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1. Introduction

Medical devices are any goods or equipment that are used to identify an illness or other
conditions, to treat, cure, or prevent disease, according to the Food and Drug Administration
(FDA) [1]. The Center for Medical Devices and Radiological Health (CDRH) of the FDA is
responsible for categorizing, upholding, regulating, and authorizing these devices for use
in humans. These gadgets are categorized according to their specialty or intended usage.
Such devices are of considerable use in monitoring health, providing care, mitigating
mobility, helping in surgical procedures, improving aesthetics, etc. One such broad category
of medical devices is respiratory devices. These devices aid in breathing, ventilation, and
oxygenation and can be used in home or clinical settings. Respiratory devices encompass
those that help deliver drugs and/or support life. These devices include continuous ventila-
tors, bilevel positive airway pressure machines (BPAP), continuous positive airway pressure
machines (CPAP), and aerosol delivery devices. Aerosol delivery devices include metered
dose inhalers, dry powder inhalers, and nebulizers [2].
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1.1 Nebulizers

A nebulizer is a device that holds liquid medication and converts it into an aerosol by us-
ing a small air compressor that is delivered directly to the patient for breathing. A nebulizer
essentially consists of a drug reservoir with a lid, an air compressor, a mouthpiece/face mask,
and tubing. The air compressor is attached to the drug reservoir through tubing over which a
lid is placed that connects to a mouthpiece/face mask. The air compressor converts the air to
a fine mist that carries the drug from the reservoir through tubing to be inhaled by the pa-
tient. With the use of a nebulizer, a drug is directly delivered to the respiratory system.
This delivery method if used properly helps the drug reach both the small and large airways
and increases the efficacy of the treatment. Nebulizers are often used by children, old persons,
very ill people, or those who find it difficult to use an inhaler [3].
Nebulizers have been developed in design to suit the needs of the treatment and type of

drug to be delivered, reduce wastage of drugs, and increase the effectiveness of the therapy.
Consequently, there are different types of nebulizers available including (pneumatic) jet neb-
ulizers (JNs), ultrasonic nebulizers (USN), and vibrating mesh nebulizers (VMNs). JNs are
further divided into constant-output nebulizers (CON), breath-enhanced nebulizers (BENs),
breath-actuated nebulizers (BANs), and dosimetric nebulizers [4,5]. Diverse designs of nebu-
lizers are available for different types as per the manufacturer specifications and thus show
different efficacy in delivering the aerosol [6].

1.1.1 Jet nebulizers (JNs)

These nebulizers work on the principle of the venturi effect. The major component of these
types of nebulizers is the drug reservoir or the nebulizing chamber that has an inlet for com-
pressed air. The inlet pipe is constricted as it enters the nebulizing chamber. The constricted
end has an orifice or the nozzle through which the air comes out. The nozzle has a nozzle
cover, placed over the nozzle at a fixed distance creating a capillary. When the air enters
this constricted pipe, there is a drop in pressure as it moves out of the orifice or nozzle.
This creates a low-pressure area that is distributed with the help of baffles in the nebulizing
chamber. Because of the subatmospheric pressure created in the nebulizing chamber, the
medication in the liquid or suspension form rises upward toward the orifice by capillary ac-
tion or the Bernoulli effect and is aerosolized with the help of the air from the compressor.
This aerosol accumulates in the upper part of the chamber and can be inhaled through the
face mask or a mouthpiece [7]. CON generates aerosol during inhalation and exhalation,
thus contributing to the wastage of the drug during the exhalation phase whereas BEN gen-
erates aerosol only during the inhalation phase, and during the exhalation phase the gas
generating the aerosol returns back to the power gas supply. With dosimetric and BAN, aero-
sol is released only upon inhalation [8].

1.1.2 Ultrasonic nebulizers (USN)

Developed during the 1960s [9], these nebulizers use ultrasonic waves produced by the vi-
bration of piezoelectric crystals. The high-frequency source is used to generate the ultrasonic
waves in the piezoelectric crystals, which are transmitted to the drug solution or suspension
directly or through a coupling liquid. These ultrasonic waves produce smaller or larger
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