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1. Introduction

Noise can be defined as “unwanted sound” which is harmful for human health. Noise can be
classified into indoor noise and outdoor noise. For indoor noise, it can be divided into two types of
sound, which are airborne and structure-borne sound respectively. Airborne sound is a type of sound
that travels directly through air. When airborne sound hits a wall, the vibration will be induced within
the wall before being transmitted to another room. Besides than transmitting through building
structure, airborne sound can leak easily through holes or slits such as windows and doors. Meanwhile,
structure-borne sound can be defined as the noise that directly causes vibrations to the building
structures such as a wall. The sources of structure-borne sound can be any vibrating machines such as
washing machine, turbine, jet engine and compressor. Structure-borne sound is generated by the sound
wave, which is created by vibration from both sides of the wall.

Noise can cause serious impacts to human. For example, they can cause health problems like heart
diseases, decrement in efficiency, hypertension, lack of concentration, sleep disturbance, and the most
common one especially for industrial workers — hearing impairment [1]. There are around 120 to 250
million people worldwide estimated to have certain level of hearing loss. Thus, hearing loss became a
serious problem, or notable the 15" major health problem in worldwide health problem ranking [2].
Sleep disturbances will be incurred if human are exposed to the noise of 70 dBA of night-time indoor
noise level, while hearing impairment might happen when humans are exposed to noise level of 75dBA
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for over 24 hours [3,4]. Moreover, the work of Kim et al. [5] showed that workers will have better
performance in a surrounding with noise level of 75-86 dB.

Since noise can cause indispensable impact to humans, noise control technologies or techniques
should be applied to reduce the adverse effects. Usually, noise control strategies can be separated into
three categories: noise control at the noise source, control in the transmission path and control at the
receiver. Noise control at source can reduce the noise product directly from the source. Some examples
of noise control at source are reduction of speed and pressure, reduction of friction or reduction of
vibration. Noise control in the transmission path refers to the control of the propagation of noise from
source to the receiver, in which a portion of unwanted sound along the noise’s transmission path can
be absorbed to reduce the noise level. Technologies that are applied to administer noise control at the
receiver is usually the last resort in almost any scenario of noise control, due to the low efficiency of
this method and various limitations that an individual will be put under when using any hearing
protections.

2. Noise Control Strategies from Source

Controlling noise at the source is regarded to be the most fundamental and economical approach to
relieve the noise pollution problem [6]. Often, the noise generated was due to mechanical vibration,
unbalanced rotation of mechanical components, collision and friction between metal parts and irregular
flow of fluid [7]. With the aim of reducing noise generated by such reasons, the following approach
can be taken to reduce the resulting noise at the source itself.

2.1 Impact Minimisation

Many appliances come with parts that hit against another part, resulting in sounds from the impacts.
Impact noise can be produced from simple actions such as closing the cabinet to machines and forging
a metal part. The noise can be minimised by reducing the mass and size of the object and its height of
fall or distance from the surface. Shock absorbing material can be placed in between as well. Besides,
minimising the impact force and extending the time of impact are effective ways too [8]. The noise
level caused by two metallic surfaces is high and therefore, one should avoid such situation to prevent
resonance by replacing one of the surface into an object made from non-metal [2,3].

2.2 Speed and Pressure Reduction

Fast rotating and moving components in all the electrical appliances and machineries can cause
unwanted sound. Even though it is unavoidable in some circumstances, the speed and pressure can still
be reduced to the lowest possible level while meeting the required needs of the user. Equal, centrifugal
or squirrel-cage type of fans are said to be producing lower level of sound compared to vane, axial or
propeller type. In an air ventilation system, when the speed of airflow is halved, the resulting sound
pressure level can be reduced by 10-20 dB [8]. Lowering the speed, pressure and fluid flow rate in
different machineries is able to lower down the turbulence and noise radiation.

2.3 Friction Minimisation

Friction can be induced by different factors such as misalignment of parts, rough contacting
surfaces and so on, which lead to the generation of noise. Noise propagated from electrical appliances
or machineries that are old and worn is often caused by the loosen parts within the machine are needed
to undergo maintenance once in a while to re-adjust their positions or replace with new parts.
Lubricants need to be applied unto the moving parts such as doors, windows and any other openings
to reduce the friction between the surfaces [7]. Next, to smoothen the contacting surface, tools such as
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sandpaper and grinder can be used for polishing and removal of the unwanted pieces from the surface

[8].
2.4 Radiation Area Minimisation

Sound can be transferred through three different mediums, which are solid, liquid and gas. The
arrangement of the particles in solid is the closest compared to others. As sound is generated through
the vibration of particles, the transmission of sound is the fastest in solid. Hence, by reducing the size
of the parts which are vibrating and unnecessary, or create some openings and holes at the part’s
surface, the resulting noise level can be effectively reduced [8]. At the meantime, one should also be
careful not to sacrifice too much of the material strength and cause the component to fail during
operation.

3. Control in Transmission Path

Noise control at transmission path is the control of the propagation of noise from the source to
the receiver. In most industries, it is often difficult to achieve fundamental design changes to equipment
to reduce their noise. Thus, effective additional noise control technology during the transmission of
sound must be implemented.

3.1 Acoustic Barriers

Acoustic barriers are a form of partial enclosure between noise sources and receivers, for reducing
the effect of one-directional sound field transmitted to the receiver. In some cases, acoustic barriers
are treated with sound absorbing materials to attenuate reverberant sound field levels. Sonic crystals
(SCs) could also be used as acoustic barriers made of cylinders using recycled materials using the
principle that SCs are structures made of sound scatterers periodically arranged in a lattice that forbid
sound propagation for some frequency bands [9]. The barriers consist of only three rows of perforated
metal shells filled with rubber crumb porous absorptive media. It was found that it could be used as
building blocks whose physical parameters can be optimized in order to design efficient barriers
adapted to different noisy environments.

In addition, sonic crystals acoustic screens (SCACs) made up of rigid cylinders as scatterers
introduce versatile overlapping model of barriers as shown in Fig. 1. It was found that SCACs are
acoustically competitive compared to classical acoustic barriers. Its increased tunability also allowed
noise control of wide range of sound frequency [10].
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Fig. 1. (a) Acoustic performance of acoustic barrier (b) Array of SCs [10]
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3.2 Sound Absorbing Materials

Sound absorption is the absorption of sound by converting sound acoustic energy into thermal
energy. It happens when sound waves encounter an obstacle which is made of sound absorbing
materials which are dissipative structure in nature. Sound acoustic energy is then transformed into
thermal energy due to viscous flow losses by wave propagation in the material and internal frictional
losses caused by motion of the material's fibres [11].

In the upsurge in research on the use of recyclable and biodegradable materials in manufactured
products especially for automotive industry, three types of needle punched nonwovens in the ratio of
50:50 were tested for sound absorption by ASTM E 1050. It was found that bamboo/polypropylene
nonwoven had the highest absorption coefficient in all frequency levels due to its compact structure,
higher tensile strength, higher stiffness, lower elongation, lower thermal conductivity, lower air
permeability, and higher absorption coefficient [12].

On the other hand, irregular-shaped cavity backed micro-perforated panel absorber (CBMPPA) may
achieve better absorption performance at the troughs in the absorption curve compared to conventional
micro-perforated panel (MPP) absorber with constant air gap as shown in Fig. 2. It was achieved by
varying the cavity depth in the conventional MPP absorbers to allow more effective vibroacoustic
coupling between the MPP and the cavity, providing the flexibility for tuning the effective absorption
range of the absorber. Due to its irregular shape, it also exhibits obvious local characteristics [13].

(a) (b)
Fig. 2. (a) Conventional MPP absorbers (b) Irregular-shaped (trapezoidal) CBMPPA [13]

3.3 Active Noise Control

Active control of noise is the reduction of existing noise by introducing one or more additional
secondary sound sources. One of the frequently used mechanisms is the sound field cancellation,
whereby the secondary sound is anti-phase to the original sound to give cancellation effect. When the
secondary sound propagates from its source point, “local zones of quiet” or “local cancellation” on a
small particular area or zone is created. An error or residual sensor is placed close to the secondary
source to feed information about attenuation results for feedback control. Sometimes, a reference
sensor will also be employed to detect noise upstream near the primary source for feedforward control
[14]. The mechanism is shown in Fig. 3.

Another mechanism of active noise control is the suppression of sound generation, whereby the
secondary sound changes the primary sound’s radiation impedance so that it radiates less. In this case,
the secondary sources are large enough to suppress the sound power radiated by the primary source by
making its radiation impedance reactive with only a negligible real part. Generally, the secondary
sources are close to the primary sources so that its radiation impedance will be affected significantly.
Both the primary and secondary sources must also have similar sizes and similar volume velocity
outputs in order to achieve effective suppression of sound [11].
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Fig. 3. Active Noise Control strategies [14]
3.4 Mufflers

Mufflers are devices that allow fluids to pass but restricting the free passage of sound
simultaneously. They are commonly used for controlling noise levels from sources such as internal
combustion engine exhausts, high pressure gas or steam vents, compressors and fans. The combination
of muffler and ANC was found to provide greater noise reduction, more transmission loss and insertion
loss than the effect of ANC or muffler only. Furthermore, the hybrid system had the advantages over
a traditional muffler when the muffler is not designed for the frequency of the noise. Additionally, it
was found that when ANC system was set in front of a muffler. It was less effective than the system
of the opposite setup sequence [15].

3.5 By Natural Means

In urban areas, one of the noise sources is due to transportation. Road traffic noise can be reduced
by planting row of trees behind noise walls to improve the noise wall efficiency under downwind
conditions at short distance behind the wall. Additionally, numerical analysis found that tree belts as
narrow as 15 m could provide relevant noise reduction with the condition that specific design rules are
followed. For houses and courtyards, green roofs are particularly helpful to achieve noise reduction
when compared to traditional rigid roofs [16,17].

4. Control from Receiver Side

One of the method of noise reduction is attenuation at the receiver side. Where the receiver is usually
referred as the human ear.

4.1 Ear Shields

Ear shields refer to devices or apparatus used to cover the ear or obstruct the ear passage where
sound propagate through to achieve reduction of noise reaching the eardrum and then interpreted by
the auditory system [18]. They are usually categorised into the external and internal shields. The
selection between this two will then depend on the type of work conducted, the period of exposure and
the condition of the receiver. The two different type can also be used together most of the time. For
example, the KUDUwave audiometer used for clinical hearing test uses both external and internal
shields to ensure that patients with their hearing being tested do not hear anything from the
surroundings but only sounds from the inside of the ear shield [19]. The KUDUwave audiometer
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consists of dual circumaural ear cups and insert earphones attached to the inside of the ear cups as
shown in Fig. 4.

Fig. 4. A KUDUwave audiometer [19]
4.1.1 External Shields

Refers to devices that cover and form a barrier around the entire circumscription of the ear. The
usage of this type of attenuation is recommended for high level of noise in terms of decibel because
they have better noise insulation compared to the internal shields and also for work that do not require
much attention. The also work better at high frequency noise. The examples of external ear shields are
earmuffs, headphone and helmets [20].

External noise reduction equipment such as earmuffs are important for the mental and physical
health of individuals exposed under high noise level or sensitive individuals [21]. According to a
research by Duran et al. [22] that studied the effects of noise reduction by using earmuffs on
physiological responses and behaviours of low birth weight preterm infants, it was noticed that preterm
infants who wore earmuffs while sleeping were in the quiet sleep state for a longer period of time. It
was important to protect the preterm infants from surroundings noises such as infants’ cries, phones
ringing and also alarms sounds as a low noise level in the neonatal intensive care unit (NICU) or
incubator rooms is important for the sleeping quality of the infants. Sleep is important for healthy
neurodevelopment of the infants and they might be under risks of negative effects on blood pressure,
oxygen saturation, breathing and heart rates if they are exposed to unwanted noise. Besides, from the
results of the experiment, it was concluded that preterm infants who had earmuffs on were observed
to be in the quiet sleep state of Anderson Behavioural State Scoring System (ABSS) more often (87.5%
of the test subjects) compared to the ones without earmuffs on (29.4% of the test subjects) [22]. Fig. 5
shows a preterm infant, which was one of the test subjects of the research wearing earmuffs while
sleeping.

Fig. 5. A preterm infant wearing earmuffs [22]
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4.1.2 Internal Shields

Internal shields usually refers to devices or objects that are inserted into the auditory canal to
obstruct the passage where sound travels through and reach the auditory system. This type of ear
shields is usually lighter in weight, more durable, cheaper, much simpler in structure and application
and can be used in environments with high temperatures. The examples of internal ear shields are:
earplugs, stoppers or tampons, materials are usually cotton, rubber or [20]. Fig. 6 shows a pair of foam
ear plugs attached to chords used for easy removal and to prevent loss of the earplugs.

Fig. 6. Foam ear plugs [20]

Other more advanced shields are sound restoration protectors, communication protectors, flat
response protectors and active noise cancellation (ANC) protectors. An ANC protector applies the
nature of superposition to cancel out unwanted noise [23]. As sound waves are basically acoustic
pressure with alternating rarefaction and compression, a specially-designed speaker mounted in the
ANC protector will emit sound waves of the same amplitude but with different phase or “antiphase”
to the detected sound wave input. Destructive interference of waves effectively dampens out each other
hence noise reduction is achieved [24]. Fig. 7 shows how an ANC protector emits sound waves that
cancel out the noise source’s sound waves.
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Fig. 7. Working principle of an active noise cancellation protector [23]
4.2 Sound Reducing Enclosure

Ear shields can only reduce noise levels to a certain degree and can sometimes be insufficient for
excessive or long exposure of high noise level. This is because noise can be transmitted as vibration
through the bones in our heads into the auditory system even when the auditory canal is covered or
blocked with ear shields [18]. For situations as such, sound reducing enclosures can be used [25]. A
sound reducing enclosure are usually formed by solid barriers connecting side to side to form a
“container” that surrounds either a noise source or noise-receiving individuals to reduce the amount of
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noise entering the receiving individuals’ ears. In this case, the latter will be discussed. Most of the
enclosures are made up of sides with firm outer layers and sound-absorbing materials on the inner side.
The outer layer provides rigidity or acts as support and also reflects noise back to its source’s direction.
The sound-absorbing material on the inner side damps the sound waves and their structure. As
illustrated in Fig. 8, a noise source — a pump is enclosed in a small-sized acoustic enclosure that has
sides consist of a rigid outer layer of MDF board and a sound-absorbing inner layer of SA25ff/B/6
foam.
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purnp mnunts\ —— MDF Enclosure
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Concrete slab —
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Fig. 8. An acoustic enclosure for a pump [25]

2

Various forms of sound reducing enclosures exist for different usages and they are: acoustic
enclosures, industrial enclosures, NEMA and IP enclosures, modular enclosures, rack enclosures and
PC enclosures. For noise reduction at receiver side, acoustic enclosures will be selected as they are
larger in size compared to the others and are designed for human enclosure [26].

Besides that, enclosures can be divided into sealed enclosures and partial enclosures. Sealed
enclosures refer to those that have no openings or gaps on them and are sealed completely from the
outside environment while partial enclosures have gaps or openings that might be either accidental or
intentional. Intentional openings can be used for air circulation and machineries basic functioning
requirements [27]. Most of the time the frames of the enclosures are made of wood, glass, loaded vinyl,
stucco, metal or concrete. While the sound absorbing layers will be made of perforated vinyl,
perforated foil or perforated metal. These enclosures remove the ability of sounds from penetrating
into the inside of them.

Effective acoustic attenuation is dependent on applying acoustic mass law or application of layers
of absorptive materials, and this will result in heavy enclosures. The other method was using thick
material to increase the attenuation efficiency but this method is also unsatisfactory because in order
for this to be efficient, the thickness has to be in similar magnitude with the acoustic wavelength and
it is not easy to achieve most of the time and is impractical [28]. However, the performance or degree
of attenuation of an acoustic enclosure can be improved by adding different resonant structures. These
structures are usually in the form of honeycomb panels. Resonant cells with smaller scale than the
targeted structural wavelengths are used to form metamaterials with stop band characteristic. Then,
stop band characteristic can be created in any system that local resonant behaviour occurs in [29]. Stop
bands are actually zones that free wave propagations are absent or they are frequencies bands between
specified limits in a system that do not allow signal to pass through, in this case, the signal will be
sound waves [28]. Fig. 9 shows examples of resonant structure panels with a honeycomb or hexagonal
core panel on the left and a rectangular core panel on the right.
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Fig. 9. Different form of resonant structure panels [9]

According to a study by Claeys, C. et al. [28,29], it can be concluded that enclosures with resonant
structure panels applied outperform normal enclosures without resonant panels in terms of degree of
acoustic attenuation. Fig. 10 shows a graph that compares the measured insertion loss for an enclosure
with metamaterial resonant structure panel applied and a regular enclosure without resonant panels
and it is observed that between the range of 700 Hz to 1000 Hz, the enclosure with metamaterial
resonant structure panels applied performs better.
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Fig. 10. Comparison between the measured insertion loss for enclosure with metamaterial resonant
structure panels applied and a regular enclosure [29]
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