lee, H.P. The performance of active noise-cancelling headphones in different noise
environments. Appl. Acoust. 2017, 122, 16–22.

37. Hsu, Y.L.; Huang, C.C.; Yo, C.Y.; Chen, C.J.; Lien, C.M. Comfort evaluation of hearing protection. Int. J.
Ind. Ergon. 2004, 33, 543–551.

38. International Organisation for Standardisation (ISO). BS EN ISO 354:2003 Acoustics—Measurement of Sound
Absorption in a Reverberation Room; International Organisation for Standardisation: Geneva, Switzerland, 2003.

39. ASTM International. ASTM E90-09: Standard Test Method for Laboratory Measurement Of Airborne Sound
Transmission Loss of Building Partitions and Elements; ASTM International: West Conshohocken, PA, USA, 2009.

40. Coleman, H.W.; Steele, W.G. Errors and Uncertainties in a Measured Variable. In Experimentation, Validation,
and Uncertainty Analysis for Engineers, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2009; pp. 29–60.

41. Paurobally, M.R.; Pan, J. The mechanisms of passive ear defenders. Appl. Acoust. 2000, 60, 293–311.
42. Boyer, S.W.; Doutres, O.; Sgard, F.; Laville, F.; Boutin, J. Low frequency finite element models of the acoustical

behavior of earmuffs. J. Acoust. Soc. Am. 2015, 137, 2602–2613.

c© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Specimen Details and Materials
	Experimental Details

	Results
	Acoustical Performance of the Earmuffs in Pink Noise
	Acoustical Performance of the Earmuffs in Aircraft Take-Off Exterior Noise

	Discussion
	Conclusions
	References

