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Abstract
Human pleural cavity pressure rises substantially because of Valsalva maneuver during sneezing. However, the deformations 
in the upper airway respiratory system significantly increase due to flow rate growth in sneezing, and laryngeal fracture can 
be mentioned as one of the symptoms of this severe deformation during the Valsalva maneuver. Therefore, the accurate study 
of the distribution of pressure and velocity, in this case, is very important. In the present study, using a real human upper 
airway model, the pressure and velocity of the air flow, generated in the tract during the sneezing, have been investigated. 
Moreover, using a spirometer device, the outlet flow rate from the mouth during the sneezing was obtained. The simula-
tion results indicated that the inlet pressure to the tract, existing in the bronchus region, reached a maximum of 14 kPa. By 
having such pressure input, the highest deformation, created in the upper airway, was calculated using the fluid–structure 
interaction method and it has been confirmed that the majority of the deformation happened in the maxillary sinus as well 
as the thyroid cartilage.
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1  Introduction

Most previous studies on the upper respiratory system have 
been performed using computational fluid dynamics (CFD) 
method but actually, the respiratory system function should 
be considered as the interaction of air fluid and the walls of 
the system which is modeled by FSI technique. Because of 
Valsalva maneuver during sneezing, the pressure of the pleu-
ral fluid pressure is quite high. For example, when someone 
blows off the tight balloon, then his pleural cavity pressure 
is increased.

The sensitivity of the bronchi and trachea is like that 
very small amounts of foreign matter or any other cause of 
provocation result in the sneezing reflex. The larynx and 
especially the carina (where the trachea divides into two 
bronchi) are sensitive and the end bronchioles and even alve-
olus are susceptible to chemical stimulants such as chlorine 

gas. While sneezing, first the vocal cords closed firmly and 
then, the abdominal muscles, exhalation muscles firmly are 
contracted, and the pressure rises. Finally, the epiglottis and 
the vocal cords suddenly are contracted and the air comes 
out extensively from the gap of the bronchi and trachea.

So far, extensive studies have been done on the mecha-
nism and various aspects of the human respiration process. 
Zhang and Lessmann [1] studied the simulation of airflow 
and particle deposition through the diffusion process in a 
3D model of human airway. They showed that both the inlet 
and outlet flow boundary conditions have significant effects 
on the flow. Cebral and Summers [2] studied the flow aero-
dynamics in the human bronchi and tracheal regions using 
the computational fluid dynamics. Decreased pressure and 
increased shear stress in the region of a stenosis were shown. 
Therefore, the correct selection of the outflow boundary con-
dition in a real sneeze can have a significant impact on the 
region of a stenosis flow conditions as we also confirm and 
analyze in the current research.

Wen et al. [3] investigated the behavior of continuous 
and steady flow with a flow rate of 7.5 and 15 L per minute 
in the left and right cavities of the nose and compared it 
with numerical and experimental results. Martin and Finley 
[4] proposed a method based on the use of non-spherical 
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suspended particles and uniform magnetic field in the pro-
cess of magnetic drug delivery. Unlike all the methods pre-
sented before, this method instead of relying on the applica-
tion of magnetic force to particles in order to absorb them 
uses the magnetic moment to direct the particles in the 
desired direction. They tested this procedure for an experi-
mental model of lung branch. Liu et al. [5] used CT scan 
images to model the flow in the bronchi branches and lung of 
a human. Moghadas et al. [6] studied the effect of nasal devi-
ation on the air flow in the human upper airway. Nithiarasu 
et al. [7] examined the steady air flow in a realistic respira-
tory system. Tavakoli et al. [8] also studied the transfer and 
deposition of particles in micro-dimensions in the human 
upper airway respiratory system. In the above studies, most 
researchers have used numerical methods to investigate the 
normal flow of breathing in the upper respiratory system 
of human, while human respiratory reflux, such as sneez-
ing, can greatly affect the quality of the results. Hence, in 
the current research, a numerical method for analyzing the 
functional state of sneezing has been developed.

Malve et al. [9] studied the unsteady turbulent air flow 
in the human trachea, considering the fluid–solid interac-
tion during coughing. This group used ADINA and Mimics 
softwares for their study. They also used the airflow profile 
at the time of coughing as an input boundary condition. 
Recently, Chen et al. [10] have illustrated the exhalation 
air flow during coughing when a person covers the outlet 
of his or her mouth. They also numerically examined the 
effect of particle dispersion while coughing. According to 
the group’s observations, covering the mouth when cough-
ing can greatly reduce the velocity of particle dispersion. 
The results of two recent studies [9, 10] indicated that the 
effect of boundary condition of the wall, including the con-
sideration of the boundary condition of fluid–solid inter-
actions in the wall, can influence the outcome of cough 
reflux. In order to see the effect of the wall in sneezing 
reflexes, the problem was solved in a completely real condi-
tion using FSI method.

Many researchers have studied airflow velocity or mouth 
outlet during coughing. These values vary widely among 
different researchers and have been reported differently. 
According to Zhu et al. [11] calculations, the maximum 
airflow velocity exiting from mouth reaches 22 m/s dur-
ing coughing. Tang and Settles [12], using image analysis 
method, achieved the velocity map during coughing. The 
group’s observations indicated that the maximum velocity of 
the surrounding air reached 8 m/s. Gupta et al. [13] studied 
different people experimentally and concluded that the air-
flow rate exiting from mouth varied from 2 to 8 L per second 
in middle-aged people when coughing.

As mentioned above, although a number of researchers 
have studied the human respiratory system and the outlet flow 
rate during coughing, there is a lot of differences among the 

results. This issue was much more complicated when other 
important phenomena called sneezing was discussed and less 
information was available. According to Wells [14], the outlet 
airflow velocity will reach 100 m/s during sneezing. Xhi et al. 
[15] estimated the velocity of large particles dispersed dur-
ing sneezing about 50 m/s. According to Jennison and Edger-
ton [16] tests, the velocity of outlet particles during sneezing 
reaches 46 m/s. Tang et al. [17] reported the maximum veloc-
ity of outlet particles during sneezing as 4.5 m/s. Nishimura 
et al. [18] studied the process of sneezing using an image pro-
cessing method with the help of a high-speed video recording 
system and estimated the initial velocity of the outlet particles 
more than 6 m/s.

Bourouiba et al. [19], with the numerical and experimental 
study of fluid dynamics during coughing and sneezing, con-
cluded that outlet air flow in these two processes is turbulent. 
The amount of pressure generated by sneezing in the nasal 
area of a healthy person was measured by Gwaltney [20] and 
reported to be 612 ± 505 Pascal. Recently, Rahiminejad et al. 
[21] simulated the sneezing process and modeled the effect of 
the closed nose or closed mouth of human upper airway on 
pressure and velocity distribution of air in the tract.

A few researchers have examined the effects of sneezing 
with closed human upper airway on human health. Faden 
et al. [22] showed the effect of this action which led to 
laryngeal fracture of an individual due to high pressure 
from the sneezing in this area. According to the reported 
results, this high pressure can also have other destructive 
effects. Martinez et al. [23] also reported a case of fracture 
of the thyroid cartilage and the pain caused by it in the 
neck region due to sneezing and high pressure caused by 
it. According to the group’s results, closing both mouth 
and nose during sneezing was the main reason for these 
destructive effects.

Knowing that sneezing puts the most pressure on human 
upper airway, a clear understanding of pressure distribution, 
air flow velocity, and also the distribution of exhaled air 
from the tract during sneezing are more important issues. 
In this research, we tried to study the sneezing noting to 
experimental aspect and simulation of sneezing phenomena. 
For this purpose, the simulation of sneezing process was ini-
tially developed by preparing a 3D model of the respiratory 
system of a healthy 30-year-old male subject (Fig. 1). The 
boundary conditions were applied to the model where the 
data were extracted from an experimental study performed 
on the same person (Fig. 6).

2 � Methods

In this study, a 3D model of the human upper airway was 
extracted from a 30-year-old male with Computer Tomogra-
phy scan images. The geometry was digital medical images 
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in “Dicom” format which included 2D images. The first step 
was working on layers which had the optimal amount of 
upper and lower bounds of pixels for images. The geom-
etry included nasal passages to the ends of the bronchi and 
air range. In fact, by adjusting this range, all areas of the 
air in the body could be identified and then, additional lay-
ers were deleted. After performing the necessary steps on a 
two-dimensional geometry, a three-dimensional model was 
formed and geometry was modified. As shown in Fig. 2, 
the considered geometry started from the nasal cavity and 
the oral cavity which ended in the trachea and ultimately 
bronchial tubes. Table 1 shows the different segments of the 
studied geometry.

To construct the airway model, CT scans of a 30-year-old 
male without any problems in his respiratory system were 
used in this study. The scans provided by TABA imaging 
center are obtained, while the person was in a supine sta-
tus. Also to be more accurate, the mouthpiece of spirom-
eter device had been put at the mouth in the time of imag-
ing so that mouth is tight open like the sneezing test in the 
spirometer device. Under the professional supervision, the 
boundary between the airway mucosa and air in the upper 
respiratory tract was defined in each CT scans’ slices. To 
reconstruct, the 3D model consists of nasal cavity, phar-
ynx, larynx, and trachea; the boundaries were imported to 
GAMBIT, a CFD preprocessor software. The boundaries 
are connected to each other to create a smooth surface and 
shape the volume. An unstructured triangular hybrid volume 

mesh was generated inside the airway passage. A grid size 
of approximately 2,600,000 cells was obtained after the grid 
independency test.

The CFD package, fluent 6.3(ANSYS, USA), was uti-
lized to solve the governing equations for the air flow in 
the complicated geometry of the human upper airway. Two 
conditions were considered in the present work. In the first 
case, the inlet pressure of the bronchial tubes was considered 
to be 2.8 kPa. In the second case, this pressure was raised to 
14 kPa and that zero pressure was established in the outlet. 
No-slip condition (wall) was assumed on the mouth outlet 
for sneeze with closed mouth. A FSI boundary was defined 
at the inner surface of the upper airway wall (see Sect. 3).

Hybrid mesh has been used for the studied geometry 
(Fig. 3). In order to study the flow adjacent to the wall 
regions more accurately, prismatic elements were gener-
ated. In other regions of the studied geometry, triangular 
and tetrahedral elements were chosen. The grid contained 
six million elements, including seven thousand prism ele-
ments. It should be noted that the number of elements has 

Fig. 1   Obtained geometrical model for numerical solution

Fig. 2   Different sections in the computational model

Table 1   Size of the cross 
sections considered in the 
computational model

Cross section Area ( cm2)

Bronchus 2.31
 a 2.48
 b 2.62
 c 2.68
 d 3.24
 e 9.05
 f 7.24
 g 9.93

Mouth outlet 9.22
Nose outlet 2.73
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been obtained after grid sensitivity study. The maximum 
y + adjacent to the geometry wall was five which led to high 
accurate computations adjacent to the wall. The grid char-
acteristics are shown in Table 2.

In order to estimate the height of the first layer of grids 
adjacent to the wall, which is very effective on the accu-
racy of the solutions, the following configuration was 
used (Fig. 4). The thickness of the first sub-layer of the 

boundary layer on internal areas of the respiratory system 
was 0.028 mm, and the total number of layers was 20 layers 
at a growth rate of 1.1. In fact, the thickness of the entire 
boundary layer was considered to be 1.6 mm for numerical 
solution. A schematic of the grid generated in some sections 
of the geometry is shown in Fig. 5.

In the present study, as one of the noticeable performed 
simulations in the field of sneezing, the process was consid-
ered quasi-steady. The fluid was considered to be air with a 
density of 1.225 kg/m3. The wall of the examined geometry 
was assumed to be rigid. According to what was reported by 
Rahiminejad et al. [21], Mylavarapu et al. [24], and Zubair 
et al. [25], the best way for simulating turbulent flows in 
complex geometries, such as the geometry studied in this 
study, is to adopt the SST-kw (Shear Stress Transport kw) 
method. Therefore, this method was used to solve the flow 
field in the complex respiratory system with computational 
fluid dynamics method. The flow regime was considered 
turbulent and incompressible. Also, due to the low fluid 
pressure drop along the path, the air density was considered 
constant in this numerical simulation.

As already mentioned, the outcomes of the experimental 
study have been used as a boundary condition in numerical 
simulation. For this purpose, a spirometer device was used 
in order to measure the outlet flow rate from the mouth dur-
ing sneezing. It should be noted that the CT scan images, 
which were used in the numerical simulation, belonged 
to the same person. The case was a healthy non-smoking 
30-year-old male without any respiratory disease and CT 
scan images were taken from him. Using spirometer device, 
the amount of the outlet flow rates during sneezing were 
obtained experimentally.

Fig. 3   Prismatic boundary layer grids adjacent to the wall

Table 2   Grid characteristics on respiratory system

Total grid number 2,683,478
Total element number 6,301,363
Prismatic elements 1,580,039
Trihedral elements 4,713,908
Tetrahedral elements 7416

Fig. 4   Estimation of the height 
of the first sub-layer of flow 
solution mesh in the wall
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Accordingly, the data were collected by inserting the 
mouthpiece well into the mouth beyond the teeth to be care-
fully ensured that air cannot escape from the sides of the 
mouth. The data were retrieved from MiniSpir™ [26] during 
the tests, which were sent to the PC in digital form and man-
aged by the WinspiroPro software. Before using the spirom-
eter device, a calibrated 3-L syringe was used to calibrate the 
device. It should be noted that the spirometer is calibrated 
when the air is injected 3 L to the machine, the error rate is not 
greater than 3% or 90 mL. In other words, the number recorded 
by the device should be between 2.91 and 3.09 L.

3 � Governing equations and boundary 
conditions

Based on Zhao et al. [27] study, the estimated range of Reyn-
olds numbers (Re) indicated that the upper airway flow was 
laminar or transitional in sleep apnea. According to the 
reported results by Malve et al. [9], air flow in the human tra-
chea was turbulent during coughing considering the fluid–solid 
interaction. The standard k–ω shear stress transport (k–ω SST) 
model was proven to be appropriate for simulating this com-
plex flow. The main governing equations of the fluid domain 
can be expressed as:

where u is the fluid velocity, ρ is the fluid density, P is the 
fluid pressure, μ is the dynamic viscosity, i and j represent 
the Cartesian coordinates. The fluid and solid domains were 
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coupled through the stress tensor. The Cauchy stress tensor 
in an isotropic Newtonian fluid field was:

where �f

ij
 is the fluid stress tensor, �ij is Kronecker delta, and 

�ij is the rate of the strain tensor which is given by:

In the structural field, the governing equation of linear elas-
ticity is:

where Fi is the body forces, Di is the structural displacement, 
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 is the solid stress tensor, t is the time. The Cauchy stress 

tensor in the structural field is defined as:

where E is Young’s modulus, � is the Poisson’s ratio, �ij is 
the strain tensor Eq. (4). The coupling conditions of fluid 
and solid domain at the FSI boundary are the matching of 
the fluid velocity and structural displacement: 
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Fig. 5   Generated grids on the 
human respiratory system from 
side view and isometric view



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:181

1 3

181  Page 6 of 13

where n is the normal vector outward of the FSI interface. 
The coupling conditions of fluid and solid domains, at the 
FSI boundary, are the matching of the fluid velocity and 
structural displacement:

and the force equilibrium across the FSI interface:

where n is the normal vector outward of the FSI interface. A 
uniform Poisson ratio of � = 0.33 and an isotropic Young’s 
modulus of 1000 Pa were used for the soft palate. This is 
based on Birch et al. [28] who reported ex vivo measure-
ments of the soft palate having a Poisson ratio range between 
� = 0.3 − 0.45 and a Young’s modulus distribution with a 
mean of 585 Pa at regions near the uvula to 1409 Pa near 
attachment regions. The fluid was considered to be air 
with a density of 1.225 kg/m3 and dynamic viscosity of 
� = 1.795E − 05 (N.s/m2).

In the present work, the governing equations were con-
verted to the algebraic equations to solve the flow field and use 
the control volume method. In order to couple the velocity and 
pressure equations, the SIMPLE algorithm [29] was used. The 
inlet boundary condition in the bronchi region was considered 
as the pressure inlet. The nasal and mouth outlets were open 
and the pressure outlet boundary condition (gauge pressure is 
zero) was set at these regions. No-slip boundary condition was 
considered in the walls of the system.

Using the obtained data from the spirometer, a specific air-
flow rate (derived from the experimental study) was used as 
an inlet air flow in the bronchial area. Figure 6 shows the flow 
rates from the mouth outlet during sneezing.

According to the figure, the flow rate reached to more than 
10 L/s during sneezing. For the studied case, the outlet flow rate 
was measured three times and the mean maximum and average 
flow rates were obtained as 10.58 L/s and 4.79 L/s, respectively.

In fact, having an outlet flow rate from the mouth of the 
individual during sneezing along with a trial and error solu-
tion, the inlet pressure in the bronchial region was adjusted. 
The adjustment was based on how the simulated outlet flow 
rate coincides with the outlet flow rate measured by the 
spirometer. Therefore, two pressures, equal to 14 and 2.8 kPa, 
were set as the inlet boundary condition to extract the maxi-
mum and average flow rate from the mouth, respectively.

4 � Results

As mentioned in the previous section, the inlet pressure of 
the bronchial tubes was considered to be 14 kPa to reach 
the maximum flow rate of the mouth outlet (10.58 L/s). 
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Also, the results of speed and pressure in shapes and charts 
in seven sections (a, b, c, d, e, f, g) are given in Fig. 2.

As mentioned in the previous section, two conditions 
were considered in the present work. In the first case, the 
inlet pressure of the bronchial tubes was considered to be 
2.8 kPa in order to reach the measured flow rate equivalent 
to the average flow rate of mouth outlet (4.79 L/s). In the 
second case, this pressure was increased to 14 kPa to reach 
the maximum flow rate of the mouth outlet (10.58 L/s). In 
the following, the results of these two cases are presented. 
Also, the results of speed and pressure in shapes and charts 
in seven sections (a, b, c, d, e, f, g) are given in Fig. 2.

Case 1 Bronchus Inlet pressure of 2.8 kPa
The maximum speed and static pressure values at 

different sections in case 1 are shown in Fig. 7. As it is 
illustrated in Fig. 7, considering different sections in the 
domain, the maximum speed occurred in section d. Hence, 
the particles which leave the respiratory system during 
sneezing will diffuse with significant velocities.

The results of the inlet and outlet flow rates for normal 
sneeze (case 1) are shown in Table 3. The results reveal 
that the outlet flow rate of nose is 2.3 L/s. Comparing 
this flow rate with outlet flow rate of the mouth, it was 
observed that about 32% of the outlet flow rate during 
sneezing exited from the nose and the rest (68%) exited 
from the mouth. Therefore, it can be concluded that the 
total average flow rate, in this case, was 7.23 L/s, which 
occurred at the inlet of the bronchus. The flow velocity 
of the nose outlet was about 2.2 times greater than the 
mouth outlet.

The average velocity and static pressure values at dif-
ferent sections for case 1 are shown in Fig. 8. According 
to Fig. 8, the highest average pressure has occurred in the 
trachea. The maximum average velocity was at section A, 
which also is in trachea.

Case 2 Bronchus Inlet pressure of 14 kPa
The maximum static pressure and velocity on each sec-

tion for the case 2 are shown in Fig. 9. In this case, the 
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Fig. 6   Experimental measured flow rates from mouth outlet while 
sneezing
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Fig. 7   Maximum speed and 
static pressure values at differ-
ent sections for normal sneeze 
(case 1)

Table 3   Inlet and outlet flow rates for normal sneeze (case 1)

Location Outlet volume flow rate per inlet 
volume flow rate of bronchus

Volume 
flow rate 
( L∕s)

Bronchus – 7.23
Mouth outlet 68.15% 4.93
Nose outlet 31.85% 2.30

maximum outlet velocity was about 54 m/s, which clearly 
implies that special attention shall be paid to the particle 
diffusion during sneezing. Similarly, as it is observed in 
Fig. 7, the maximum speed is seen in the d cross section. 
The contour of pressure and velocity distribution in this 
critical section is shown in Fig. 10; it is obvious that this 
speed increasing is due to the section geometry conditions.

Table 4 represents inlet and outlet flow rates. Based on 
the maximum flow rate of the mouth outlet (10.58 L/s), after 
a trial and error solution, the inlet flow rate of the case was 
equal to 16.04 L/s, which was 2.2 times greater than the 
case 1. As seen, the outlet flow rate of nose was 5.42 L/s. 
Comparing this flow rate to outlet flow rate from the mouth, 
it was observed that about 34% of the outlet flow rate, dur-
ing sneezing, exited from the nose and the rest (66%) exited 
from the mouth. Therefore, it can be concluded that in the 
second case, the outlet flow rate from the nose has higher 
percentage.

The average velocity and static pressure at different sec-
tions for case 2 are shown in Fig. 11. The maximum average 
pressure has occurred in the trachea. The maximum average 
velocity was at section A which also was in trachea. The out-
let velocity from the nose was about 2.3 times greater than 
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the outlet velocity from the mouth, which was similar to the 
first case; the outlet velocity from the nose was greater than 
the outlet velocity from the mouth.

The deformation contour in the upper airway respiratory 
system has been shown in Fig. 12. As it can be seen, the 
most deformation occurred in maxillary sinus and then in 
thyroid cartilage.

According the last row of Table 5, the rate of the defor-
mation in the thyroid cartilage was increased four times, dur-
ing closed-mouth sneezing. Actually, the fracture occurred 
in the thyroid cartilage was the result of this jump as shown 
in Fig. 13. Also base up on the last column of Table 5, the 
growth of deformation in the maxillary sinus of the closed-
mouth sneezing was less than the growth of deformation in 
the thyroid cartilage.

5 � Discussion

In the present study, using FSI method, the sneezing process 
was simulated in two conditions for a healthy male subject. 
A completely realistic model was obtained from CT scan 
images. Using the spirometer, the maximum and average 
outlet flow rates of the person’s mouth were measured while 
sneezing, which were 4.79 and 10.58 L/s, respectively. These 
values were applied to the system as a boundary condition 
for modeling the process. According to the results, during 
sneezing, taking into account the average outlet flow from 
the mouth, the velocity of outlet airflow from the mouth 
and nose reaches 5.5 and 12.1 m/s, respectively. These val-
ues were 26.2 and 11.3, respectively, when the maximum 
flow rate was desired. In both cases, the inlet pressure which 
occurred in bronchus reached the maximum of 14 kPa. The 

Fig. 8   Average speed and static 
pressure values at different sec-
tions for normal sneeze (case 1)
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Fig. 9   Maximum static pressure 
and speed on each section for 
normal sneeze (case 2)

Fig. 10   Pressure (right) and 
velocity (left) distribution con-
tours in different sections of the 
respiratory tract during sneezing 
for normal sneeze (case 2)
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average value of this pressure, which is mainly supplied by 
the diaphragm, was about 2.8 kPa. The maximum flow rate 
reached 188 m/s, which occurred at trachea inlet. It should 
be noted that in both simulations, the pressure reached high 
values in the trachea region which its deformation can be 
considered in future studies. There is not much literature in 
the area of simulation of sneezing to be used in validation of 
our results. In general, Leong et al. [30] have already shown 

the potential of CFD method in a systematic overview. The 
present study confirmed the results by Leong et al. [30] con-
cerning the point that sneezing could be simulated by CFD. 
In the other words, this technology has improved under-
standing of the complex nasal anatomy and the implications 
of disease and surgery on physiology. On the other hand, 
Rahiminejad et al. [21] showed that during a normal sneeze, 
the pressure in the trachea reached about 7000 Pa, which was 
much higher than the pressure level of about 200 Pa dur-
ing the high activity exhalation. Finally, we found out that 
during very high airspeeds, due to sneezing, the respiratory 
regions such as adjacent ethmoid sinuses and the olfactory 
region are covered by the shock-like expiratory flow which 
is confirmed by Sommer et al. [31].

According to the results reported by Rahiminejad et al. 
[21], the pressure boundary condition converged to more 
real results than the velocity boundary condition at the 

Table 4   Inlet and Outlet flow rates for normal sneeze (case 2)

Location Outlet volume flow rate per inlet 
volume flow rate of bronchus

Volume 
flow 
rate(L∕s)

Bronchus – 16.04
Mouth outlet 66.24% 10.62
Nose outlet 33.76% 5.42

Fig. 11   Average speed and 
static pressure at different sec-
tions for normal sneeze (case 2)
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input region. Hence, this kind of boundary condition was 
used at the bronchus inlet. Nunn et  al. [32] should be 
noted that the outlet flow rate of the respiratory system 
was consistent with the measured maximum outlet flow 
rate reported in reference. Since the amount of the flow 
rate during sneezing was not measured experimentally, 

Rahiminejad et al. [21] predicted the air flow of sneez-
ing using the maximum exhalation air flow. They consid-
ered the approximate average value of the pressure equal 
to 8 kPa in the trachea entrance for a 24-year-old female 
and reported the speed and pressure changes in sneezing 
according to different boundary conditions. In this way, the 
effect of open and closed mouth and nose during sneez-
ing on the speed and pressure distributions in the human 
upper airway was attained approximately. In this article, 
firstly, the experimental results of the mouth volumetric 
air flow during sneezing were obtained by the spirometer 
device. According to the results, the average amount of the 
air flow was equal to 4.79 L/s and its maximum value was 
10.58 L/s at the mouth output. The 3D model of the human 
upper airway is extracted for the same person with CT 
scan images. Then, by applying the experimental results of 

Fig. 12   Deformation contour 
in the upper airway respiratory 
system. (Unit: 102mm ) a normal 
sneeze for case 2. b sneeze with 
closed mouth for case 2

Table 5   Ratio of the deformation in the thyroid cartilage

Sneeze status for case 2 Deformation (mm)

Maxillary   Thyroid 
cartilage

Ratio maxillary/
thyroid cartilage

A: Normal sneeze 7.52 1.67 4.5
B: Sneeze with close mouth 19.98 6.66 3
Ratio B/A 2.7 4

Fig. 13   a Axial section of computed tomography scan demonstrating 
fracture of the thyroid cartilage along the right anterior aspect of the 
cartilage (arrow). Surrounding emphysema within the cervical fascia 

of the neck can also be appreciated. b Flexible fiber-optic laryngos-
copy examination demonstrating resolving mucosal hemorrhage day 
of presentation, c Two-month follow-up [33]
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the airflow as the output boundary condition, the average 
amount of pressures at the trachea entrance are calculated 
as 2.8 kpa and 14 kpa for the two cases, respectively (aver-
age and a maximum airflow of the mouth outlet). This way, 
with the help of these real data, the pressure and velocity 
distributions in normal sneezing were extracted and the 
results were compared.

According to Table 5, in the mouth-closed sneezing, 
a fourfold increase in the amount of deformation in the 
thyroid cartilage was seen compared to the open-mouth 
sneezing, which occurs suddenly in a fraction of a second. 
Undoubtedly, because of different levels of individual’s 
tolerance, this leap could damage the thyroid cartilage. As 
Birch et al. [28] have shown, the value of Young’s coeffi-
cient is different for each individual person, and therefore, 
the level of tolerance is different. The correctness of this 
achievement could be seen in a recent study by Matrka and 
Li [33] that showed a 35-year-old man’s thyroid cartilage 
was defeated due to closed-mouth sneezing.

6 � Conclusion

We introduced a model which simulated a normal sneez-
ing for two cases and sneeze with closed mouth for case 2 
using experimental data. The results including the velocity 
and pressure contours of different sections of the airways 
system were shown. The results showed that the inlet pres-
sure to the tract, existing in the bronchus region, reaches 
a maximum of 14 kPa. The average value of this pres-
sure, which is mainly supplied by the diaphragm is about 
2.8 kPa. We believe that the model should be applied for 
different persons and an atlas of data could be obtained 
from different cases. This may help the medical system to 
have more data about the sneezing process.

Because of Valsalva maneuver during sneezing, the pres-
sure of the pleural cavity pressure is quite high. However, the 
deformations in the upper airway respiratory system signifi-
cantly increase due to deformation rate growth in sneezing, 
and laryngeal fracture can be mentioned as one of the symp-
toms of this severe deformation during the Valsalva maneu-
ver. The rate of the deformation in the thyroid cartilage was 
increased four times, during closed-mouth sneezing for case 
2. Actually, the fracture occurred in the thyroid cartilage was 
the result of this jump.
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