
MBE, 17(3): 2418–2431. 

DOI: 10.3934/mbe.2020131 

Received: 10 November 2019 

Accepted: 04 February 2020 

Published: 17 February 2020 

http://www.aimspress.com/journal/MBE 

 

Research article 

Pilot study of pressure-flow properties in a numerical model of the 

middle ear 

Xu Bie
1,†, Yuanyuan Tang

1,† , Ming Zhao
2
, Yingxi Liu

2
, Shen Yu

2
, Dong Sun

1
, Jing Liu

1
, Ying 

Wang
3
, Jianing Zhang

4
, and Xiuzhen Sun

1,
* 

1 
Department of Otolaryngology-Head and Neck Surgery, The 2

nd
 Affiliated Hospital to Dalian 

Medical University, Dalian 116027, China 
2 

Department of Engineering Mechanics, Dalian University of Technology, Dalian 116024, China 
3 

The No.2 Laboratory, China Helicopter Research and Development Institute, Jingdezhen 333000, 

China 
4 

Department of Otorhinolaryngology, Xiamen Humanity Hospital, Xiamen 361006, China 

† These authors contributed to this work equally. 

* Correspondence: Tel:+8617709871322, Email: sunxiuzhen001@163.com. 

Abstract: Background: Constructing a three-dimensional (3D) model through non-invasive 

techniques will greatly benefit the diagnosis and treatment of otitis media. However, such a model 

should reflect the physiological characteristics of the middle ear; in particular, the pressure-flow 

responses determine the validity of the model. Objectives: A 3D model of the middle ear was 

constructed by digital scanning and simulation. The pressure-flow properties in the model were 

measured to evaluate whether the model could reflect the real middle ear under physiological and 

pathological conditions. Materials and methods: Computed tomography (CT) scanning data from a 

healthy woman were input into Mimics 20.0 to construct 3D images of the middle ear. The 3D 

images were treated with Ansys 15.0 for finite element mesh generation. Msc Nastran 2014 were 

used for the fluid-solid coupling calculations. Results: The pressure-flow rate in the model 

resembled a Venturi tube, namely, the pressure decreased with increasing flow velocity, especially in 

the Eustachian tube. In the absence of the right mastoid process, the differences in air pressure and 

the maximal velocity in the model were reduced. Conclusions: This numerical model based on CT 

images of the middle ear recapitulates the biomechanical characteristics of the real middle ear. 

Significance: This study provides an easy and rapid approach to constructing a middle ear model for 

diagnosis and treatment of otitis media. 

https://www.aimspress.com/article/10.3934/mbe.2019391
mailto:sunxiuzhen001@163.com
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1. Introduction 

According to US government statistics, the attendance rate for otitis media in children under 2 

years old increased by 224% from 1975 to 1990, and 80% of children under 10 years old 

experienced otitis media [1,2]. Acute otitis media causes not only pain and fever but also 

complications such as hearing loss or cholesteatoma [3]. Previous studies revealed that otitis media 

was strongly correlated with infection of the upper airway, as well as allergy, obstruction, and 

neoplasm, which result in dysfunction of the Eustachian tube [4,5]. As the deep location of the 

middle ear impedes direct observation and measurement, there have been efforts to determine its 

elaborate structure by indirect means. 

During the past decades, several studies have investigated the correlations between the anatomy 

and function of the Eustachian tube. Tympanogram curvature types were used to evaluate the 

function of the Eustachian tube, and radiography was used to examine its structure [6]. Owing to 

advances in computer technology, computed tomography (CT) and magnetic resonance imaging 

became the main techniques for medical imaging of Eustachian tube-related diseases [7,8]. 

Three-dimensional (3D) reconstruction based on CT images of the Eustachian tube revealed the 

relationships between morphological changes and secretory otitis media [9]. Similarly, 3D 

reconstruction of the mastoid antrum verified the correlation between the size of mastoid antrum and 

the incidence and prognosis of otitis media [10,11]. Recently, a 3D model of the human nasal cavity 

was constructed by numerical simulations to quantitatively analyze the progress and lapse of nasal 

diseases, in which the functional self-adaption of the nasal structure to the biomechanics of airflow 

was established [12]. By contrast, there are few numerical models of the entire middle ear. It is 

difficult to construct such a model because the biomechanical characteristics of different parts of the 

middle ear, including the Eustachian tube, vary greatly and are affected by nasopharyngeal lesions 

and body position. However, a personal 3D model of the middle ear is essential for patient-specific 

diagnosis and therapy. In this study, we examined the pressure-flow properties in different parts of a 

3D model of the middle ear to verify its validity. 

2. Materials and methods 

2.1. Geometrical model 

The geometrical model was constructed based on data from a 41-year-old female volunteer 

without any Eustachian or respiratory disease, who provided written consent to participate in the 

study. She had normal hearing and type A acoustic impedance. The volunteer sat quietly in the CT 

room for 30 minutes to adapt to the environment before scanning took place. During CT scanning, 

the volunteer performed a 6-second Valsalva maneuver to open the Eustachian tube. A set of 

high-quality tomography images of the temporal bone were acquired. A total of 66 images were used 

for 3D reconstruction with the Mimics 20.0 software. The different tissues in the DICOM images 

were distinguished by a grayscale from to −1204 to −657. Only air-containing structures, including 



2420 

Mathematical Biosciences and Engineering  Volume 17, Issue 3, 2418-2431. 

the nasal cavity, nasopharyngeal cavity, Eustachian tube, tympanic cavity, tympanic antrum, and 

mastoid cavity, were used to construct the 3D model (Figure 1). 

 

Figure 1. (A–H) Air-containing images generated by Mimics 20.0; (I) 3D model 

reconstructed by Mimics 20.0; (J) measurements and (K) curve plane formation on the 

3D model. 

2.2. Finite element model and numerical simulation 

The volume and surface mesh of the IGES file was completed by Ansys 15.0 to form the 

middle ear model. The model was imported into ANSYS workbench for numerical simulation of the 

flow field. Msc Nastran 2014 were used for the fluid-solid coupling calculations to study the 

interactions between air flow and the bony wall of the middle ear. 

The main governing equation of fluid: 

Continuity equation： 

 

                                                                          (1) 

Navier-Stokes equation: 

 

 

 

                                                                          (2) 

 

 

Here, ρ is the fluid density; p is the dynamic pressure of the fluid; v is the kinematic coefficient 

of viscosity; f is the mass force; and u is velocity vector. The accelerated velocity of a fluid micelle 
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is given by the left-hand sides of the equations, whereas the right-hand sides of the equations give 

the positive pressure, the volume force, and the viscous shear force of the fluid micelle, respectively. 

The governing equation of solid: 

 

                                                                          (3) 

Here, ρs is the solid density; s is the structural displacement field of the solid; σs is the Cauchy 

stress tensor; and ƒs is the structural force vector of the solid. 

Fluid-solid coupling boundary condition: 

                                                     (4) 

Here, τƒ and τs are the shear tensors of the mass points on the solid and fluid boundary, 

respectively, whereas ds and df are the displacements of the mass points in solid and fluid, 

respectively. 

2.3. Boundary conditions and model set-up 

The geometrical model was divided into 4 parts: the entrance (the right anterior nostril), the 

exit (the bilateral tympanic membrane), the face grid (the surface part between the entrance and the 

exit) , and the body grid (the fluid part between the entrance and the exit) . A mixed mesh consisting 

of three layers of prismatic boundary layers with tetrahedron as the main element was generated. 

Structural model of the pneumatic system in the middle ear: 522814 nodes, 22658231 elements, 

692239 tetrahedra. The eardrum was made of a mesh of surface elements, and the body surface was 

taken from the corresponding region of the tympanic fluid to form two elliptical surface elements 

(the size of the ellipse is 9 mm×8 mm, the thickness is 0.10 mm, and the area is about 90 mm
2
). 

The parameters of the materials were set as listed in Table 1 [13,14]. 

Table 1. Parameters of the air-containing model of the middle ear. 

Tympanum 

(thickness 0.15 mm) 

Modulus of elasticity (MPa) 

32 

Poisson's ratio 

0.45 

Density (kg/m
3
) 

1200 

Airflow Coefficient of viscosity (Pa.s) Velocity (m/s) Density (kg/m
3
) 

 0.0000179 0.94 1.225 

The Eustachian tube was considered opened on the connection with the nasopharynx. The 

temporal bone was fixed in all degrees of freedom except for movement of the tympanic membrane. 

The walls of the tympanum were fixed into the bony structure of the middle ear. Thus, the 

displacement of the tympanum edges was considered to be zero; however, the rotation of the edges 

was not restricted. The Eustachian tube and tympanum were made of homogeneous, isotropic, 

continuous and elastic materials, and the air in the model was regarded as a non-compressed fluid. 

Its physical parameters, such as density, specific heat, coefficient of viscosity, thermal conductivity, 

and mass diffusion coefficients, were not affected by temperature or humidity. In a healthy person, 

the inner and outer pressures of the tympanic membrane are both the same as atmospheric pressure. 

http://www.baidu.com/link?url=6UhlXlY7Xl5BNTscyU7OpRfcS9r0nD48jvk8Jte-ahRJwdoHwtgz7s6fuINssF21kkKhx0vrZATGquLH1Ah11rvEOItGmujwA1cN7PoPUHVQisDqsDSUJvj1NIS6L1rL
http://www.baidu.com/link?url=NDmGoKnVEYE9B4vC2Q2aP5cNmr1Y-Dm-rY5qkPRIIbFFFO2Vq6Sh1IqRNtVPGpYTJtylkTNyx6X0rtfQ4DdAv8SfU2VAC8gBr25fBzT86Y0CN-Z3pB49lj0YdfxiclhD
http://www.baidu.com/link?url=2mTKNI-jTpY358jB8GKc35Ha9NNIs2yEcursbuwY3sXiDQsvOLsEh7i1IsBDGXJUlQfv6VXy3wg1AbSyn-e8ZRbd6sqyA8HZyYBkTlukg_xAsYcMBBEgacLuEfalH--U
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Hence, in our research, the absolute atmosphere pressure was ignored. Only the relative pressure 

was taken into account, that is, 3.5 KPa and 30 KPa from the right nostril. Arick used a device 

providing an air pressure level between 3.5 KPa and 20 KPa [15]. Streamsys, an automated device 

made in China, has two pressure settings: 20 KPa for children and 36 KPa for adults. In this work, 

we choose 3.5 KPa and 30 KPa as the input pressures. We simulated Politzerization with an 

automated device: pressures of 3.5 KPa and 30 KPa were exerted at the right nostril as the entry 

loadings, and the exit loading was set to a pressure of 0 KPa on the tympanums of both ears. The 

initiative pressure of the reconstructed model was set to 0 KPa. The period of the fluid-solid 

coupling calculation was set to 1 s. To perform status analysis of the transient turbulence, the 

velocities and pressures of the airflow at 0, 0.2, 0.4, 0.6, 0.8, and 1.0 s were determined after a 

pressure of 3.5 KPa or 30 KPa was loaded. The displacement of the right tympanum, as well as the 

maximal velocity and pressure of the airflow, were added to the diagram at the corresponding time 

points. 

3. Results 

3.1 The bio-mechanical properties of the middle ear model under 3.5 KPa 

3.1.1 Airflow velocity in middle ear models under 3.5 KPa 

In the middle ear model, the static parameters of the Eustachian tube in an open state were as 

given in Table 2. To study the bio-mechanical properties of the model, air pressure was loaded from 

the right nostril. Under a pressure of 3.5 KPa, the velocities of the airflow at initiation (0 s) in the 

nasal cavity, Eustachian tube, and mastoid process were all zero (Figure 2A). At 0.2 s, there was a 

continuous current from the right nostril to both tympanums, but no current was detected in most of 

the space of the left nasal cavity. The current reached its maximal velocity of 4.2 m/s at the isthmus 

of the Eustachian tube and then decreased rapidly to 0.5 m/s at the tympanum (Figure 2A,C, Table 

3). The current did not extend to the top area of the nasal cavity or the mastoid process until 0.4 s. 

When the current field was enlarged in the nasal cavity and mastoid process, most areas of the top 

and left nasal cavity were still devoid of currents. When the current appeared in the top nasal cavity 

at 0.8 s, even forming a pore in the right nasal cavity and a circuit in the mastoid process, the 

maximal velocity was still 4.2 m/s at the isthmus of the Eustachian tube (Figure 2A,C). The 

distribution of the air currents became stable at 1 s (Figure 2A). 

When a 3.5 KPa entry pressure was loaded in the model without right mastoid process, the 

distribution of the air current differed little from that of the complete middle ear model at 0.2 s 

(Figure 2A,B). However, the maximal velocity in the isthmus was 4 m/s, which was reduced to 0.3 

m/s at the tympanum (Figure 2B,D, Table 3). From 0.2 to 1 s, this maximal velocity was sustained 

and the current distribution was similar to that of the middle ear model with right mastoid process 

(Figure 2A, B). The curvature diagrams show that in the models with and without right mastoid 

process, the airflow velocities reached their maximum in 0.1 s and remained at that level until 1 s 

(Figure 2C,D). 
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Figure 2. Under 3.5 KPa, the distribution of air velocity in the models with (A) and 

without (B) the right mastoid process; the changing curvature of the maximal velocity of 

air in the isthmus in the model with (C) and without (D) the right mastoid process. 

Table 2. Static parameters of the Eustachian tube in the air-containing model. 

 
Pharyngeal 

ostium (mm
2
) 

Isthmus 

(mm
2
) 

Tympanic ostium 

(mm
2
) 

Aditus ad antrum 

(mm
2
) 

Pharyngeal recess 

(inflated) (mm
3
) 

Right 71.09 1.67 14.78 21.81 5323.61 

Left 70.89 1.85 13.96 20.05 4685.98 

3.1.2 Airflow pressure in middle ear models under 3.5 KPa 

When a pressure of 3.5 KPa was loaded onto the middle ear model at the right nostril at 0 s, the 

pressure decreased gradually from the right nostril to the tympanum (Figure 3A). At 0.2 s, the nasal 

cavity was filled with an even pressure; however, in the Eustachian tube, the air pressure decreased 

dramatically to 10 KPa at the isthmus and returned to 0 KPa at the tympanum. This pressure 

distribution was maintained until 1 s (Figure 3A, Table 3). 

When the right mastoid process was removed and a pressure of 3.5 KPa was loaded onto the 

model, the pressure from the right nostril to the tympanum also decreased gradually to zero. At 0.2 s, 

the minimal pressure in the isthmus was 0.8 KPa, while the pressure at tympanum was still zero. 

This pressure distribution was maintained until 1 s (Figure 3B, Table 3). 

These results show that the air pressure in the intact middle ear model reached its maximum in 

0.2 s with a non-linear tendency and then underwent a fall and rise from 0.2 to 0.6 s before 

stabilizing for both entry pressures (Figure 3C). By contrast, when the right mastoid process was 

removed, although the pressure reached its maximum at 0.2 s in a non-linear manner, the duration of 

the subsequent fluctuation was elongated to 0.9 s (Figure 3D). 

http://www.baidu.com/link?url=2MlXaE_hzYU9yt1WnqY87jbI7YS3xUKgyptywr8tTyeTUTnjCP1og60Z9-soBDPLQT_Uk2Cz-XI8Yve9LUjS5k_BxSJR-RibGaizQEmrjcianZRE286MPMWJpAHjzVi9
https://www.baidu.com/link?url=Sgvv2oL-LVCz2am0N_HsTzFQIZm93qMZRp9rgEybLs18XsBy8_h94BrmpyeQ5ydoca2fYMeXxaZo8OBqCMj-0jvG4B3bwhkRTIy_BC3WY1ITRlzLGeilHDqpS1YM6YAr&wd=&eqid=8b958902000001d8000000035c836e14
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Figure 3. Under 3.5 KPa, the air pressure in the models with (A) and without (B) right 

mastoid process; changes in the curvature of minimal pressure with time in the model 

with right (C) and without (D) right mastoid process. 

3.1.3 Tympanum displacement under 3.5 KPa 

The numerical simulations showed that whether the right mastoid process was kept or removed, 

the displacement location of the tympanum showed little change under a pressure of 3.5 KPa (Figure 

4A,B). The displacement of the right tympanum in the model with mastoid process increased 

gradually and reached a maximum of 9.14×10
-3

 mm at 0.3 s, then fell to and remained at 8.0×10
-3 

mm in the rest period (Figure 4C, Table 3). However, in the case without the mastoid process, 

although the tendency of the displacement changes seemed no different from the normal case, the 

maximal displacement decreased by 8.2% to 8.39×10
-3

 mm (Figure 4C, Table 3). 

Table 3. Biomechanical properties of the air-containing model by simulation. 

 
Maximal 

velocity (m/s) 

Minimal pressure 

(KPa) 

Velocity at 

tympanum (m/s) 

Maximal 

displacement (mm) 

Time to 

stabilization (s) 

3.5 KPa 

(w/ RMP)* 
4.2 -10.0 0.5 9.14 × 10

-3
 0.6 

3.5 KPa 

(w/o RMP)** 
4.0 -0.8 0.3 8.39 × 10

-3
 0.9 

30 KPa 

(w/ RMP) 
12.8 -100.0 3 0.36 0.6 

30 KPa 

(w/o RMP) 
12.1 -80.0 2 0.33 0.9 

Note: *(w/ RMP) = with right mastoid process; ** (w/o RMP) = without right mastoid process. 

http://www.baidu.com/link?url=2MlXaE_hzYU9yt1WnqY87jbI7YS3xUKgyptywr8tTyeTUTnjCP1og60Z9-soBDPLQT_Uk2Cz-XI8Yve9LUjS5k_BxSJR-RibGaizQEmrjcianZRE286MPMWJpAHjzVi9
https://www.baidu.com/link?url=Sgvv2oL-LVCz2am0N_HsTzFQIZm93qMZRp9rgEybLs18XsBy8_h94BrmpyeQ5ydoca2fYMeXxaZo8OBqCMj-0jvG4B3bwhkRTIy_BC3WY1ITRlzLGeilHDqpS1YM6YAr&wd=&eqid=8b958902000001d8000000035c836e14
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Figure 4. In the cases with (A) and without (B) the right mastoid process, the location of 

the maximal displacement of the tympanum was not affected by 3.5 KPa pressure. (C) 

Maximal displacement of the tympanum in the complete model (red curve) was 

compared with the maximal displacement in the absence of the mastoid process (green 

curve). 

 

Figure 5. When loaded with 30 KPa pressure, the air velocity in the complete model (A) 

and the model without the right mastoid process (B); the maximal velocity of air in the 

isthmus changing with time in the complete model (C) and the model without the right 

mastoid process (D). 
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Figure 6. Under 30 KPa, the air pressure in the models with right mastoid process (A) 

and without right mastoid process (B). Changing minimal pressures in the model with 

right mastoid process (C) and without right mastoid process (D). 

 

Figure 7. Under 30 KPa pressure, the location of maximal displacement in the intact 

model (A) and in the model without mastoid process (B). (C) The maximal displacement 

of the tympanum in the complete model (upper red curve) was compared with the 

maximal displacement in the absence of the mastoid process (lower green curve). 
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3.2. The bio-mechanical properties of the middle ear model under 30 KPa 

3.2.1 Airflow velocity in the middle ear models under 30 KPa 

When 30 KPa pressure was loaded onto the model from the right nostril, an initial air velocity 

of zero was detected in the nasal cavity, Eustachian tube, and mastoid process. The distribution of 

the current field at 0.2 s was similar to that in the 3.5 KPa case, except that the maximal velocity 

was 12.8 m/s at the isthmus of the Eustachian tube and reduced to 3 m/s at the tympanum (Figure 

5A, Table 3). From 0.4 to 1 s, the air current was distributed in the top and left nasal cavities with a 

maximal velocity of 12.8 m/s at the isthmus of the Eustachian tube (Figure 5A, Table 3). 

When the right mastoid process was removed, the distribution of the current field in the model 

without mastoid process was similar to that in the normal model. The maximal velocity slightly 

decreased to 12.1 m/s at the isthmus compared with the normal case. However, the velocity at the 

tympanum was 2.0 m/s, much less than that (3.0 m/s) in the normal model (Figure 5B, Table 3). 

The curvature diagrams showed that the airflow velocity in the complete model of the middle 

ear reached its maximum value in 0.1 s and remained at this level until 1 s. Similarly, the maximal 

velocity in the model without mastoid process was also achieved in 0.1 s and sustained until 1 s 

(Figure 5C,D). 

3.2.2 Airflow pressure in middle ear models under 30 KPa 

When a pressure of 30 KPa was loaded at the right nostril in the middle ear model with 

mastoid process, the initial pressure at the tympanum was 0 Pa. At 0.2 s, the minimal pressure of 

100 KPa was detected at the isthmus of the Eustachian tube; this gradually rose to 0 Pa at the 

tympanum. Subsequently, no change was observed in the pressure distribution (Figure 6A, Table 3).  

Under an entry pressure of 30 KPa, although the maximal velocity of the air current in the 

model without mastoid process was only slightly reduced, the minimal pressure increased 

remarkably to 80 KPa at 0.2 s. However, the pressure on the tympanum was still zero and the 

distribution of pressure showed no difference between the models with and without mastoid 

process (Figure 6B, Table 3).   

The air pressures in the model with mastoid process reached their maximum in 0.2 s in a 

non-linear manner, and then underwent a fall and rise from 0.2 to 0.6 s before stabilizing for both 

entry pressures (Figure 6C). By contrast, the pressure changes in the model without mastoid raised 

dramatically in 0.2 s. After a fall during the following 0.1 s, the pressure climbed to the maximum 

of 32.25 KPa at 0.6 s, and then fluctuated from 0.6 to 0.9 s before becoming stable (Figure 6D, 

Table 3). 

3.2.3 Tympanum displacement in middle ear models under 30 KPa 

Under a pressure of 30 KPa, the displacement of the tympanum in both models was similar to 

that in the case of 3.5 KPa (Figure 7A,B). However, in models with and without the mastoid 

process, the displacement of the right tympanum increased gradually and reached its maximum at 

0.3 s to 35×10
-2 

and 32×10
-2

 mm, respectively (Figure 7C, Table 3). During the rest period, the 

displacement fell to and remained at 26×10
-2

 and 24×10
-2

 mm, respectively (Figure 7C, Table 3). 
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Thus, the loss of the mastoid process resulted in an 11% decrease in tympanum displacement. 

4. Discussion 

As the middle ear is an air-containing organ, its function relies on the mechanical 

characteristics of the air current. However, the complicated anatomical structure of middle ear 

makes the mechanical characteristics vary among its different parts, especially in the Eustachian 

tube. The deep location of the middle ear also makes it difficult to obtain precise measurements of 

anatomic structure. Several numerical models have been developed to determine the anatomical 

structure of middle ear, none of which reflected the varying characteristics of the airflow in 

different physiological and pathological states of the middle ear. In our study, an infinite element 

model and fluid-solid coupling simulations were used to construct a model of the middle ear in 

which the mechanical characteristics of the air flow in different parts could be evaluated. 

The Eustachian tube resembles a Venturi tube, which is composed of two broader spaces and a 

narrow connection. According to Bernoulli’s law, which states that fluid velocity increases at the 

expense of pressure, the fluid velocity in a Venturi tube decreases with increasing cross-sectional 

area. Thus, in the Eustachian tube, the velocity and pressure of the air current should be maximal 

and minimal, respectively, at the isthmus. In our middle ear model, the maximal velocity and the 

minimal pressure were indeed detected at the isthmus of the Eustachian tube, and their absolute 

values increased with increasing entry pressure (Table 3). These results indicate that this model 

recapitulated the biomechanical characteristics of the real middle ear. We also found that with 

increasing air pressure at the pharyngeal ostium of the Eustachian tube (entry pressure), the 

pressure at the isthmus (exit pressure) decreased, although the velocity increased. When the 

difference between the entry and exit pressures increased, the possibility of collapse in the isthmus 

also increased. This result is consistent with the clinical finding that the Valsalva maneuver often 

fails to re-open the closed Eustachian tube in patients with middle ear effusion. However, once the 

pressure at the isthmus has been increased by auripuncture, and the pressure difference between 

entry and exit has also decreased, the collapsed Eustachian tube is more easily re-opened by the 

Valsalva maneuver. Therefore, our model not only theoretically explains why and how the Valsalva 

maneuver can re-open the collapsed Eustachian tube but also suggests the clinical use of early 

auripuncture in the case of hydrotympanum.  

We further evaluated the influence of the mastoid process on the function of the Eustachian 

tube by simulation of pressure-flow changes in the model. It is well known that otitis media impairs 

the development of mastoid air cells, which results in reduced cell volume and buffer capability of 

air pressure [15,16]. Dysfunction of the Eustachian tube also reduces the pressure and causes 

accumulation of effusions in the tympanic cavity, triggering recurrent otitis media. A sufficient 

volume of the mastoid air cell is also crucial for sonic conduction [17]. The fluid-solid coupling 

simulation indicated that loss of the mastoid process decreased the maximal velocity and 

tympanum displacement, but the time to stabilization and the minimal pressure were increased 

(Table 3). These results demonstrate that loss of the mastoid process weakened the buffering 

capability of the Eustachian tube, as well as the sonic conduction. This conclusion is consistent 

with the clinical observation that increasing the volume of the mastoid air cell ameliorates 

refractory secretory otitis media. 

Clinically, the diagnosis and treatment of otitis media are hindered by the inaccessibility of the 
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middle ear. Thus, many clinicians and scientists have attempted to build numerical models via CT 

scanning and 3D reconstruction to directly reflect anatomical and functional disorders of the middle 

ear. However, such attempts were unsuitable for clinical use because of their high time cost and the 

low resolution of the reconstructed model [18]. Benefiting from advances in software, we 

developed a method to rapidly build an individual middle ear model for a specific patient. 

Combined with measurements of the air flow in the model, it was feasible to assess the anatomical 

and functional characteristics of the individual middle ear. Therefore, the model established by our 

approach will benefit the diagnosis and treatment of dysfunctions of the middle ear. 

Although our 3D model of the middle ear provides a key tool for diagnosis and therapy [19], 

further development is required. For example, the musculi levator veli palatini and tensor veli 

palatini were assumed to be in contraction, and the Eustachian tube was modeled as a rigid body. 

However, a previous study suggested that the musculi levator veli palatini and tensor veli palatini 

control the Eustachian tube [20]. Sudon found that the contraction of the musculi levator veli 

palatini rotated the posterior wall of the Eustachian tube to open its anterior end [21]. Therefore, in 

future 3D reconstruction and clinical practice, the status of the musculi levator veli palatini and 

tensor veli palatini will be taken into account to more accurately simulate the bio-mechanical 

properties of the middle ear. 

5. Conclusion 

In this study, we developed a procedure to construct a model of the middle ear, and examined 

the validity of the resulting model using numerical simulations. Fluid-solid coupling calculations 

were used to evaluate the airflow characteristics of the model. In this model, the pressure-flow 

properties under different air pressures and the buffer capability of the mastoid process were 

consistent with clinical findings. Therefore, our model is able to simulate the real middle ear, and 

will provide a practical approach to detect and evaluate middle ear diseases. 
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