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ARTICLE INFO ABSTRACT

Article history: Background and objective: Human upper airway (HUA) has been widely investigated by many researchers
Received 14 April 2020 covering various aspects, such as the effects of geometrical parameters on the pressure, velocity and
Accepted 21 June 2020 airflow characteristics. Clinically significant obstruction can develop anywhere throughout the upper air-
way, leading to asphyxia and death; this is where recognition and treatment are essential and lifesaving.

Keywords: The availability of advanced computer, either hardware or software, and rapid development in numeri-
Human Upper Airway (HUA) cal method have encouraged researchers to simulate the airflow characteristics and properties of HUA by
Computational Fluid Dynamics (CFD) using various patient conditions at different ranges of geometry and operating conditions. Computational
Fluid-structure Interaction (FSI) fluid dynamics (CFD) has emerged as an efficient alternative tool to understand the airflow of HUA and

in preparing patients to undergo surgery. The main objective of this article is to review the literature that
deals with the CFD approach and modeling in analyzing HUA.

Methods: This review article discusses the experimental and computational methods in the study of
HUA. The discussion includes computational fluid dynamics approach and steps involved in the modeling
used to investigate the flow characteristics of HUA. From inception to May 2020, databases of PubMed,
Embase, Scopus, the Cochrane Library, BioMed Central, and Web of Science have been utilized to conduct
a thorough investigation of the literature. There had been no language restrictions in publication and
study design of the database searches. A total of 117 articles relevant to the topic under investigation were
thoroughly and critically reviewed to give a clear information about the subject. The article summarizes
the review in the form of method of studying the HUA, CFD approach in HUA, and the application of CFD
for predicting HUA obstacle, including the type of CFD commercial software are used in this research
area.

Results: This review found that the human upper airway was well studied through the application of
computational fluid dynamics, which had considerably enhanced the understanding of flow in HUA. In
addition, it assisted in making strategic and reasonable decision regarding the adoption of treatment
methods in clinical settings. The literature suggests that most studies were related to HUA simulation
that considerably focused on the aspects of fluid dynamics. However, there is a literature gap in obtain-
ing information on the effects of fluid-structure interaction (FSI). The application of FSI in HUA is still
limited in the literature; as such, this could be a potential area for future researchers. Furthermore, ma-
jority of researchers present the findings of their work through the mechanism of airflow, such as that
of velocity, pressure, and shear stress. This includes the use of Navier-Stokes equation via CFD to help
visualize the actual mechanism of the airflow. The above-mentioned technique expresses the turbulent
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kinetic energy (TKE) in its result to demonstrate the real mechanism of the airflow. Apart from that, key
result such as wall shear stress (WSS) can be revealed via turbulent kinetic energy (TKE) and turbulent
energy dissipation (TED), where it can be suggestive of wall injury and collapsibility tissue to the HUA.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Breathing, known as ventilation, is the process of taking air into
and expelling it from the lungs, often by consuming oxygen and
discharging carbon dioxide from the lungs. The respiratory system
comprises the nose and mouth, and all the way through the respi-
ratory tract: airways and lungs. Lungs are the main organs of the
respiratory system, in which it works to exchange oxygen and car-
bon dioxide during breathing. The nose and mouth are used for
breathing, where the air would then enter the respiratory system,
along the throat (pharynx), and across the voice box (larynx). Food
and drink are blocked from entering the airways during swallow-
ing because the passage to the larynx is lined with a small flap
of tissue called the epiglottis, which will spontaneously close upon
swallowing. The upper airway is situated at the lower end of the
trachea, which refers to the airway segment within the nose or
mouth and the main carina. The segment between the trachea and
the mainstem bronchi is the central airways. The lower conduct-
ing airways, such as the main, lobar, and segmental bronchi, are
different from the upper airway in a sense that the latter has no
collateral ventilation. As such, any obstruction of the upper airway
or central airways can be fatal, be it an acute obstruction (occur-
rence within minutes) or a chronic one (development in weeks
or months). Asphyxia and fatality may be resulted from any clin-
ically significant obstruction that take place along the site of the
upper airway; this is where recognition and treatment can be life-
saving. The upper airways are segregated into four sections: the
nose (functional during nasopharyngeal breathing) and the mouth
(functional during oropharyngeal breathing), the pharynx, the lar-
ynx, and the trachea. Due to the parallel anatomic arrangement of
the nose and the mouth, they seldom become an upper airway ob-
struction, unless in the event of massive facial trauma. Central air-
way obstruction is a branch of the upper airway obstruction, which
includes trachea and mainstem bronchi.

In recent years, the study of human upper airway (HUA) has
become one of the interesting research areas. Some studies were
focused on the flow characteristics, computer modeling, and fluid-
structure interaction between the airflow and the soft tissue of the
upper airway. Human upper airway plays a crucial role in deliv-
ering the inhaled air from the nasal passages to the lungs, which
is a part of the body’s breathing mechanism. The unique anatomi-
cal structure and functional properties of the soft tissue of the up-
per airways (e.g., mucosa, cartilages, and neural and lymphatic tis-
sues) significantly influence the airflow characteristics and have a
crucial effect to the conduction of air to the lower airways. Fig. 1
shows the anatomy of human upper airway, which begins with the
nasal cavity and continues over the nasopharynx and oropharynx
to the larynx [1]. The function of the upper airway is not limited
to only deliver air to the lung, but it ensures normal phonation, di-
gestion, humidification, olfaction, and warming of inspired air [2].
Therefore, the better understanding of human upper airway may
enhance the clinical application of anatomical structure and im-
prove the physiological knowledge of the respiratory system for a
medical practitioner.

An abnormal breathing during sleep can be classified in vari-
ous forms and conditions, such as sleep apnea, sleep-disordered
breathing (SDB), sleep apnea-hypopnea syndrome (SAHS), and
sleep-related breathing disorder (SRBD), all of which arise from

different etiologies [3]. Many researchers are concerned about the
importance of abnormal breathing during sleep, to which they
have proposed different efficient methods to detect or monitor
the breathing performance of the patient [4]. On top of that, the
scholars have proposed other efficient ways to treat the abnormal
sleep breathing patient via skeletal surgical approach [5], volumet-
ric tongue reduction [6], and using oral appliances to improve the
their sleep breathing experience [7,8].

The primary physiological objective of sleep is the patency of
the upper airway. The relaxation of throat muscle narrows the air-
way and causes the failure of upper airway patency, which leads
to the obstructive sleep apnea (OSA) and its sequelae [9]. More-
over, the protective upper airway is weak during sleep and the re-
laxation of the soft tissues can easily lead to the upper airway col-
lapse [10]. OSA can be classified as a multifactorial disease, which
involves a complex interplay of the upper airway anatomy, alone
and/or a combination of neuromuscular control mechanism with
other pathophysiologic factors (e.g., respiratory arousal threshold
and loop gain) [11]. Dynamic tongue movement and tongue thick-
ness may impair the respiratory control of an OSA patient. The fac-
tors that contribute to the OSA vary individually. Thus, an under-
standing of the OSA mechanism is important to achieve the goal
of individualized and targeted therapy for patients [12]. However,
some restrictions such as lack of information on the flow behavior
and upper airway collapse can result in only 50% operation suc-
cess rate [13]. Therefore, the knowledge and understanding of the
flow properties of upper airway are practically important for med-
ical practitioners and surgeons to accurately locate the obstruction
in OSA patients [14,15].

Surgical correction of OSA syndrome is one of the alternative
methods to tackle the obstruction of the upper airway [16]. The
understanding of a three-dimensional (3D) airway anatomy is cru-
cial for the surgical correction of OSA because it involves a num-
ber of parameters such as internal airflow velocity, wall shear
stress, and pressure drop [17]. The advanced cone-beam com-

Nasal Cavity

Nasopharynx

Soft Palate

Oral Cavity and Uvula

Tongue Base

Epiglottis

Larynx and
Vocal Cords

Fig. 1. The human upper airway is described as the area of airway between the
nose (nasal cavity) and the mouth (oral cavity), and the main carina at the lower
end of the trachea [5].
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puted tomography (CBCT) scan and automated computer analysis
were used to facilitate the visualization of the 3D upper airway in
identifying the abnormal airway condition and their response to
surgery. Besides that, preoperative studies provide knowledge and
information on specific airway obstruction, which can grant pre-
cise surgical treatment for OSA patients by focusing on the specific
region [18]. For example, 75% to 100% success rate of operation for
maxillomandibular advancement (MMA) was reported in the sur-
gical correction of OSA syndrome [19].

In recent years, the computational fluid dynamics (CFD) method
has been widely employed to analyze the airflow in both healthy
and diseased human conducting airways [20]. Most studies have
focused on the pollutant transport and drug delivery in respira-
tory systems, whereas others focused on sleep-disordered breath-
ing [21]. During breathing, the airflow characteristics through the
human respiratory tract are very complex. The airflow can be in
the laminar, transitional, or turbulent condition. The geometry and
boundary conditions are the main factors that greatly affect the
airflow in human respiratory tracts [22]. Therefore, these factors
must be considered in the CFD study of respiratory flow. Some-
times, the simplified airway geometries are considered in the CFD
analysis due to the limitations of computing memory and time.
With the advancements in medical imaging techniques, unique and
realistic geometries of the respiratory tract can be reconstructed
from the scanned images, to which they can be converted into a
CFD model; this also applies for both extra- and intra-thoracic air-
ways [23].

The CFD analysis is able to provide clear visualization and its
results can cover the lack of information from experiments such as
the flow properties and flow pattern generated inside the human
upper airway [24]. Moreover, the rapid development of new com-
putational and numerical methods using powerful hardware can
now shorten the computation time, allowing researchers to study
the critical airflow of the upper airway prior to conducting the
surgery [25]. This makes CFD a vital and useful tool for predicting
the various flow properties in the human upper airway by com-
putationally solving flow equations [26]. Thus, this review article
focuses on the challenges that arise in analyzing the airway mech-
anisms via CFD approach, and critical process, including modeling
and its mathematical background that are related to the study of
the human upper airway (HUA). In addition, the various steps in-
volved (i.e., preprocessing and post-processing) in solving the CFD
analysis are investigated. Lastly, the application of CFD method in
the analysis of the human upper airway, which has been carried
out by previous scholars, is also discussed in this article.

2. Diseases associated with human breathing

As mentioned beforehand, the upper and central airways are
the parts of a human breathing airway. These airways can be af-
flicted by respiratory diseases, which can distress or impair or-
gans and structures that are related to breathing, such as the nasal
cavities, the pharynx (also known as throat), the larynx, the tra-
chea (or windpipe), the bronchi and bronchioles, the tissues of the
lungs, and the respiratory muscles of the chest cage. There are
many causes of respiratory illnesses and diseases; some of them
are through infection, smoking of tobacco or breathing in second-
hand tobacco smoke, asbestos, radon, as well as various types of air
pollution. Asthma, chronic obstructive pulmonary disease (COPD),
pneumonia, pulmonary fibrosis, lung cancer [27], and the newest
pandemic-causing virus, COVID-19 coronavirus [32], are some ex-
amples of respiratory diseases. With regard to the human up-
per airway, an acute upper airway obstruction (UAO) occurs when
there is a blockage in one’s upper breathing passages. Since the
trachea, larynx (voice box), and throat make up the upper air-
way of the respiratory system, a blockage in the airway may pre-

vent the body from having sufficient oxygen uptake. Some types of
breathing-related sleep disorder are related to a range of breathing
abnormalities, from chronic or habitual snoring to upper airway re-
sistance syndrome (UARS) and frank obstructive sleep apnea (OSA),
and in certain circumstances, to obesity hypoventilation syndrome
(OHS). On the other hand, computational fluid dynamics (CFD) is
a computer-based software used to simulate the fluid movement.
Some benefits of adopting the CFD method as opposed to other
fluid mechanics analysis methods are that its significant cost and
time savings, capability of analyzing extremely complex systems or
conditions through experimental simulation (for instance, the case
of airways), as well as a nearly unlimited level of detail. This re-
view paper demonstrates that there is a broad application of CFD
in the analysis of diseases, even those related to the respiratory
system, where a better understanding of the airways mechanism
during breathing can be attained. Table 1 outlines the author and
the respective disease that was analyzed via CFD.

3. Challenges in analyzing airway mechanism

The airflow in the human upper airway is complex and time
dependent. The airflow undergoes transition from laminar to tur-
bulent, and vice versa within a second [35]. The complex geom-
etry of the human upper airway results in curve streamlines, re-
circulation or vortex regions, secondary flow, and jet flow. In or-
der to study the human upper airway, the laminar-turbulent tran-
sition flow with complex geometry can be analyzed via experimen-
tal and computational approaches. Both methods require a similar
first approach, which is the preparation of the geometry model for
a human upper airway [36]. The geometry model can be generated
from the images captured or scanned from the medical imaging
process, such as CT scan and MRI, among others [37].

3.1. Experimental methods

In the experimental method, a prototype of the human upper
airway is fabricated based on the unique geometry of the upper
airway of a patient, and the experiments are performed on this
physical prototype [38]. The prototype of the upper airway is typ-
ically fabricated according to the actual dimension or that in a
scale model, such as reduced- or enlarged-scale model. The op-
erating parameters are considered in the experiments to evaluate
the velocity, pressure, and flow profile of an upper airway. Sev-
eral factors, such as time and cost, are required for the study, as
well as the availability of facility, and measurement device that
needs to be taken into consideration in the experimental works
[39]. Furthermore, other errors, such as measurement and human
errors, may influence the accuracy of data collected from the up-
per airway experimental setup. Many scholars had performed ex-
perimental analysis on various upper airways from different pa-
tients to identify the accurate causes, and to propose the response
for surgery and operation [40]. Pirnar et al. [41] investigated a
clear physical interpretation by developing a simplified experimen-
tal system. The mechanical representation was employed to repre-
sent the human upper airway. They implemented the liquid lining
effects in a fluid flow-structure interaction computational model,
as shown in Fig. 2.

3.2. Computational methods

Computational fluid dynamics method is an alternative way of
analyzing and solving a complicated fluid flow problem. Although
the CFD is widely applied in the engineering field, it can also be
an extremely powerful tool in the biomedical research field. CFD
solves the governing equations of fluid flow while advances the
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Analysis of diseases associated with human breathing through CFD.

Author

Related disease

Summary

De Backer et al. [28]

Wenwen et al. [29]

Yang et al. [30]

Ali et al.[31]

Jinxiang et al. [32]

Qingtao et al. [33]

Asthma

Asthma

Chronic obstructive
pulmonary disease
(COPD)

Respiratory disease
(lung airways)

Respiratory obstructive
diseases

(bronchial tumor)

Lung cancer

A number of 14 cases of patients with mild to moderately severe asthma had undergone the CT
scan twice subsequent to adequate washout of the bronchodilators. The varying amounts of exhaled
air during a force (i.e., ability to move the air out of the lungs) are assessed by the CT scan model
and calculated via the CFD analysis.

In the diagnosis of 4-year-old asthmatic children, a planar and symmetric model of airways were
reviewed. The CFD was used to conduct numerical works on the airflow and particle deposition in
the upper and lower conducting airways.

The aim of this work was to evaluate the effect of inlet velocity profile on the flow features in
blocked airways along the branches of a human lung. Evaluation of bifurcation flow in a human
lung was deemed vital to give a better prediction on the particle deposition in drug therapy and
inhalation toxicology. This is done through the use of fully 3D incompressible laminar Navier-Stokes
equations and continuity equation, while the CFD solver was used to solve the unstructured
tetrahedral meshes.

CFD and particle dynamics framework on a specific lung model of a patient were described under
unsteady flow conditions, which can enhance the knowledge of particle transport and deposition in
the airways. Essentially, this can be a useful guide for future targeted drug delivery studies.
Potential sites of diseases were investigated in this work, where disease severity was determined to
help formulate a targeted drug delivery plan for the treatment of the disease. CFD was employed to
provide visualization of the unique lung structure in assessing the exhaled aerosol distribution. CFD
is also sensitive to the varying airway structures.

The changes in structural and functional of the tracheobronchial tree post-lobectomy was assessed
via the CFD to depict the airflow characteristics of the wall pressure, airflow velocity, and lobar flow

rate.
Long et al. [34] Pulmonary fibrosis

(lung disease)

The respiratory system was assessed through the use of CFD method and compared with the
pulmonary acinus mechanics and functions in healthy.

flow conditioning section

test section

variable-area

stilling

obstacle

flow meter

air inlet

chamber

membrane

liquid film

e

PC DAQ card

system

chamber

Fig. 2. Conceptual framework of fluid flow-structure interaction modeling. Experimental setup aims to assess the interaction between the unsteady airflow, liquid film, and

compliant insert (e.g., silicone membrane) [41].

solution via space and time [42]. Ferndndez-Parra et al. [43] ex-
plored the air pressure and airflow resistance in the upper airway
respiratory system and trachea of nine sedated and sternally re-
cumbent dogs that have distinctive skull types. CFD was used to
analyze the conduction of analysis via an inspiratory flow that is
modified to the bodyweight of each dog. Ji et al. [44] demonstrated
a detailed correlation among the flow and structure characteristics
of the upper airways and airway collapsibility in obstructive sleep
apnea, while the CFD was used to project possible collapsible sites
along the upper airway. Numerous works have been done to study
the fluid mechanism in human bodies. For instance, Ratchanon
et al. [45] had performed CFD simulations according to the Euler-
Euler approach to assess the airflow behavior upon an electrostatic
charge of a full breathing cycle in the case of aerosol deposition
in the trachea. In addition, Koullapis et al. [46] had studied the ef-
ficiency of computational fluid-particle dynamics approach for the

prediction of deposition in a simplified approximation of the deep
lung.

Moreover, the availability of computational resources for solv-
ing numerical algorithm also makes it possible to govern equa-
tions using a specific numerical method [47]. The combination of
conventional coupled CFD-DEM model is also able to solve fluid-
structure interaction (FSI) problems. The integration of a dynamic
meshing approach allows the FSI simulation to resolve the flow
structure surrounding the large free-moving object. Commercial
software platform, such as ANSYS FLUENT, with user-defined func-
tions (UDFs) are used to simulate the analysis due to its capability
in handling complex geometries of the model and solving the dy-
namic meshing [48,49]. Recently, the FSI simulation analysis of the
upper airway was adopted to explain the mechanism of pharyn-
geal collapse and snoring [50]. Various CFD commercial software
tools use different discretization methods (e.g., finite difference, fi-



W.M. Faizal, N.N.N. Ghazali and CY. Khor et al./ Computer Methods and Programs in Biomedicine 196 (2020) 105627 5

nite element, and finite volume methods) for solving the govern-
ing equations. ANSYS FLUENT is a popular software for CFD code,
which has been widely used in the simulation and research of the
human upper airway. In the CFD analysis, ANSYS FLUENT separates
the analysis into three main stages, which are: (i) preprocessing,
(ii) solver; and (iii) post-processing. However, to predict the flow
accurately in the study of the upper airway, the selected numeri-
cal method must have the capability to simulate the low-Reynolds
number turbulence model in a complex geometry [51]. The CFD
model requires validation to ensure the reliability of the predicted
results as reference.

3.3. Validation

Model validation is a very important step in any simulation
analysis to ensure the models are performing as expected or mim-
ics the real condition. Similarly, model validation in biomechanical
modeling of the human upper airway with clinical data gains the
confidence of users in utilizing the CFD computations. The rapid
growth of interest in biomechanical modeling of the human up-
per airway since the 1990s has provided a better understanding
and explanation of its physiology and pathophysiology. In the CFD
model validation, the experimental data or clinical data benchmark
is usually used to validate the simulation results [52,53]. The val-
idated CFD model is expected to provide reliable results that are
useful as reference for medical doctors in further understanding
the problems of the human upper airway. Based on previous lit-
eratures, there are many ways to perform validation via the CFD
model; for example, comparing previous results from other re-
searches in terms of similar parameter. In vitro experiment, such
as the studies of biological properties that are done in a test tube
rather than in a human or animal, is also employed in the CFD
model validation. Moreover, the mesh independence study is a
popular technique to ensure the accuracy and consistency of the
CFD model. The CFD model is expected to validate and provide re-
liable predictions when the convergence of the results is achieved
in mesh independence study.

Chouly et al. [54] proposed the validation method of the nu-
merical upper airway model through in vitro experiment, which
mimics the section of the human upper airway at the lay-down
position. Overall configuration and the dimensions of upper air-
way were conserved to maintain the realistic of the replica. The
in vitro replica mimics the asymmetries of the upper airway ge-
ometry by using a rigid pipe and a removable flat plate. Rigid or
latex with water was used to represent the tissue properties at the
base of the tongue, in pathological conditions. The in vitro experi-
mental setup is illustrated in Fig. 3, while Fig. 3a shows the mor-
phology of the upper airway. Pressure sensors were used to record
the pressure variation of the airflow at each time step. The wall
deformation of latex was recorded by the digital camera, and the
simulation results were compared and validated by the measure-
ment results of the in vitro replica.

Verification and validation of CFD results are required to deter-
mine the degree of accuracy that represents the real case scenario.
Zhao and Lieber [55] had carried out an experiment of a flow
passing through a simplified symmetric bifurcation model without
considering its unique features, as depicted in Fig. 4, where the
Reynold’s number considered was Re = ~2100. The distribution of
axial velocity was plotted at different locations of 1, 3, 11, 15 in the
x-y plane, and locations of 10 and 15 in x-z plane. This bifurcation
model was then further validated by Mihai et al. [56] in their CFD
pharyngeal airflow study. Various turbulence models (e.g., LES and
RANS) were employed to simulate the turbulent airflow behavior
in a bifurcation model. The simulation results were compared with
Zhao and Lieber’s experiment [55], as shown in Fig. 5. Comparing
CFD results with available experimental data is a popular technique

to validate the CFD model or analysis. A good agreement between
the experimental and simulation results indicates the strong ca-
pability of CFD model to reflect the reality or real condition. CFD
validation is not only limited to the results, but it is also applica-
ble for the methodology. The CFD methodology is compared with
the experimental flow data to ensure the airway has the similar
conditions before it can be extended for parametric study using
the same model [57,58]. Table 2 summarizes the differences be-
tween experimental and computational approaches for various ap-
plications.

4. CFD critical process

The mechanical properties of the upper airway are important to
define the obstructive events in detail, such as the relaxation of the
soft tissue during sleep [61]. A better understanding of the mech-
anism involved in the obstructive upper airway can be achieved
via experimental and numerical studies [62]. A particular numer-
ical simulation method, CFD, is the best approach to describe the
mechanical properties in the upper airway, where it is popularly
used by researchers to describe the obstacles in the upper airway.
The first step to analyzing the upper airway requires the geome-
try model of the CFD simulation, which helps in visualizing and
describing the airflow. The geometry model of the upper airway
is usually created based on the MRI or CT scan images. The fluid
domain of interest is identified and segmentation is subsequently
carried out to further divide the domain in smaller segments, with
the grids and elements; this is known as mesh generation in the
fluid domain of interest. Rapid development and advancement of
commercial software facilitates the mesh generation step via vari-
ous popular software, such as ANSYS Workbench, ANSYS ICEM CFD,
CFD-GEOM, Tgrid, and Gridgen.

4.1. Preprocessing

Preprocessing is the initial step of the CFD simulation analy-
sis, comprising the identification of domain interest, creating a do-
main for the upper airway, and mesh generation on the domain.
The preprocessing step is not limited to the study of upper airway,
rather, it is also widely applied in the CFD analysis of various en-
gineering problems. In this step, modeling goals, such as the initial
assumptions of the airflow (e.g., steady and unsteady flow) and the
model (e.g., laminar and turbulent), that are used to describe the
airflow must be clear on the given problem of the upper airway.
Moreover, the degree of accuracy, computation time, and simplifi-
cation also needs to be considered in the initial step of the CFD
simulation process. Essentially, the preprocessing step of the CFD
analysis includes the following:

(i) Identifying the domain of interest:

Fig. 6 shows the schematic diagram of human upper airway in
the anatomy of the nasal airway. The regions of the nasal
airway were divided into nine different cross sections, and
defined based on the nomenclature and magnitude of the
airflow velocity [63]. The selection of specific section was
considered according to the interest of the study.

(i) Creating an upper airway model of the domain:

The computational domain of the upper airway is typically cre-
ated in a form of 2D and 3D models. The simplification of
the upper airway model saves the computation time of the
simulation. 2D approximation was considered for a continu-
ous geometry, such as a model with chamfered rib and var-
ious simple shapes (e.g., circular, semicircular, rectangular,
and triangular). However, the 3D approximations are usually
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Fig. 3. (a) Morphology of the upper airway at sagittal view; (b) In vitro experimental setup from frontal view; and (c) Position of pressure sensor and digital camera in the
experimental measurement of wall deformation [54].

a

Inlet

Outlet
Outlet

Fig. 4. (a) 3D computational domain of symmetric bifurcation model; and (b) distribution of axial velocity and locations of the extracted data line plots [55].

applied for complex geometries, such as arc-shaped rough-
ness, as well as V- and Z-shaped rib roughness. Typically,
the model of the upper airway is generated via a computer-
aided design (CAD) software prior to defining the fluid (i.e.,
airway) or solid (i.e., soft tissue) domain of the model. In
this step, the unnecessary features of the upper airway; such
as shape, edge, and image noise that are created from the
MRI or CT scan; will be removed. The simplification of the
model can avoid complicated meshing or grid generation
process, as illustrated in Fig. 7 [64]. The soft palate was as-
sumed to be a flexible plate in the computational model,

which separated the nasal and oral inlets. In the computa-
tional study of the upper airway, the model of the upper
airway can be created using two approaches, either an ap-
proximation model or an accurate model.

(i) Mesh generation on the domain:

After the domain was created, the meshing or grid generation

was performed to divide the airflow domain into a num-
ber of subdomains (elements or cells). In this step, the hex-
ahedron and tetrahedron elements are usually used in the
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Fig. 5. Comparison of CFD result with that by Mihai et al. [59] and Zhao and Lieber [55].

Table 2
The differences between experimental and computational approaches [60].

Experimental

Computational

Directly use the actual physical system in the real world.

Limited number of points for data measurement and time instants.
Higher cost associated with an experimental set up.

Limited range of problem and constraint of operating conditions.
Difficult to modify the experimental set up once manufactured or
fabricated.

Require a large number of measuring instruments in the data collection.
Experimental works are not constrained by the complexity of the
problem.

Slow, sequential and single purpose for the experimental work.

Simplification is done on the physical system.

Simulation data in no limit in term of space and time.

Cost only for initial investment of commercial software.

Applicable for any range of problem virtually and for realistic operating
conditions.

Computational model or domain can be modified easily here.

Various models and tools are available for calculation and data
collection.

The computational approach is constrained by the build in mathematical
models and require user defined functions, especially for complex
system.

Fast computing, parallel and multi-purpose in computational approach.

3D domain. However, triangle and quadrilateral elements are
generated in the 2D physical domain. The quality of mesh-
ing is important in the CFD simulation, as it has a signif-
icant effect on the convergence rate and accuracy of sim-
ulation results and computation time. Appropriate bound-
ary conditions were also specified at the meshing elements

of the domain. For example, five layers of prism cells were
generated close to the wall region for better numerical sta-
bility and accuracy. Fig. 8 shows the boundary layer mesh-
ing in the study of the upper airway using a 2D nonuni-
form mesh [63]. The boundary layer meshing was expected
to provide better stability during the simulation. Moreover,
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Fig. 6. Lateral view of segmented HUA of the nasal cavity and pharynx [63].

the grid independence test was required to determine the
best number of cells or elements of a domain. The optimal
number of elements reduces the computational resources,
such as computation time while providing accurate predic-
tions of the airflow through the simulation. In the grid in-
dependence test, different numbers of elements were con-
sidered for the domain, as shown in Fig. 9 [65]. Once the
elements had achieved the optimal number, the further in-
crease in the elements had less than 1% of variation in the
result. Thus, the step to determine the optimal number of
elements for a domain is necessary to obtain reliable and
accurate CFD results.

In an upper airway analysis, creating an upper airway model
of the domain is the most crucial step due to the complexity of
human body anatomy (i.e., airway geometry). The simplification
of the model is usually considered in the CFD simulation due to
the above-mentioned complex and unique airway geometry. Today,
with the advanced software, the complex geometry of the human
upper airway is able to be recreated into a computational domain,
keeping all unique features of the upper airway intact [66]. This
provides a realistic model and accurate visualization of the airflow
in the study of the upper airway. It was reported that detailed ex-
planation of these upper airway geometries had been used in both
experimental and simulation investigations [67].

Boundary layer meshing

Fig. 8. Boundary layer meshing of the human upper airway [63].

4.1.1. Approximate model of the upper airway

Simplification of the model while creating a fluid domain for
the model is common in CFD analysis. The simplified model is also
known as an approximate model, which is usually simplified in
terms of its dimension, cross sections, and shapes of the upper
airway. Complex geometry leads to difficulties in the mesh gen-
eration and consumes high computation time due to the increased
number of elements. Therefore, most of the previous studies of up-
per airway had simplified the geometric model in their simulation
analysis [68]. The simplified model reduces the computation time,
efforts, and eases the analysis, but compromises the accuracy of
the CFD results. In the simplified model, assumptions are made to
reduce the complexity of the airflow mechanism, such as a reverse
flow in the airway.

Fig. 6 shows the geometries of peripheral airways in three
dimensions. The simplified airways (i.e., CAD model) were con-
structed using a mechanical modeling software, AutoCAD 2012, to
investigate the human tidal breathing [69]. The unique shape of
airways was simplified, where it was assumed to be a smooth
cylindrical airway. Normal and obstructive airways were varied by
the diameter of the cylindrical airways, while the airflow charac-
teristics were compared for different obstructions, as depicted in
Fig. 6.

On the other hand, the upper airways were simplified into a
2D model to simulate the fluid-structure interaction (FSI) phe-
nomenon of the soft palate in the pharynx using more than one
turbulent model as a solver [70]. The multi-block structured grid
was applied to the 2D model to represent the simplified geome-

e
06L _ Nasal inlet
&2 = Flexible plate
= Rigid plate /—\
=
0.6L . Oralinlet
= & -~
I R — |

Fig. 7. Simplification of model on the possibility of preventing complicated meshing or grid generation process through a 2D-computational domain of a human upper

airway [64].
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Fig. 9. Grid independence study for a domain with: (a) 103k; (b) 118k; (c) 137k;
(d) 162k; and (e) 198k number of cells [65].

try (in rectangular) of the upper airways (Fig. 11) [64]. The curved
region in Sections 3 and 4 represent the soft tissue or palate. Anal-
ysis of the simplified model is able to provide a better understand-
ing of the OSA mechanism and snoring during sleep by considering
the compressible viscous flow in the simulation [71].

4.1.2. Accurate model of the upper airway

An accurate model of the upper airway gives more reliable and
precise results compared with that given by a simplified model.
Medical imaging techniques (e.g., magnetic resonance imaging,
MRI; and computed tomography, CT) help to construct the accurate
model of the upper airway by keeping intact its unique feature of
the patient [72]. The medical images captured from the CT, high-
resolution computed tomography (HRCT), and MRI are imported
and processed by the image processing software (e.g., 3D-Doctor,
Mimics, and 3D Slicer) before the computational domain is cre-
ated [73]. Fig. 12 depicts the typical steps to construct an accurate
model of the upper airway, as well as that of other models (e.g.,
bone and tissue) [74]. The CT scan data were chosen for the im-
age processing because they have a good contrast between bones
and soft tissues compared with the MRI data. The volumetric data
was constructed in the image processing step, while the Gaussian
filters and edge detection were applied to remove the image noise.
The specific region of bone is identified in this step, while the seg-
mentation step separates the details of the bony structures. For ex-

ample, the ligaments, tissues, cartilages, and bony structures, such
as tibia and femur, are identified and defined in the image via a
region-growing algorithm that is typically built in the algorithm of
the commercial software. The defined regions were then created
to form a profile series. Then, the detailed model (i.e., accurate
model) was generated and meshed based on the profile series.

To generate an accurate model, the basic element used in gen-
erating the model is voxels. A voxel represents a value on a regu-
lar grid in three-dimensional space. Voxels of the tissue with fixed
dimensions provide the coordinates and some attributes that char-
acterize the position of the tissue. From the voxels, the surface of
the model is then generated using the graphic rendering technique.
The marching cubes algorithm is applied to extract the polygons
from the volumetric data. The boundary voxels and surface trian-
gulation are generated to represent the 3D object [75]. Finally, the
vessel reconstruction process/meshing step is carried out to dis-
cretize the complex model into finite volumes or finite elements.
Smaller volumes or elements are generated to resolve the complex
flow in the accurate model. Apart from that, the specific region of
the elements is used to define the boundary condition to compute
the inlet velocity. The optimal number of meshing elements can be
determined from the study of grid sensitivity to ensure the accu-
racy of the model.

Furthermore, the medical scan images (e.g., MRI dan CT scan)
can be used to construct a 3D plastic model via the rapid proto-
typing (RP) technique. These medical images are converted into an
STL file format and exported to the RP software. With the aid of
the 3D plastic model, the airflow motion was studied by Chengyu
et al. [76] through particle image velocimetry (PIV) method. Parti-
cle deposition in the oral airways can be observed in the PIV ex-
periment. In their study, four different geometrical models of the
upper airway were considered to investigate the geometrical effect
on particle transport and airflow profile. A rapid prototype model
was used in the study of turbulent flow of airways due to its cyclic
and steady flow condition.

4.2. Solver of turbulence model

In a CFD simulation, the selection of flow model is crucial to
simulate the mean flow characteristics that could represent the
real flow condition. The selection of flow model is dependent on
the applications and nature of the problem. The CFD consists of six
turbulence models, which can be categorized into three main mod-
els: Reynolds-averaged Navier-Stokes (RANS), large-eddy simula-
tion (LES), and direct numerical simulation (DNS). The RANS model
is suitable for statistically steady solutions, in which it can solve
the time-averaged Navier-Stokes equations for the flow variables.
All turbulent motions of the flow are modeled in the simulation.
The LES approach solves the filtered Navier-Stokes equations only
in large-scale flow variables; the smaller vortices are not directly
predicted. In DNS method, the model may be involved with finite
computational elements. Meanwhile, DNS solves the full, unsteady
Navier-Stokes equations to resolve the whole spectrum of the tur-
bulent scales, where the prediction of turbulent flow is accurate
but time consuming. A computation time-efficient method is very
important, and it has always been considered as one of the criteria
needed to obtain credible CFD results within a reasonable research
timeframe. Thus, a two-equation RANS model, which is the stan-
dard k-¢ (SKE) model, is preferred in the simulation study of the
human upper airway [77].

Three turbulence models were compared with previous stud-
ies, which are realizable k-& (RKE) model [78], the k-w turbu-
lence model [79], and its shear stress transport (SST) variant,
k-w SST [80]. Menter et al. [81] and Langtry et al. [82] had de-
veloped the four-equation transition SST model, which is more de-
manding compared with the two-equation model. Different models
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Fig. 10. Three-dimensional (3D) geometries of peripheral airways using AutoCAD 2012 [69].

have its own wall mesh treatment and mesh resolution, as shown
in Fig. 13 [83]. The wall functions are typically employed in cases
where a flow separation is not to be expected. Distance from the
wall to the adjacent layer (yp) is different for k-& and k-w models.
Therefore, the dimensionless wall distance (y*) is applied to assess
the mesh resolution near the wall, as defined in Eq. (1):
Ur *Yp
Lo (1)
where, u; is the friction velocity based on wall shear stress and air
density; and v is the kinematic viscosity.

Direct numerical simulation (DNS) is one of the solvers in
a computational fluid dynamics method that solves the Navier-
Stokes equations numerically by considering the range of spatial
and temporal scales of turbulence. In the DNS method, the model
is in three dimensional, and the solution is time dependent. A few
studies have employed the DNS method to investigate the com-
pressibility of velocity transformations [84], droplet condensation
[85], vortex shedding [86], and hydrodynamic forces in the cylin-
der [87]. However, only a limited number of geometrically simple
flows were simulated via the DNS method; for instance, the flow
over a flat plate or flow in a channel. Due to the complexity of the
transport equation, additional computer programming is required,

yt=

and this involves a huge amount of computation time during the
simulation process. Therefore, the issues in any CFD simulation are
always concerned with the numerical accuracy, convergence, solu-
tion stability, and correctness of the boundary conditions settings
[88]. To visualize the detailed picture of the turbulent flow around
a boundary layer, the three-dimensional model must be meshed
with fine grids that will allow the equations to resolve the individ-
ual eddies or vortices. The grid size may be as small as between
the range of 30 to 100 um for a low viscosity fluid. For a tran-
sient flow analysis, a small-time step size (e.g., 0.001-0.01 s) must
be applied to capture the unsteady characteristics of the turbulent
flow. Because the fluctuation frequency raises when the Reynolds
number is increased, the computing requirements become exten-
sive for high Reynolds number flow. Computing facilities, such as
great data storage capacity and high performance of computer, are
important to facilitate the simulation process and shorten the com-
putation time. Therefore, the DNS method is appropriate only for
the moderate levels of turbulence simulation, where it is recom-
mended for an ideal flow condition that cannot be developed in
an experimental work [89].

Large-eddy simulation (LES) is an alternative solver to com-
pute the flow field, which involves large vortices in the turbulent
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Fig. 11. Simplified geometry of the upper airways using a multi-block topology: (a) block-structure topology; and (b) points overlapping along a line [64].

flow analysis. Using this solver, the large eddy of the turbulent
flow is tractable, while the small eddies are modeled. LES directly
resolves the turbulence and the filtered Navier-Stokes equations
in the simulation. Filtering is performed via the time-dependent
Navier-Stokes equations, where the flow eddies are filtered out de-
pending on the scales. The filtering in LES model uses a very simi-
lar equation for the RANS model in solving the momentum and en-
ergy equation for a compressible flow. Additional terms are intro-
duced for approximation modeling, such as the subgrid-scale tur-
bulent stresses and heat fluxes. These terms are used to create the
close loop in the subgrid-scale models. The interconnection of dif-
ferent components in LES induces challenges in the application of
LES modeling [90]. However, the LES has proven to be effective by
producing astonishing results in solving industrial problems that
deal with turbulent characteristics, in which it can overcome the
constraints of RANS or unsteady RANS (URANS) models. The cost
of application of an LES solver is less expensive compared with
that of DNS, but the computational resources and efforts needed
are too large for most practical or industrial applications. These ef-
forts include the transition process of RANS to LES model, which
accounts for implementation issues, such as the selection of filter-
ing, near-wall treatment, and closure modeling [91].

A turbulent flow can be involved in various scales and com-
bination of different flow mixtures or phases. There are different
turbulence models that have been applied in simulation; for in-
stance, the DNS is applicable for all scales, while the LES is for
the larger scales of grid-imposed filter. Apart from that, the very-
large eddy simulation and detached eddy simulation (V-LES and
DES) are suitable for subscale variants. Reynolds-averaged Navier-

Stokes equations (RANS) are derived from the statistical time that
averaged the governing equations. The effect of a turbulent flow is
modeled via the Reynolds stresses. Fig. 14 shows the possible com-
bination of computational models and techniques in the modeling
of a turbulent flow [92]. The specific flow modeling depends on its
turbulence length scale and specific computational techniques to
tackle the physics of turbulent flow. Any interface tracking method
(ITM) can be straightforwardly combined with the LES model due
to its very small resolvable length scale. The combined methods
are able to facilitate the interface exchange terms while delivering
the time-dependent interfacial kinematics of the model. Moreover,
the LES model has become a rather popular and extremely pow-
erful tool in turbulence modeling [93]. In addition, LES is not only
limited to the turbulent flow analysis, but it is also applicable for
various analyses, such as in aeroacoustics, combustion, gas turbine,
and many other engineering areas.

4.3. Post-processing

Post-processing of simulation data is a crucial step to accu-
rately analyze the simulated results and derive accurate conclu-
sions from the CFD models. In addition, it involves the presentation
of detailed visualization to describe the physics of the flow and
other simulation results to decision-makers. In the CFD analysis of
the human upper airway, post-processing is useful to provide flow
visualization and for the examination of desired flow properties,
such as velocity, pressure, and turbulent Reynolds number. Most
post-processing software consist of numerical reporting tool and
visualization tool. Numerical reporting tool calculates quantitative
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Fig. 12. Construction of an accurate model from MRI images to the volume mesh [74].
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Fig. 13. Comparison of near-wall mesh for k-& and k-w models in meshing [83].

results, such as the value of velocity, pressure, temperature, and
surface and integrated quantities, among others. Furthermore, the
graph of the quantitative results can be plotted via the numerical
reporting tool. On the other hand, the visualization tool provides
simulation results and extracts the flow properties in various plots,
which can be contour plots, vector plots, streamline plots, 2D and
3D surface plots, rendering, et cetera. The animation of flow prop-
erties can also be created through the use of the visualization tool.
Commonly used commercial software packages for post-processing
are ANSYS CFD-Post, Field View, Tecplot 360, and ANSYS EnSight,
to name a few. With the aid of these commercial software, revision
of model on computational domain, grid size, boundary conditions,
setting of the initial conditions and under relaxation factors can
easily be done to improve the simulation model and accuracy of
results.

5. Characteristics and mechanisms of airway

Literature review on CFD analysis of human upper airway re-
veals the capability of CFD method in predicting the flow proper-
ties and performance of the human upper airway. CFD applications
in the study of human upper airway provide a clear visualization
of the flow behavior when encountering an obstacle. This informa-
tion is useful as reference for surgeons and medical practitioners
in the treatment of sleep apnea. The literature review also reveals
the CFD model of human upper airway that is modeled using the
CT scan or MRI. This technique precisely retains the complex ge-
ometry, shape, and unique features of the human upper airway for
the CFD model in the actual dimension and cross sections. The 3D
model created follows the specifications of an actual human upper
airway to ensure the anatomical accuracy of the model.
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In early 2006, Xu et al. [94] had developed a model of the
upper airway by using the MRI data of three children with OSA.
Reynolds-averaged Navier-Stokes equation was applied to simulate
the unsteady flow behavior in the upper airway of the child with
sleep apnea. They found that the pharyngeal airway shape had cru-
cially affected the internal pressure distribution when compared
with nasal resistance. They used this model to explain the regional
dynamic airway narrowing phenomenon during the expiration in
the upper airway of a child with OSA (Fig. 15). Fig. 15 shows the
inspiration pressure, velocity, magnitude, turbulence kinetic en-
ergy, and expiration pressure in Caudal and lateral views, and mid-
line sagittal plane. The CFD results demonstrated that the low and
negative pressure zones were attributed by the area of restriction,
which is related to the cause of sleep apnea.

A CFD approach is only limited to the study of flow aspects.
However, in fluid-structure interaction (FSI) approach, CFD inte-
grates with the structure analysis by considering the effect of fluid
to the structure deformation and vice-versa. Fluid-structure inter-
action (FSI) method was used by Dailey and Ghadiali [95] in an-
alyzing the microparticles in deformable pulmonary alveoli. This
method was also used by Sun et al. [96] to investigate the soft
palate movement and airflow in HUA (Fig. 16). The advantages of
FSI are the extended understanding of the overall phenomena for
both rigid and flexible regime of the upper airway. The simulation
modeling of interaction between the airflow and the soft palate
provides a better understanding of the effect of abnormal anatom-
ical airway configuration on the inhale and exhale airflow fields,
as well as the displacement of the soft palate. Sun et al. [96] com-
pared both upper airways of healthy persons and obstructive sleep
apnea hypopnea syndrome (OSAHS) patients by considering a clin-
ical criterion of the upper airway that is useful for diagnosing the
disease.

Jeong et al. [63] carried out a numerical investigation on the
aerodynamic force in HUA of patients with OSA using CFD anal-
ysis. Their simulation results revealed that the area of restriction
in the velopharynx region had induced a turbulent jet flow in the
pharyngeal airway. This situation caused higher shear stress and
pressure forces surrounding the velopharynx (Fig. 17). In addition,
an accurate approach was proposed by Mihai et al. [56] to tackle
the airflow situations that occur in the human airway. Steady
RANS and LES approaches were applied to the flow modeling. Both
modeling approaches yielded different airflow characteristics and
static pressure distributions on the human airway walls. The maxi-

mum narrowing region of retropalatal pharynx had caused velocity
changes and pressure variations in both modeling approaches, as
clearly shown in Fig. 17.

CFD approach can provide valuable preliminary information to a
surgeon on the geometrical reconstruction of the human upper air-
way prior to performing the surgery. Sittitavornwong et al. [97] an-
alyzed the anatomical airway changes to predict maxillomandibu-
lar advancement (MMA) surgery. They considered a 3D geometri-
cal reconstruction of the airway and investigated the fluid dynam-
ics before and after the surgery using the CFD approach. After the
MMA surgery, the dimension of the airway increases, thus reducing
the airway resistance and improving the pressure effort of OSAS.
The MMA surgery is expected to overcome OSA problems for the
patients. Therefore, the study of human airway before and after
the MMA surgery becomes a focus in this research area. Moreover,
Sittitavornwong et al. [98] extended their research on the effect of
changes in soft tissues post-MMA surgery. The dimension of the
human airway for OSA patient increases after the MMA surgery
(Fig. 18). Pre- and post-surgery results were compared (i.e., pres-
sure distribution and shear stress) in Fig. 19. The comparison study
showed a significant improvement in the pressure distribution in
the airway. Apart from that, the investigation of mandibular ad-
vancement splint (MAS) was reported by Zhao et al. [99] using the
fluid-structure interaction method. Chang et al. [100] also used FSI
to evaluate the effect before and after the maxillomandibular ad-
vancement surgery. In the pre- and post-treatment of OSA, the CFD
is a popular approach, in which it can reveal the airflow character-
istics and flow variables after the treatment via the unsteady flow
analysis. FSI method is considered when displacement and vibra-
tion of the soft tissue or membrane such as the trachea are in-
volved. The function of trachea is to regulate the pressure during
breathing, coughing, or sneezing. The deformations and stresses of
the trachea induced by these ventilation conditions can be com-
puted via the FSI method. Severe muscular membrane deforma-
tion leads to critical issue for the physiological function of tra-
chea [101]. Based on the literature review, the capability of FSI
method is validated and recognized in various studies. FSI may
demonstrate realistic and accurate results on the flow patterns in
the study of HUA [106,107]. It is also applicable for the analysis of
global and local flow features of the nasal cavity [23].

Recently, the CFD approach has emerged as a virtual surgical
concept and reference for medical practitioners and surgeons by
providing the simulation analysis [103,104]. The CFD result is used
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Fig. 16. Fluid-structure interaction (FSI) model. Healthy human upper airway (upper Fig.) and patient with OSAHS (bottom Fig.) [96].
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Table 3

Four types of virtual surgery analyses using functional imaging and CFD [105].

Modifications to baseline (B) airway boundaries on axial scans (baseline and virtual surgeries

Type of surgery

S1-S4 boundaries are shown in Fig. 19)

S1 Baseline airway boundaries changed on cross-sectional planes A, B, C, and D.
S2 Baseline airway boundaries changed on cross-sectional planes D, E, F, and G.
S3 (=S1 + S2) Baseline airway boundaries changed on cross-sectional planes A-G. This surgery removes both

the constrictions in the airway.
S4 (B < S4 < S2)

Baseline airway boundaries changed on cross-sectional planes D-G. Similar to S2. Airway lumen

enlarged compared with the baseline, but not as much as it did in S2.

(A (B)

Fig. 17. (A) Midline sagittal plane velocity magnitude; and (B) Pressure contours at
midline sagittal plane [63].

for surgical planning and as reference for decision-making proce-
dures in the diseased airways (Table 3). Therefore, the most ef-
fective tailored treatment plan can be done by medical personnel
to prevent the recurrence of OSA disease. This procedure allows
surgeons to modify the airway model, including the geometry re-
construction and boundaries (Fig. 20) based on a certain approach
or a series of surgical procedures [105]. In addition, ultra-low-
dose computed tomography (CT) scan data were used to predict
the treatment outcome on children with sleep-disordered breath-
ing using the CFD approach [106]. The excessive internal pressure

A

forces may lead to the collapse of the upper airway [107], which
can be observed in the CFD analysis. The prediction of CFD is con-
sistent with the clinical parameters and data. Thus, it can be a use-
ful tool to evaluate the surgical effects that are associate with OSA
problems [108].

Additionally, CFD is used to test and prove the hypothesis
model for the treatment of OSA. The CFD model is used to cor-
relate with the treatment response after the adenotonsillectomy
surgery (AT) by measuring the apnea-hypopnea index (AHI). A de-
crease in AHI indicates the success of the hypothesis model in the
proposed virtual surgery. CFD, MRI, and physiological data of ten
obese children were used to calculate the air pressure and veloc-
ity before and after the AT surgery [109]. The correlation between
the AT treatment response with other parameters (i.e., pressure-
flow ratio, local air pressure drops, geometrical changes, and mini-
mum surface pressure) were considered in the analysis. Moreover,
in vitro experiment was used to investigate the airflow distribution
in the human airway [110]. The numerical and in vitro experimen-
tal models of airway were reproduced by the CT data, and the ex-
perimental model was created by a 3D printer. The particle image
velocimetry (PIV) technique was used to measure the velocity and
the in vitro data were useful for the validation of numerical simu-
lation results. The DNS-LBM model was adopted to assess the flow
properties in the upper airway, including the consideration of nasal
cavity, pharynx, larynx, and trachea [89].

The CFD approach has been used to quantify the glottis mo-
tion, cyclic flow, and its effect towards the respiratory dynamics.
Liu et al. [111] had conducted the study of airflow dynamics in
an obstructed realistic HUA. The focus was put on the continu-
ous inspiration and expiration with varied respiratory intensities.
The above-mentioned authors had proposed a theoretical guidance
for the treatment of respiratory diseases. A 3D airway model was
developed, with a time-varying glottal aperture. Several aspects,
such as vortex topologies, shear stress, flow resistance, and breath-
ing conditions, were considered in their studies. With the aid of

Fig. 18. (A) Pre-surgery and coronal cross sections (C1-C6); (B) Post-surgery of upper airway models and axial cross sections (A0-A6) [98].
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Fig. 19. (A) Preoperative: pressure effort (AP) streamlines traces; (B) Preoperative: shear stress (SHS) contours; (C) Postoperative: pressure effort streamlines traces; (D)
Postoperative: shear stress contours; and (E) Comparison between preoperative and postoperative pressure distributions along the upper airways [98].
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Fig. 20. (a) CT mid-sagittal scan of obstructive region for virtual surgeries; (b)-(h) Axial scans for cross-sectional planes A-G, airway boundaries for virtual surgeries [105].

CFD, the new clinical information can be incorporated into the CFD
model to aid in the treatment of tracheomalacia [26]. The passive
or active relationship of aerodynamic forces and the airway mo-
tion was categorized. Passive relationship indicates the direction of
pressure force, and the airway motion is concurrent. The opposite

direction for both the pressure force and airway motion is cate-
gorized as an active relationship. In heavy breathing and several
pathological conditions, the consideration of airway movement is
crucial in the simulation analysis. However, FSI models can tackle
this airway problem.
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Table 4

Latest summary of human airway investigated via CFD. This table summarizes the latest outcome to show the importance of CFD in analyzing human airways that will
assist the practitioner perform well.
[The journal is arranged by year, which is from 2018 until the latest publication]

No. Researcher Summary of studies
1 Chang et al. Software/Solver
[100] SC/Tetra solver (version 12; Software Cradle) was adopted to simulate the airflow. FSI simulations were run using the SC/Tetra
Abaqus module (version 12.0; Software Cradle) to assess the flexible region of the airway.
Correlation
The correlation between cross-sectional area after maxillomandibular advancement surgery with pressure, velocity, airway
volume, and resistance.
Outcome
Post-MMA surgery, it was learned that there was an increase in airway volume, but a decrease in pressure drop, maximum
airflow velocity, and airway resistance for both patients. These results were given by the simulation results of CFD and FSI. FSI
simulation portrayed a section of marked airway deformation in both patients prior to the surgery. However, this deformation
was considered inconsequential after both patients had undergone the surgery.
2 Liu et al. [102] Software/Solver
Fluent 17.2 (ANSYS) was utilized for the computation of the airway flow equations. The ANSYS mechanical simulation software
was able to decipher the transient structural equations in the evaluation of the soft tissue deformation and loading.
Correlation
Variation of geometry along the airway with pressure and velocity in determination of location obstruction in upper airway.
Outcome
Identification of areas prone to collapse and precipitate apneic episode was achieved from observation of the tips of the soft
palate and the tongue. Consequently, the result was able to rationalize the mechanism of velocity and pressure distribution in
the upper airway.
3 Jinxiang et al. Software/Solver
[116] ANSYS Fluent (Ansys, Inc.) was used to solve for the mass and momentum conservation equations by taking into account the
airway complexity, while the computational meshes were created via the ANSYS ICEM CFD (Ansys, Inc.)
Correlation
The relationship and significance of tidal breathing and glottis motion with regard to the airflow features and energy
expenditure in an image-based human upper airway model.
Outcome
Glottis motion on airflow demonstrated aperture and cyclic flow of both altered laryngeal jet instability and vortex generation
through main flow speed variations.
4 Alister et al. Software/Solver
[26] STAR-CCM+ 11.04.012 was employed in the calculation of Navier-Stokes equations to assess the air pressure and velocity
along the domain, which was bounded by moving walls.
Correlation
The researcher investigated the correlation between wall geometry from MRI and airflow (inhale and exhale) in the upper
airway.
Outcome
Outcomes of CFD simulations are enhanced through rapid breathing maneuver and integrating the airway movement. There
was a 19.8% increase in peak resistance that took place in earlier breath. There was also a 19.2% decrease in overall pressure
loss, whereas the proportion of flow in the mouth had elevated by 13.0% in the airway.
5 Vivek at al. Software/Solver
[112] Finite volume method (FVM) based on CFD solver (ANSYS Fluent 15) was utilized to computationally simulate the aerosol
deposition in the image according to the respiratory tract model.
Correlation
Investigate the correlation between turbulence model and near-wall function.
Outcome
The findings of this work will assist researchers in selecting the optimal range of local Reynolds number (y*) and turbulence
model in simulating the right flow features in a human respiratory system.
6 Yidan et al. Software/Solver
[23] The ANSYS Fluent Meshing (ANSYS Inc., Lebanon, NH) was used to mesh the airway model with polyhedral elements. The
airflow was assumed to be an incompressible flow (i.e., having constant air density), and a no-slip boundary condition was
established at the walls. All simulations were numerically performed via the ANSYS Fluent v17.0 (ANSYS Inc., Lebanon, NH).
Correlation
Determination of the correlation and importance relation between large-to-small conducting airways and inhale mass flow rate
(inspiration breathing).
Outcome
The outcome showed that secondary flow currents were observed in the larynx-trachea segment and left main bronchus,
whereas the airflow was much smoother with no secondary flow currents for the terminal conducting airway in the right
lower lobe.
8 Omid et al. Software/Solver
[117] The solid and fluid domains had employed an unstructured mesh, at which it was produced via the ANSA software by BETA

CAE Systems USA Inc. Alya high-performance computational mechanics code, a multiphysics code, was also used to solve the
FSI problems.

Correlation

Relationship between deformation and collapse of the upper airway when breathing.

Outcome

Findings showed that the sleeping position, gravity, and stiffness of the soft tissues (i.e., utilized in this work as a proxy for
neuromuscular effects) were the key aspects of an upper airway collapse.
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Recently, the CFD analysis of bifurcation junctions of respira-
tory tract have been considering the key parameters of the wall
turbulence effects, such as local Reynolds number (y*), wall shear
stress (WSS), turbulent energy dissipation (TED), and turbulent ki-
netic energy (TKE) [112]. Local Reynolds number (y*) plays a sig-
nificant role in calculating the wall turbulence and other related
parameters. For example, wall shear stress is used as an indica-
tor to determine the wall injury level in the respiratory tract. The
upper and lower connecting airways were considered on the res-
piratory airway tract without omitting it, which extended from the
nasal to the terminal bronchioles. Valuable information obtained
from the CFD results, such as airflow pattern, can contribute to the
baseline data to provide a complete understanding of respiratory
physiology [23] and airway collapsibility [113].

Lastly, the CFD applications in simulating the airflow of the up-
per airway and respiratory are helpful and can be used as a guide-
line for proposing a surgical approach of the medical treatment to
increase the cure rate. It is also beneficial in attaining a better un-
derstanding of the mechanism, treatment, and prevention of OSA.
Table 4 summarizes the CFD study and comparison of relevant lit-
erature in the software and solver used. Wang et al. [114] had also
discussed on the relationship between the relation of obstructive
sleep apnea and adenotonsillar hypertrophy in children with dis-
similar weight status. On the other hand, Vinha et al. [115] had ex-
plored the relationship between the dimensions of the palate and
pharynx pre- and post-surgery that can affect patients with ob-
structive sleep apnea.

6. Conclusion

This article presents review on the experimental and numeri-
cal method such as, computational fluid dynamics approach, and
its application in the analysis of human upper airway (HUA), in-
cluding the fluid-structure interaction. The experimental study of
HUA had utilized the prototype, scale, and in vitro models to mea-
sure the velocity, pressure, and flow profiles. Nevertheless, limited
facilities and measurement devices are some of the constraints in
the experimental study. A 3D printing technique was adopted to
create the prototype based on the medical images (e.g., MRI and
CT scan data), whereby the model was able to retain the actual
dimension, geometry, and unique features of the upper airway of
each patient. The computational approach is an alternative method
used in the HUA research, as it is able to solve the complex phe-
nomena in HUA. Various turbulence models (e.g., RANS, k-¢, k-o,
LES, and DNS) are available in the commercial software to simu-
late the airflow characteristics and properties. Most studies used
commercial software to carry out the CFD analysis on HUA. This is
due to the capability of CFD to be integrated with the structural
analysis software to perform a fluid-structure interaction simula-
tion in tackling the HUA problems that involve movement, motion,
and deformation of soft tissue or airway wall. This work discusses
the approach and modeling steps in detail, involving from the pre-
processing until post-processing of the model. Solver of turbulence
model and model validation are also highlighted in the review. In
the modeling of HUA, most studies have converted the medical
images into a 3D model via image processing software, such as
Mimics software. However, ANSYS is a popular software package
for generating the meshing of a model and solving the fluid flow
analysis of the HUA. The selection of a solver for the turbulence
model is dependent on various scales and combinations of differ-
ent flow mixtures or phases. Two-equation RANS model (e.g., stan-
dard k-¢, SKE, model) is preferred in the simulation study of the
HUA. The literature of CFD application in HUA is mostly focused
on the fluid dynamic aspects compared with the fluid-structure
interaction (FSI). The application of FSI in HUA is still limited in
the literature. The study of HUA differs in terms of age (i.e., adult

and children), various ventilation conditions (e.g., heavy or light
breathing, and inhale or exhale), and region of interest (e.g., ge-
ometry parameters, consider the nasal cavity, pharynx, larynx, and
trachea). It is reported that the increase in dynamic pressure leads
to development of secondary flow. The larynx-trachea segment and
left main bronchus is found to be occupied by secondary flow cur-
rents. Furthermore, CFD is used to study the airflow characteristics
of before and after adenotonsillectomy and maxillomandibular ad-
vancement surgeries. Nevertheless, numerous researchers have an-
alyzed the airflow mechanism by exhibiting the velocity, pressure,
and shear stress to demonstrate the findings of their work. For ex-
ample, Navier-Stokes equations are used to provide visualization of
the actual mechanism of the airflow. This is because the technique
is able to demonstrate meaningful results through its description
of the real fluid flow mechanism and via the expression of tur-
bulent kinetic energy (TKE) in their outcomes. Turbulent kinetic
energy (TKE) and turbulent energy dissipation (TED) can provide
important findings, such as wall shear stress (WSS), to which it
can be suggestive of a wall injury, as well as collapsibility tissue of
the human upper airway. Additionally, this approach can give the
analysis and detect the airway collapse during breathing. The air-
way collapse is caused by the posterior wall of the trachea bulging
forward or tongue collapse during sleep, fully or partly blocking
an airway that causes obstruction while exhalation and inspiration.
The virtual surgical concept helps surgeons and medical practition-
ers to plan and determine decision-making procedures in the treat-
ment of diseased airways. In addition, the literature demonstrates
that the researchers were able to validate the computational model
through clinical and in vitro experimental data.
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