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ABSTRACT

Microplastics are tiny plastic debris in the environment from industrial processes, various consumer items, and the breakdown of industrial
waste. Recently, microplastics have been found for the first time in the airways, which increases the concern about long-term exposure and
corresponding impacts on respiratory health. To date, a precise understanding of the microplastic transport to the airways is missing in the
literature. Therefore, this first-ever study aims to analyze the microplastic transport and deposition within the upper lung airways. A compu-
tational fluid dynamics-discrete phase model approach is used to analyze the fluid flow and microplastic transport in airways. The sphericity
concept and shape factor values are used to define the non-spherical microplastics. An accurate mesh test is performed for the computational
mesh. The numerical results report that the highly asymmetric and complex morphology of the upper airway influences the flow fields and
microplastic motion along with the flow rate and microplastic shape. The nasal cavity, mouth-throat, and trachea have high pressure, while a
high flow velocity is observed at the area after passing the trachea. The flow rates, shape, and size of microplastics influence the overall depo-
sition pattern. A higher flow rate leads to a lower deposition efficiency for all microplastic shapes. The nasal cavity has a high deposition rate
compared to other regions. The microplastic deposition hot spot is calculated for shape and size-specific microplastic at various flow condi-
tions. The findings of this study and more case-specific analysis will improve the knowledge of microplastic transport in airways and benefit
future therapeutics development. The future study will be focused on the effect of various microplastic shapes on the human lung airways
under the healthy and diseased airways conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150703

I. INTRODUCTION

Microplastics are tiny plastic particles and have an impact on
public health and environmental hazards, which is a global concern.
Tiny microplastic debris is generated from the degradation of plastic
products, consumer products, tire wear, and industrial breakdown.
Millions of tons of these microplastic particles have been found in
seas, atmospheric air, and soil.1 Global microplastic production is
surging, and the density of microplastics in the air is increasing
significantly. It is evident that the tiny respirable microplastics can
transport in atmospheric air. For the first time, in 2022, studies found

microplastics in human airways, which raises the concern of serious
respiratory health hazards.2 Microplastics usually contain toxic pollu-
tants and chemicals. The toxic substances from the inhaled microplas-
tics could potentially cause serious health hazards in the respiratory
system. Research shows humans might inhale about 16.2 bits of plastic
every hour, which is equivalent to plastics used to make a credit card
in an entire week.3 To date, a range of studies have analyzed the move-
ment and behavior of microplastics in atmospheric air.4,5 However,
the transport behavior, migration, and toxicity of microplastics in
human airways are never conducted (Fig. 1).
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In the last few years, scientists have found microplastics in drink-
ing water.6 The World Health Organization has called for more atten-
tion to microplastics.7 Most previous studies consider microplastics to
be ingested by humans orally through water or food. However, inhala-
tion also allows microplastics to reach human tissues.8 Recently,
microplastic particles have been tracked in the lower airways for the
first time in history.9,10 The presence of microplastics in lower airways
increases the long-termmicroplastic exposure concerns for respiratory
health. Microplastics are tiny enough to enter the bronchioles and trap
in different regions of the airway branches. The accumulation of
deposited microplastics in the airways may adversely impact the
human respiratory system. Computational fluid dynamics (CFD) has
been employed to investigate the pollutants particle behavior in the
human airway for decades.11–15 Compared with in-vivo or in-vitro
experiments, CFD simulation has proven to be an efficient method to
predict the trajectories of inhaled particles without risk to human
beings and help physicians learn the impact of deposited particles.
There are several techniques that have been used to create the human
lung airways for CFD simulations. These included the 3D airway
model based on Weibel’s dimensions and the image-based airway
models such as CT and MR images. The CT and MR imaging technol-
ogies have been widely used for the CFD simulations to investigate the
airflow characteristic, particle transport, and deposition due to their
advantages that provide the realistic models under the asymmetric
branching patterns.16 Some studies focused on the numerical sim-
ulation for the particle transport and deposition under various sec-
tions of the human respiratory system, including the nasal cavity
through the upper airways,17 oral airway through the upper air-
ways,18–20 and both nasal cavity and oral airway through the extra-
thoracic airways.21 Some studies also focused on the specific region
for the different purposes, such as the nasal flow therapy,22 drug
delivery for human maxillary sinus,23–25 nasal irrigation delivery
for the patients after the functional endoscopic sinus surgery,26

and aerosol transport through stenosis upper airway.27,28

However, to date, accurate knowledge of microplastic transport in
airways is lacking in the literature.

This study aims to analyze the microplastic transport dynamics
in extrathoracic airways for the first time. A CFD-DPM model is used
to analyze the fluid and particle motion dynamics in airways.

II. NUMERICAL METHODS

The numerical simulations are performed to investigate the effect
of microplastic particles on the airflow and the particle deposition rate.
ANSYS-FLUENT 2020 R2, the Lagrangian approach, and the discrete
phase model (DPM) are employed in the present study. The governing
equations for the continuous fluid flow inside the domain for the CFD
simulation are based on mass and momentum conservations as the
following equations:

@q
@t
þr � q~vð Þ ¼ 0; (1)

r � q~v~vð Þ ¼ �rpþr � l r~v þr~vTð Þ
� �

þ q~g þ~F ; (2)

where p is the static pressure and l refers to molecular viscosity, while
~g denotes the gravitational body force and~F is the external body force.

The standard k-x model is applied for viscous modeling. The
turbulence kinetic energy (k) and specific dissipation rate (x) can be
calculated based on the following equations:

@

@t
qkð Þ þ @

@xi
qkuið Þ ¼ @

@xj
Ck

@k
@xj

 !
þ Gk � Yk; (3)

@

@t
qxð Þ þ

@

@xi
qxuið Þ ¼

@

@xj
Cx

@x
@xj

 !
þ Gx � Yx; (4)

where Gk and Gx are the generation of turbulence kinetic energy and
the specific dissipation rate due to mean velocity gradients, respec-
tively. Ck and Cx refer to the effective diffusivity of k and x, respec-
tively. Yk and Yx are the dissipation of k and x due to turbulence,
respectively.

The second-order discretization techniques and pressure–velocity
coupling are selected for the study. The microplastic transport is calcu-
lated by the following equation:

~FD;i ¼
1
2
CD

pd2p;i
4

q ~vp;i �~v
� �

~vp;i �~v
�� ��; (5)

where CD is the drag coefficient and dp is the particle diameter, while
~vp is the particle velocity. The particle motion i is modeled by using
Newton’s law as follows:

FIG. 1. Microplastic pollution and impacts on health.
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mp;i
@~vp;i
@t
¼~FD;i þmp;i~g : (6)

The particles are injected from the mouth and nose surfaces of the air-
way. The flow rates 7.5 and 30 l/min are used to analyze 1.6, 2.56, and
5.56-lm microplastics transport dynamics. Microplastic density is
940 kg/m3. From the study of Amato-Lourenço et al.,29 microplastic
particles ranging from 1.6 to 5.56 lm were found in the lung tissue of
13 of the 20 autopsied decedents. In total, 87.5% were synthetic poly-
mer particles, while 12.5% were fibers. Therefore, these particle sizes
are selected for the present study.

The shape factor values and sphericity concepts are used to define
the shape of the microplastics. The injected particle number impacts
on the overall deposition efficiency (DE) are investigated, and the final
injection used 34 500 particles. The surface injection method is used,
and microplastic particles are injected at once. The CD for spherical
and non-spherical particles can be determined by the following
equations:30

CD ¼
24

Resph
; (7)

CD ¼
24

Resph
1þ b1Resph

b2
� �

þ b3Resph
b4Resph

; (8)

where

b1 ¼ exp 2:3288� 6:4581; þ 2:4486;2
� �

;

b2 ¼ 0:0964þ 0:5565;;
b3 ¼ exp 4:905� 13:8944; þ 18:4222;2 � 10:2599;3

� �
;

b4 ¼ exp 1:4681þ 12:2584; � 20:7322;2 þ 15:8855;3
� �

:

whereResph is the Reynolds number for spherical particle, which can
be calculated based on the following equation:

Resph ¼
qgdp urj j

lg
; (9)

where ; is the shape factor, which refers to the surface area ratio (As)
to the particle surface area (Ap). As is considered as particle (Vp) vol-
ume equivalent. Therefore, the shape factor can be obtained as follows:

; ¼ As

Ap
¼

p
1
3 6Vpð Þ

2
3

Ap
: (10)

The sphericity of spherical particles is considered as 1, while the sphe-
ricity of non-spherical particle is less than that. The tetrahedron parti-

cle volume is
ffiffi
2
p

12 a
3, while the particle area is

ffiffiffi
3
p

a2. a is the edge length
of tetrahedron particle. The shape factor (;) for tetrahedron particles
is as follows:

; ¼
p

1
3 6 �

ffiffi
2
p

12 a
3

� �2
3

ffiffiffi
3
p

a2
: (11)

The shape factor value for the spherical, tetrahedral, and cylindrical
particles in the present study is then 1, 0.671, and 0.874, respectively.
The velocity inlet condition is used at the inlet sections of the nose and
mouth. An open outlet condition is used at the outlet section of the
upper airway. The wall of the domain is set as “trap” to capture the

particles when they touch the wall under the stationary wall condition.
The static airway wall is applied for the present study. The residual
convergence of the present study is set as 0.0001. A MATLAB code is
used to analyze the deposition concentration at the upper airways.

III. AIRWAY MODEL, GRID REFINEMENT, AND MODEL
VALIDATION
A. Geometrical development and mesh generation

This study employed 30-year male DiCom images and con-
structed the three-dimensional upper airway model. The upper airway
consists of nasal cavities, mouth-throat, pharynx, epiglottis, and tra-
chea. The healthy airway model is used to analyze microplastic trans-
port. The upper airway model and selected locations for flow analysis
are presented in Fig. 2. Figure 3(a) presents the front view of the air-
way model, and Fig. 3(b) shows the unstructured mesh elements. The
nasal cavities and mouth-throat anatomy are highly complex and con-
tain a strong change of curvatures with uneven surfaces. Therefore,
unstructured tetrahedral elements are generated, and ANSYS meshing
is used for the grid generation. The grid independency test for the lung
model from the present study was performed from the previous
study.31 Inflation layers are used for the airway wall, and a proper grid
refinement is performed for the present model. The final model com-
prises 4.3� 106 elements.

B. Model validation

The numerical model is validated with the literature32,33 (Fig. 4).
The overall deposition rate is calculated against the impaction parame-
ters and compared with the published literature. The deposition effi-
ciency (DE) is compared against of impaction parameter [(dp

2 (lm2)
Q (cm3/s)] for the nasal cavity. The present model’s finding shows a
similar trend in the deposition rate with the available literature.

IV. RESULTS AND DISCUSSION
A. Airflow characteristics

Auxiliary planes and lines have been created to better represent
the fluid flow characteristics at different parts of the model. The first
plane is a coronal plane at the nasal cavities, and the last plane is a
transverse plane located at the end of the trachea. In between these

FIG. 2. Randomly selected lines and planes for the flow analysis.
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two planes, there are other lines and planes that encompass the whole
model, including the larynx, pharynx, and the main trachea itself, as
indicated in Fig. 2 (see for the location of selected lines and planes).

Velocity contours and vectors on different planes for the flow
rates of 7.5 and 30 l/min are depicted in Fig. 5. The comparison of
velocity on different planes indicates that the local distortions in the
geometry of airways substantially affect momentum distribution and
change the velocity contour patterns. At planes 1 and 2, the velocity is
highly affected by local complications of the airways and is unevenly
distributed on these planes. At plane 1, the velocity at the center of the
coronal plane is higher, and there is a velocity gradient throughout the
plane, though the gradient is more intense at the flow rate of 30 l/min
compared with the flow rate of 7.5 l/min. The nasal cavity has a com-
plicated geometry with tiny passages and more complicated morphol-
ogy than other parts of the airways, which results in lower velocity in
the vicinity of the walls and higher velocity at the core of the passage,
which is associated with the velocity gradient observed on planes 1
and 2. Despite the nasal cavity, there is not a significant velocity gradi-
ent in the planes located downstream of the flow inside the airways.
For instance, the distribution of momentum is more uniform on
planes 4 and 5 located in the trachea. The velocity vectors are also

FIG. 3. The respiratory model for the present study: (a) the front view of the nasal cavities and mouth of the upper airway model and (b) unstructured mesh elements.

FIG. 4. Computational model validation with the available literature.32,33
FIG. 5. Velocity contours at different flow rates: (a) Q¼ 7.5 and (b) Q¼ 30 l/min
(Fig. 2 illustrates the plane).
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included on the planes for velocity contours, demonstrating the direc-
tion of velocity on different planes. Plane 2 is located at the section
after the pharynx, which means the flow should pass a curved path to
reach this region. The presence of deflections on the fluid flow path
generates another flow pattern perpendicular to the main flow called
secondary flows. Among all other planes, the most secondary
solid flows have been formed on plane 2 compared to other planes
downstream of the airways (Fig. 5). The velocity magnitude at plane 5
near the tracheal exit is significantly higher at 30 l/min compared to
7.5 l/min. The flow field is uniform because of the less asymmetric
structure of the trachea at this section.

The velocity profiles on lines 1–4 are depicted in Fig. 6 for two
flow rates of 7.5 and 30 l/min. The velocity profiles support the data
inferred by the velocity contours in Fig. 5. The velocity profiles on lines
1 and 2 are more asymmetric. Line 1 is located in the nasopharynx,
being highly influenced by the complexity of the structure of the nasal
cavities, and line 2 is located immediately after the larynx. The velocity
is not distributed uniformly on this line. Lines 3 and 4 (locate in the
trachea) are smoother than lines 1 and 2. These lines are highly
affected by the complexity of the geometry in those regions. While
comparison of the velocity profile for the two flow rates shows a signif-
icant difference in all lines.

Figure 7 shows the wall shear stress at various parts of the model
for different flow rates. Wall shear stress is generated due to the veloc-
ity gradient on the layer of fluid adjacent to the wall, and the higher
wall shear is observed due to the higher velocity gradient. The wall
shear stress is the least in the nasal cavity and the larynx regions. The
highest amount of wall shear stress occurs on the pharynx and the tra-
chea. The velocity increment in the oropharynx and the nasopharynx,
and the wall shear stress increases in these regions. In the larynx
region, there is a great reduction in the wall shear; however, it increases
in the trachea.

Figure 8 presents the wall shear stress at different planes.
According to Fig. 8, the highest amount of shear stress occurs on plane
2, possibly due to the pharynx effect. After plane 2, planes 4, 3, and 5
have a higher shear stress rate. As mentioned previously, the shear rate
is proportional to the velocity gradient. A higher inlet velocity gener-
ates a more significant velocity gradient, as shown in Figs. 7 and 8.
The shear stress rate for the 30 l/min is higher than the 7.5 l/min
conditions.

Figure 9 indicates pressure contours in different parts of the air-
ways from the nasal cavity down to the trachea. The pressure is higher
in the nasal cavity and reduces while going down in the airways
because of the friction with walls and loss of energy. Pressure loss
inside the airways could occur due to the simultaneous effect of wall

FIG. 6. Velocity at different flow condi-
tions: (a) line 1, (b) line 2, (c) line 3, and
(d) line 4.

FIG. 7. Wall shear stress contour at upper airways: (a) Q¼ 7.5 and (b) Q¼ 30 l/min.
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friction and the complexity of the geometry. As the flow passes
through a complicated geometry with tiny passages in some regions,
flow movement would be accompanied by consecutive high expansion
and contradictions, which affect the pressure. A significant change in
pressure occurs in the regions with high variation in the cross section
of the airways. One such instance is the pharynx, where both the oro-
pharynx and nasopharynx passages join together, followed by a reduc-
tion in flow cross section. Accordingly, there is a pressure drop at the
end of the oropharynx and nasopharynx. There is an expansion in the
airways cross section, which results in a pressure increase. The larynx
remains the same effect on the flow pressure and another sudden drop
in the domain.

Figure 10 indicates this phenomenon more clearly. The pressure
drops rapidly when moving from the first plane on the nasal cavity to
subsequent planes on the flow path, and the pressure on plane 5 is the
lowest observed. The pressure drop occurs more intensely at the flow
rate of 30 l/min due to higher friction between the flow and the walls
of the airways. Figure 10 represents this finding more quantitatively by
quantitatively showing these results. The maximum pressure reduces
gradually on successive planes along the flow path.

Figure 11 depicts the turbulence intensity in different regions for
7.5 and 30 l/min conditions. Turbulence intensity is the ratio of the
velocity fluctuation deviation of the flow to the mean flow velocity and

is a good measure to show the turbulence level. The turbulence inten-
sity is the highest in the pharynx and the trachea, while there is a
reduction in the turbulence intensity in the larynx region. A compari-
son of turbulence intensity in two flow rates of 7.5 and 30 l/min shows
that flow rate is directly influential. The turbulence intensity in a
higher flow rate is greater than in a lower flow rate.

Figure 12 shows the turbulent intensity on different sample
planes, as indicated in Fig. 2 for different flow rates. The maximum
turbulence intensity occurs on plane 2, which is followed by its rapid
reduction on consecutive planes along the flow direction for 30 l/min.
A similar trend is observed for 7.5 l/min with a slight difference on
plane 4, having a little higher turbulence intensity. The turbulent
intensity is generally related to the level of turbulent airflow flowing
through the airways. The higher velocity magnitude will generate a
higher turbulent level. This is obvious from the velocity contour from
Fig. 5 that the velocity magnitude at P2 (plane 2) is higher than other
areas (other planes). Furthermore, the vortex (refer to the direction of
the vectors) is also found from this plane for both flow rates, while
there is no vortex from other areas. Complex lung geometry is one of
the main reasons for generating turbulent flow. Therefore, these rea-
sons lead to a higher turbulent intensity at plan 2 than other planes.

FIG. 8. Wall shear stress at different selected planes: (a) Q¼ 7.5 flow rate and (b)
Q¼ 30 l/min flow rate.

FIG. 9. Pressure for the different flow rates: (a) Q¼ 7.5 and (b) Q¼ 30 l/min.

FIG. 10. Pressure at different planes with flow rates: (a) Q¼ 7.5 and (b) Q¼ 30 l/
min.

FIG. 11. Turbulence intensity for the different flow rates: (a) Q¼ 7.5 and (b)
Q¼ 30 l/min.
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Despite the turbulence intensity, turbulence kinetic energy is
another parameter that represents the turbulence rate of the flow. The
turbulence kinetic energy is higher in the pharynx and the trachea,
with a significant reduction in the larynx region (Fig. 13).

A similar trend in the turbulence kinetic energy is observed on
consecutive planes in the flow direction in Fig. 14. The turbulence
kinetic energy is highest on plane 2, located at the pharynx, and rap-
idly reduces on other planes until plane 5, which has the lowest
amount of turbulence kinetic energy compared with other planes. The
flow rate is influential here, as the level of turbulence kinetic energy is
higher for 30 l/min compared with the 7.5 l/min cases.

Flow streamlines can enhance our understanding of the flow field
inside the airways and adequately characterize the flow behavior inside
the complicated respiratory system passages. Velocity streamlines are
depicted in Fig. 15 for two flow rates of 7.5 and 30 l/min. The highest
velocity occurs at the inlet of the nasal cavity, the pharynx, and the tra-
chea. The morphology of the airways substantially influences the
streamlines, as in the regions where the airways have more complexity,
and the streamlines have an intense disorder due to the deflections in
the flow path. This is particularly recognizable in the nasal cavities,
where the presence of complex and small passages results in the deflec-
tion of the streamlines and circulation of the airflow inside the maxil-
lary sinuses. The circulation of the flow is more intense at the flow rate

of 30 l/min [Fig. 15(b)]. The streamlines are highly affected by the local
geometry of the model in the larynx, which is shown in a magnified
view to better distinguish the streamlines in this region. The flow pass-
ing through the larynx gets disturbed abruptly due to the contradiction
of the flow cross section and increment in the flow velocity. The local
complexity of the geometry imposes disturbances to the flow. A higher
disorder accompanies the higher flow rate in the flow streamlines. The
highest velocity occurs in the nasopharynx, although the velocity mag-
nitude is higher in the flow rate of 30 l/min.

B. Particle deposition

Total deposition efficiencies of spherical, cylindrical, and tetrahe-
dral microplastics with different diameters are presented in Fig. 16 for
7.5 and 30 l/min with various microplastics sizes, including 1.6, 2.56,
and 5.56 lm, respectively. For 7.5 l/min, the deposition of 2.56 and
5.56-lm cylindrical microplastics is higher, while the 1.6-lm cylindri-
cal particles have a lower deposition rate than others. At this flow rate,
the deposition of spherical and tetrahedral microplastics is identical
for all particle sizes. The deposition of 1.6 and 2.56-lm spherical and
tetrahedral particles is quite similar, and the deposition rate increases
for the 5.56-lm particles, while the cylindrical particles have rapid
growth of deposition when increasing their diameter from 1.6 to 2.56

FIG. 12. Turbulence intensity at different planes with flow rates: (a) Q¼ 7.5 and (b)
Q¼ 30 l/min.

FIG. 13. Turbulence kinetic energy for the different flow rates: (a) Q¼ 7.5 and (b)
Q¼ 30 l/min.

FIG. 14. Turbulence kinetic energy at different planes with flow rates: (a) Q¼ 7.5
and (b) Q¼ 30 l/min.

FIG. 15. Velocity streamline for the different flow rates: (a) Q¼ 7.5 and (b) Q¼ 30
l/min.
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lm and from 2.56 to 5.56 lm. At a flow rate of 30 l/min, however, a
different trend is observed. Figure 13(b) indicates that only for the par-
ticle diameter of 2.56 lm, the cylindrical microplastics have a higher
deposition. Among the 1.6 and 5.56 lm particles, the spherical par-
ticles are higher than others. The slope of the deposition curve for the
spherical particles is relatively constant by increasing the diameter.
However, the slope of the deposition rate for the cylindrical and tetra-
hedral particles reduces by increasing the particle diameter from 2.56
to 5.56 lm, which means that the deposition of tetrahedral and cylin-
drical particles is more dependent on particle diameter at smaller sizes.
The comparison of Figs. 16(a) and 16(b) demonstrates that the deposi-
tion of microplastics with different shapes and sizes is higher for simi-
lar particles at the flow rate of 30 l/min. However, the overall
deposition efficiency of 7.5 l/min is higher than the overall deposition
efficiency of 30 l/min. This is applied to all microplastic sizes. One of
the main reasons for a higher deposition efficiency is the residence
time to pass through the upper airway region from a lower flow rate,
which is different from a higher flow rate. The lower flow rate leads
microplastic to spend a longer time passing through the upper airway
region compared to a higher flow rate. Furthermore, gravitational sedi-
mentation and Brownian diffusion play an important role in addition
to the inertial impaction effect. Brownian diffusion plays a more criti-
cal role at lower flow rates and gets weakened by increasing flow rates.
Brownian diffusion occurs due to the collision of the particles with the
air molecules and is more effective at lower flow rates.

Figure 17 indicates the deposition patterns for microplastics with
different shapes at a flow rate of 7.5 l/min. There are several main hot-
spots that have the greatest amount of microplastic deposition. These
hotspots are the nostrils, oropharynx, nasopharynx, and trachea. The
oropharynx has the lowest concentration of deposited microplastics at
a flow rate of 7.5 l/min. The dominance of inertial impaction is one of
the particle deposition mechanisms. As particles have inertia when
passing through the airways, when there is a change in the direction of
the flow, the particles with high inertia may not be able to adjust their
path with the fluid flow and consequently impact the wall. Despite the
spherical and tetrahedral microplastics, the results are different from
the cylindrical-shaped microplastics. In Fig. 17(c), at a flow rate of
7.5 l/min, only the particles with a diameter of 1.6 lm are trapped in
the airways.

FIG. 16. Particle deposition efficiency in the lung model for flow rate at (a) Q¼ 7.5 and (b) Q¼ 30 l/min.

FIG. 17. Distribution of microplastic particle deposited in the mouth-throat model at
a flow rate of 7.5 l/min. (a) Q¼ 7.5 l/min (spherical shape), (b) Q¼ 7.5 l/min (tetra-
hedral shape), and (c) Q¼ 7.5 l/min (cylindrical shape).
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Figure 18 represents the distribution of microplastic particle
deposited in the mouth-throat model at a flow rate of 30 l/min. In the
flow rate of 30 l/min, the flow velocity is higher, and the particles have
higher inertia compared with the flow rate of 7.5 l/min. Moreover, the
particles have to pass through a steep curved path to enter the trachea,
which is an accumulation of microplastics at the end of the orophar-
ynx when the flow rate increases. This phenomenon is observed for
particles with different shapes. The distribution of microplastics
throughout the nasal cavity is more uniform at the flow rate of 7.5 l/
min compared to the flow rate of 30 l/min, at which most of the par-
ticles have accumulated at the end of the oropharynx, and few particles
are deposited on the nasal cavity walls. Figures 17 and 18 compared
the deposition patterns of different shapes of microplastics at different
flow rates. Figure 17(a) shows that most of the spherical microplastics
with 1.6-lm diameter could pass the nasal cavity and the trachea and
move toward the lower airways for 7.5 l/min. On the other hand, the
5.6-lm spherical particles get trapped in the upper airways at 30 l/
min. However, this conclusion about the cylindrical and tetrahedral-
shaped particles cannot be drawn. The overall deposition pattern

demonstrates that most particles are deposited on the walls of the air-
ways along the lung domain for 30 l/min. However, for the flow rate of
7.5 l/min, the particles are mostly trapped on the wall along the lung
airways, especially on the oropharynx.

Figure 19 depicts the microplastic deposition hotspots for differ-
ent shapes of microplastic. These figures provide a deeper understand-
ing of how microplastic shapes influence the transport and deposition
of microplastics in the airways and which regions are most prone to
receiving these hazardous particles. Despite the nasal cavity, which is
the most significant hotspot for the deposition of microplastics, the
trachea is also another region where the deposition of particles is
remarkable. In Fig. 19, particles accumulate downstream of the tra-
chea, located between y¼�0.06 and y¼�0.1. In this region, with the
presence of curvature in the trachea, the particles get trapped for not
being able to follow the flow path properly.

Figures 20–22 depict the deposition hotspots for 1.6, 2.56, and
5.56-lmmicroplastics at the flow rate of 7.5 l/min. The deposition rate
of particles of different shapes and sizes is the highest in the nostrils
and the nasal cavity. This particular region is located between y¼ 0.04
and y¼ 0.07. The nasal cavity has a very complicated geometry, mak-
ing it difficult for particles to follow the airflow path and deposit on its
walls. However, the deposition rate in the upper airways for 1.6-
micron tetrahedral microplastics at the flow rate of 7.5 l/min is slightly
lower in the region between y¼ 0.04 and y¼ 0.07 (Fig. 20). A similar
trend is reported for the 2.56 and 5.56-lm particles about the main
deposition hotspots. In addition, most of the particles are deposited at
the oropharynx region because of the dominance of inertial impaction
mechanisms.

The deposition hotspots for 1.6, 2.56, and 5.56-lm microplastics
at a flow rate of 30 l/min are shown in Figures 23–25. At the region
between y¼ 0.07 and y¼ 0.09, which is associated with the upper
parts and the top of the nasal, different amounts of deposition occur
depending on the shape and size of particles. This difference in deposi-
tion is particularly more evident in Figs. 23–25 where a greater deposi-
tion rate occurs. However, when the particle size increases, the
particles can barely reach the top wall of the nasal cavity, and y¼ 0.1 is
free of particles or receives the least amount of particles at 30 l/min as
demonstrated in Figures 23 and 24. Figures 23–25 present the deposi-
tion hotspots for the flow rate of 30 l/min. The deposition of spherical
particles is lower when the particle size is smaller compared to the tet-
rahedral and cylindrical particles. Figures 23 and 24 (flow rate of 30 l/
min) show that the deposition of spherical particles (1.6 and 2.56 lm
particles) is much less than the tetrahedral and cylindrical particles,
particularly in the region between y¼ 0.06 and y¼ 0.08. In this region,
the particles enter the nasal cavity at the middle section of the air pas-
sages and have a further distance from the top and bottom walls of the
nasal cavity. Consequently, they can more easily find their path toward
the lower airways at the flow rate of 30 l/min. However, for larger
spherical particles (5.56 lm), this phenomenon does not occur
because the larger particles have higher inertia and easily get distracted
from their path and impact the wall of the nasal cavity. Along with the
inertia, the asymmetric shape of the microplastic also plays an impor-
tant role in the overall deposition pattern. The rotational and transla-
tional movement of the non-spherical particle also influences the
overall transport behavior. For Fig. 25, the amount of deposited 5.56-
lm spherical particles in the region between y¼ 0.06 and y¼ 0.08 is
higher.

FIG. 18. Distribution of microplastic particle deposited in the mouth-throat model at
a flow rate of 30 l/min. (a) Q¼ 30 l/min (spherical shape), (b) Q¼ 30 l/min (tetrahe-
dral shape), and (c) Q¼ 30 l/min (cylindrical shape).
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FIG. 19. 1.6-lm microplastic at 7.5 l/min: (a) spherical, (b) cylindrical, and (c) tetrahedral microplastics.
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V. CONCLUSIONS

Exposure to hazardous particles is one of the potential con-
cerns of human health, especially during human inhalation. The
main characteristic of tiny particles can transport to the deeper
lung airways compared to the larger particle sizes. Microplastic
exposure has become a health concern as it is recently found in the
deep lung airway. The comprehensive investigation of microplas-
tic transport and deposition is the key factor in increasing the
understanding of its behavior. The present study analyzes the
effect of microplastic transport within the upper airways under
the three shapes of microplastics, including spherical, tetrahedral,
and cylindrical shapes with 7.5 and 30 l/min and microplastic sizes
as 1.6, 2.56, and 5.56 lm, respectively. The key findings are as
follows:

• The nasal cavity area has a lower flow velocity compared to other
areas. However, the flow fluctuates in this area, while the flow
becomes uniform after passing the trachea instead. A higher flow
velocity is found after passing the trachea for all flow rates. The
flow velocity is affected by the lung geometry. The complex
region leads to a higher flow velocity resulting in a higher level of
turbulent flow. This leads to the difference of wall shear stress
and turbulence intensity, which are related to the lung geometry
and flow velocity. The wall shear stress at the nasal cavity and lar-
ynx regions is lower than in other regions. Higher turbulence
intensity and kinetic energy are found at the complex parts,
including the pharynx and the trachea.

• A high pressure is observed at the nasal cavity, mouth-throat,
and trachea. The significant change in pressure is the result of a

FIG. 20. 1.6-lm microplastic deposition hotspot at 7.5 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.

FIG. 21. 2.56-lm microplastic deposition hotspot at 7.5 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.
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high variation in the cross section of the airways. Low pressure is
found in the area where it is less complex.

• A higher microplastic deposition rate is observed in the nasal
cavity compared to the trachea and other areas. The flow rates,
shape, and size of microplastics influence the overall deposition
pattern. A higher flow rate (30 l/min in the present study) leads
to a lower deposition efficiency for all microplastic shapes.

• The highest deposition efficiency from the flow rate at 30 l/min
is less than 13%, while there is around 18.5% of the deposition
efficiency from the flow rate at 7.5 l/min. The lower flow rate
(7.5 l/min) leads microplastic particles to spend a longer resi-
dence time passing through the upper airway region. The gravi-
tational sedimentation and Brownian diffusion are also the
main factors in addition to the inertial impaction effect. At

7.5 l/min, the deposition efficiency from tetrahedral and spheri-
cal shapes are similar and lower than the cylindrical shape. This
is applied to all microplastic sizes. However, the deposition effi-
ciency from spherical shapes is higher than other shapes at a
30 l/min flow rate. This is applied only for the larger microplas-
tic size at 5.56 lm. Other smaller sizes have similar deposition
efficiency.

A. Limitations of the study

• The airflow and particle transport are considered for an inhala-
tion condition in the present study.

• The current model includes only the nasal cavity and oral airway
as the inlets with the trachea section as the outlet.

FIG. 22. 5.56-lm microplastic deposition hotspot at 7.5 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.

FIG. 23. 1.6-lm microplastic deposition hotspot at 30 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.
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• The dynamic wall motion or airway deformation is not consid-
ered in the present study.

• An open outlet condition and constant pressure are applied at
the outlet.

• The effect of different environmental conditions such as
humidity and temperature is not considered in the present
study.

B. Future research directions

The results of this study could be useful for the health risk assess-
ment under the exposure to hazardous particles topic. However, the
comprehensive investigation of microplastic and its characteristic will

be further studied to enhance the understanding of its effect on the
human respiratory system. This includes the effect of microplastic
with various shapes under the consideration of various microplastic
sizes and flow rates. Moreover, the complex lung geometry with upper
and lower lung generations will be further considered under the
healthy and diseased airways conditions. The effect of environmental
conditions, such as humidity and temperature, will also be considered
in the future study.
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FIG. 24. 2.56-lm microplastic deposition hotspot at 30 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.

FIG. 25. 5.56-lm microplastic deposition hotspot at 30 l/min of flow rate: (a) cylindrical shape, (b) spherical shape, and (c) tetrahedral shape.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 063319 (2023); doi: 10.1063/5.0150703 35, 063319-13

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0150703/17995601/063319_1_5.0150703.pdf

pubs.aip.org/aip/phf


AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Mohammad S. Islam: Conceptualization (equal); Data curation
(equal); Formal analysis (equal); Investigation (equal); Methodology
(equal); Validation (equal); Visualization (equal); Writing – original
draft (equal). Md. Mizanur Rahman: Formal analysis (equal);
Visualization (equal); Writing – review & editing (equal). Puchanee
Larpruenrudee: Data curation (equal); Methodology (equal);
Visualization (equal); Writing – original draft (equal); Writing –
review & editing (equal). Akbar Arsalanloo: Formal analysis (equal);
Visualization (equal); Writing – original draft (equal). Hamidreza
Mortazavy Beni: Methodology (equal); Writing – review & editing
(equal). Md. Ariful Islam: Resources (equal); Visualization (equal).
Yuantong Gu: Project administration (equal); Supervision (equal);
Writing – review & editing (equal). Emilie Sauret: Formal analysis
(equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1X. Lim, “Micropastics are everywhere - but are they harmful?,” Nature 593,
22–25 (2021).

2See https://www.theguardian.com/environment/2022/apr/06/microplastics-found-
deep-in-lungs-ofliving-people-for-first-time for a press release about microplastic
presence in lungs.

3See https://www.iqair.com/newsroom/microplastics-effects-on-air-pollution for a
press release about microplastic presence in lungs.

4S. Kacprzak and L. D. Tijing, “Microplastics in indoor environment: Sources,
mitigation and fate,” J. Environ. Chem. Eng. 10, 107359 (2022).

5J. Gasperi, R. Dris, C. Mirande-Bret, C. Mandin, V. Langlois, and B. Tassin,
“First overview of microplastics in indoor and outdoor air,” in 15th EuCheMS
International Conference on Chemistry and the Environment (Hal-enpc, 2015),
available at https://hal-enpc.archives-ouvertes.fr/hal-01195546.

6WHO, WHO Report on Microplastics in Drinking-Water (Open Access
Government, 2020).

7WHO, “WHO calls for more research into microplastics and a crackdown on
plastic pollution,” inWHO News (World Health Organization, Geneva, 2019).

8M. Revel, A. Châtel, and C. Mouneyrac, “Micro(nano)plastics: A threat to
human health?,” Curr. Opin. Environ. Sci. Health 1, 17–23 (2018).

9P. Russell, Scientists Find Microplastics in Human Lung Tissue (WEBMD, 2022).
10W. Grantham-Philips, Researchers Find Microplastics Deep in the Lungs of
Living People for the First Time (USA Today, 2022).

11B. Ma and K. R. Lutchen, “CFD simulation of aerosol deposition in an anatomi-
cally based human large-medium airway model,” Ann. Biomed. Eng. 37(2),
271–285 (2009).

12P. Worth Longest and S. Vinchurkar, “Validating CFD predictions of respira-
tory aerosol deposition: Effects of upstream transition and turbulence,”
J. Biomechanics 40(2), 305–316 (2007).

13J. Xi and P. W. Longest, “Characterization of submicrometer aerosol deposition
in extrathoracic airways during nasal exhalation,” Aerosol Sci. Technol. 43(8),
808–827 (2009).

14M. S. Islam, S. C. Saha, E. Sauret, T. Gemci, and Y. T. Gu, “Pulmonary aerosol
transport and deposition analysis in upper 17 generations of the human respi-
ratory tract,” J. Aerosol. Sci. 108, 29–43 (2017).

15M. S. Islam, S. Husain, J. Mustafa, and Y. T. Gu, “A novel machine learning
prediction model for aerosol transport in upper 17-generations of the human
respiratory tract,” Future Internet 14, 247 (2022).

16K. Ahookhosh, O. Pourmehran, H. Aminfar, M. Mohammadpourfard, M. M.
Saragraz, and H. Hamishehkar, “Development of human respiratory airway
models: A review,” Eur. J. Pharm. Sci. 145, 105233 (2020)..

17H. Mortazavi, H. M. Beni, M. S. Islam, and G. Paul, “Aerosolized airborne
bacteria and viruses inhalation: Micro-bioaerosols deposition effects
through upper nasal airway inhalation,” in Digital Human Modeling and
Medicine: The Digital Twin (Academic Press, Cambridge, Massachusetts,
USA, 2023), pp. 253–274.

18P. Larpruenrudee, G. Paul, S. C. Saha, S. Husain, H. R. M. Beni, C. Lawrence, X.
He, Y. Gu, and M. S. Islam, “Ultrafine particle transport to the lower airways:
Airway diameter reduction effects,” In Digital Human Modeling and Medicine:
The Digital Twin (Academic Press, Cambridge, Massachusetts, USA, 2023), pp.
253–274.

19M. S. Islam, P. Larpruenrudee, S. Hossain, M. Rahimi-Gorji, Y. Gu, S. C.
Saha, and G. Paul, “Polydisperse aerosol transport and deposition in upper
airways of age-specific lung,” Int. J. Environ. Res. Public Health 18, 6239
(2021).

20M. S. Islam, P. Larpruenrudee, S. C. Saha, O. Pourmehran, A. R. Paul, T.
Gemci, R. Collins, G. Paul, and Y. T. Gu, “How severe acute respiratory syn-
drome coronavirus-2 aerosol propagates through the age-specific upper air-
ways,” Phys. Fluids 33, 081911 (2021).

21M. S. Islam, M. M. Rahman, A. Arsalanloo, H. M. Beni, P. Larpruenrudee, N. S.
Bennett, R. Collins, T. Gemci, M. Taylor, and Y. T. Gu, “How SARS-CoV-2
omicron droplets transport and deposition in realistic extrathoracic airways,”
Phys. Fluids 34, 113320 (2022).

22M. Khamooshi, D. F. Fletcher, H. Salati, S. Vahaji, S. Gregory, and K.
Inthavong, “Computational assessment of the nasal air conditioning and para-
nasal sinus ventilation from nasal assisted breathing therapy,” Phys. Fluids
34(5), 051912 (2022).

23O. Pourmehran, B. Cazzolato, Z. Tian, and M. Arjomandi, “Acoustically-driven
drug delivery to maxillary sinuses: Aero-acoustic analysis,” Eur. J. Pharm. Sci.
151, 105398 (2020).

24O. Pourmehran, M. Arjomandi, B. Cazzolato, Z. Tian, S. Vreugde, S. Javadiyan,
A. J. Psaltis, and P. J. Wormald, “Acoustic drug delivery to the maxillary sinus,”
Int. J. Pharma. 606, 120927 (2021).

25O. Pourmehran, B. Cazzolato, Z. Tian, and M. Arjomandi, “The effect of inlet
flow profile and nozzle diameter on drug delivery to the maxillary sinus,”
Biomech. Model. Mechanobiol. 21, 849–870 (2022).

26H. Salati, N. Singh, M. Khamooshi, S. Vahaji, D. F. Fletcher, and K. Inthavong,
“Nasal irrigation delivery in three post-FESS models from a squeeze-bottle
using CFD,” Pharm. Res. 39, 2569–2584 (2022).

27P. Larpruenrudee, M. S. Islam, G. Paul, A. R. Paul, Y. T. Gu, and S. C. Saha,
“Model for pharmaceutical aerosol transport through stenosis airway,” in
Handbook of Lung Targeted Drug Delivery Systems: Recent Trends and Clinical
Evidences (CRC Press, Boca Raton, FL, USA, 2021), p. 91.

28M. R. Islam, P. Larpruenrudee, M. M. Rahman, S. Ullah, T. K. Godder, X. Cui,
H. M. Beni, K. Inthavong, J. Dong, Y. Gu, and M. S. Islam, “How nanoparticle
aerosols transport through multi-stenosis sections of upper airways: A CFD-
DPM modelling,” Atmosphere 13, 1192 (2022).

29L. F. Amato-Lourenço, R. Carvalho-Oliveira, G. R. J�unior, L. dos Santos
Galv~ao, R. A. Ando, and T. Mauad, “Presence of airbone microplastics in
human lung tissue,” J. Hazardous Mater. 416, 126124 (2021).

30A. Haider and O. Levenspiel, “Drag coefficient and terminal velocity of spheri-
cal and nonspherical particles,” Powder Technol. 58, 63–70 (1989).

31H. M. Beni, H. Hassani, and S. Khorramymehr, “In silico investigation of
sneexing in a full real human upper airway using computational fluid dynamics
method,” Comput. Methods Prog. Biomed. 177, 203–209 (2019).

32K. Inthavong, J. Tu, and C. Heschl, “Micron particle deposition in the nasal
cavity using the v2–f model,” Comput. Fluids 51, 184–188 (2011).

33J. V. Corda, S. B. Shenoy, K. A. Ahmad, L. Lewis, K. Prakashini, A. Rao, and M.
Zuber, “Comparison of microparticle transport and deposition in nasal cavity
of three different age groups,” SSRN 2022, 4142424.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 063319 (2023); doi: 10.1063/5.0150703 35, 063319-14

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0150703/17995601/063319_1_5.0150703.pdf

https://doi.org/10.1038/d41586-021-01143-3
https://www.theguardian.com/environment/2022/apr/06/microplastics-found-deep-in-lungs-ofliving-people-for-first-time
https://www.theguardian.com/environment/2022/apr/06/microplastics-found-deep-in-lungs-ofliving-people-for-first-time
https://www.iqair.com/newsroom/microplastics-effects-on-air-pollution
https://doi.org/10.1016/j.jece.2022.107359
https://hal-enpc.archives-ouvertes.fr/hal-01195546
https://doi.org/10.1016/j.coesh.2017.10.003
https://doi.org/10.1007/s10439-008-9620-y
https://doi.org/10.1016/j.jbiomech.2006.01.006
https://doi.org/10.1080/02786820902950887
https://doi.org/10.1016/j.jaerosci.2017.03.004
https://doi.org/10.3390/fi14090247
https://doi.org/10.1016/j.ejps.2020.105233
https://doi.org/10.3390/ijerph18126239
https://doi.org/10.1063/5.0061627
https://doi.org/10.1063/5.0123213
https://doi.org/10.1063/5.0090058
https://doi.org/10.1016/j.ejps.2020.105398
https://doi.org/10.1016/j.ijpharm.2021.120927
https://doi.org/10.1007/s10237-022-01563-8
https://doi.org/10.1007/s11095-022-03375-y
https://doi.org/10.3390/atmos13081192
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/0032-5910(89)80008-7
https://doi.org/10.1016/j.cmpb.2019.05.031
https://doi.org/10.1016/j.compfluid.2011.08.013
https://doi.org/10.2139/ssrn.4142424
pubs.aip.org/aip/phf

