
 

 

Abstract: Benign paroxysmal positional vertigo 
(BPPV) is the most commonly diagnosed vertigo 
disease. It affects three semicircular canals (SCC), 
located in inner ear, which represents sensors for 
head angular velocity, when otoconia particles are 
dislocated from origin position and enter at one of 
the SCC. The video head impulse test (vHIT) is a 
clinical tool for detection of semicircular canal 
dysfunction which is diagnosed by tracking the 
eye movements or nystagmus. Three-dimensional 
biomechanical model of the SCC was developed 
for simulating full 3D fluid-structure interaction of 
the wall, cupula deformation, and endolymph fluid 
flow. The otoconia particles were coupled with 
fluid and solid domain. Full Navier-Stokes 
equations and continuity equations were used for 
the fluid domain with Arbitrary-Lagrangian 
Eulerian (ALE) formulation for mesh motion. We 
compared results of simulation with real patient 
data for right anterior vHIT test. This technology 
can be used for prediction and better 
understanding of BPPV disease. 

 
Index Terms: FEM, computational modeling, 

BPPV, vHIT 

 

1. INTRODUCTION 

Vestibular system represents sensory system 
which provides leading contribution to the 
movements and sense of balance.  

It is located in the inner ear and consists of 
cochlear part and semicircular canals. 
Movements that the human body can percept are 
rotations and translations. Semicircular canals 
(SCC) system is employed for indicating 
rotational movements. Rotational head movement 
induces fluid flow in SCCs, which is detected by 
the sensory cells located in every canal (Figure 
1). Detailed introductions to the physiology and 
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the biomechanics of the vestibular system can be 
found in [1] and [2]. 

 

 
 

Figure 1. Vestibular system 
 

Benign paroxysmal positional vertigo (BPPV) is 
the most commonly diagnosed vertigo disease. In 
more than 50% of the cases, causes of balance 
disorders are related to pathologies of the inner 
ear, 15% are psychological; in about 5% of the 
cases causes are mainly neurological; 5% are 
medical; while in the remaining 25% they are 
multifactorial [3]. People with balance disorders 
experience falls [4], which is a pervasive but 
unclear problem, partly because of the difficulties 
in determining the cause of the fall. SCCs are 
filled with fluid solution (endolymph) and consist 
of three canals positioned in three orthogonal 
planes so that rotation around any axis may be 
properly sensed [5,6].  

BPPV is characterized by sudden attacks of 
dizziness and nausea triggered by changes in the 
head orientation, and primarily afflicts the 
posterior canal. 

The most common diagnostic procedure for 
BPPV is the Dix-Hallpike head maneuver [7].  

The first mathematical model of SCC 
investigated the cupula displacement that is 
proportional and in phase with the angular 
velocity of the head. Several models with different 
level of complexity have been proposed in this 
direction [8,9]. Van Buskirk et al. [8] used Navier-
Stokes equations. Damiano & Rabbitt [10] 
derived an asymptotic form of the Navier-Stokes 
equations for the SCC including the ampulla and 
obtained the deflected shape of the cupula under 
the assumption of an axisymmetric flow profile. 

A control volume approach and enforcing the 
conservation of fluid mass was used in [11]. 
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Ifediba et al. [12] investigated similar 
methodology applied to a realistic geometry of the 
vestibular system. Important process which 
occurs in the semi-circular canals is the 
movement of the hair cells which causes the 
sensory cells to send a stream of action 
potentials to the eighth cranial nerve that leads to 
the vestibular nuclei in the brainstem. This 
generated signal then goes to the cerebellum, 
thalamus, and somatosensory cortex where a 
reflex pathway is set up in the oculomotor system 
which controls the movement of the eyes 
(nystagmus). During the head maneuver a 
physiological nystagmus compensates for the 
head rotation. After the head maneuver, there is a 
pathological, positional nystagmus. Typically, it 
arises after an onset latency of about 1-20s. The 
eye velocity then increases and reaches a 
maximum. The features of the BPPV nystagmus 
are well explained by a condition known as 
canalithiasis. BPPV is a mechanical problem in 
the inner ear. It occurs when some of the calcium 
carbonate crystals (otoconia) that are normally 
embedded in gel in the utricle become dislodged 
and migrate into one or more of the 3 fluid-filled 
semicircular canals. All therapeutic head 
maneuvers consist of several reorientations of the 
patient's head with the aim to move otoconia out 
of the narrow SCC and into the bigger utricle. 

2. NUMERICAL PROCEDURE FOR SIMULATION 

2.1 Numerical Procedure for Fluid Domain 

 
For fluid domain the full 3D Navier-Stokes 

equation and continuity equation were used. We 
used Penalty method in order to eliminate 
unknown pressure [17]. The procedure is as 
follows. The continuity equation is approximated 
as 
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where   is a selected large number, the penalty 
parameter. Substituting the pressure p from Eq. 1 
into the Navier-Stokes equations, we can obtain: 
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then, the FE equation of balance becomes  
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2.2 Numerical Procedure for Solid-Fluid 
Interaction 

 
There are, in principle, two approaches for the 

Finite Element (FE) modeling of solid-fluid 
interaction problems: a) strong coupling method, 
and b) loose coupling method. The first approach 
assumes solid and fluid domains as one 
mechanical system. In the loose coupling 
method, the solid and fluid are modeled 
separately and the solutions are obtained with 
different FE solvers, but the parameters from one 
solution which affect the solution for the other 
medium are transferred successively. There are 
no computational difficulties for loose coupling 
method because both solvers can be developed 
separately. Hence, the loose coupling method 
has more advantages from the practical point of 
view. This approach consists of the successive 
solutions for the solid and fluid domains. A 
graphical interpretation of the algorithm for the 
solid-fluid interaction problem has been shown in 
Figure 2 [8]. 

 

 
 

Figure 2. Block-diagram of the solid-fluid interaction 
algorithm information and transfer of parameters 

between the CSD (computational solid dynamics) and 
CFD (computational fluid dynamics) solvers through 

the interface block 
 

We modeled coupled cupula deformation and 
endolymph flow as fluid-structure interaction. 
Cupula was modeled as elastic 3D membrane 
with brick finite element and endolymph domain 
as 3D 8–node finite elements. 

 

2.3 Particle Tracking Algorithm 

 
Otoconia particle was modeled as rigid body 

which occupied one or more 3D 8-node finite 
elements (depending on the size of the particle). 
This coupling procedure makes good separation 
of particle`s hydrodynamic influence on fluid 
domain and vice versa. The first step in the 
particle tracking algorithm is determining which 
finite element is occupied with the otoconia 
particle. The coordinates of a particle can be 
divided into their integer and fractional parts: 
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. In literature 
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as offsets. Particle location is as simple as 
truncating the coordinates to their integer parts. 
The integer parts give the finite element 
information where the particle is located. Here, 
determining the offsets is also considered to be 
part of the particle location and they are used to 
make a weighted interpolation. 

The velocity at the current position of the 
particle is required to advance the particle. In 
order to obtain the value of the velocity field at 
points other than the grid nodes, it is necessary to 
determine an interpolated value using the 
velocities at the nodes of the finite element that 
contains the point. The standard way to do this in 
cubical finite element is trilinear interpolation. 

This scheme is fast and simple. If x


 is in grid 

cell  
 , ,i j k

 and has the fractional offsets, then 
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where  , ,i j kU


 is the velocity at the mesh 

point ( , , )i j k . The trilinear interpolation assumes 
that the velocity varies linearly across the edges 
of the finite element. Though trilinear interpolation 
is simple, accuracy may be lost if the mesh is 
coarse or deformed.  

The fourth-order Runge-Kutta was used for the 
integration method. The position of the particle 
was computed by integrating equation (6). It 
consists of the next steps: 
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This process is repeated until  nt t
.  

3. RESULTS 

 
The corresponding head motion with canalith 

repositioning procedures moves the endolymph in 
all SCC canals. The flow induces the cupula 
deformation due to fluid forces that act on the 
cupula wall. Patient geometry of SCC was 
reconstructed from DICOM images. Velocity 
distribution and initial position of one particle 
inside SCC is presented in Figure 3. A user can 
prescribe a different head motion and see the 
response for all three SCC with corresponding 
shear stress distribution, velocity, cupula 
deformation and drag force on the wall.  

 

 
Figure 3. Fluid velocity distribution with one otoconia 

particle for real patient specific geometry of three SCC 
for prescribed head motion 

 
The Oculus Rift was used to provide head 

tracking with ultra-low latency. Each movement of 
the head was tracked in real time using 4 different 
sensors: gyroscope, accelerometer, magneto-
meter with refresh rate 1000 Hz, and near 
infrared CMOS sensor with refresh rate 60 Hz, for 
positional tracking maps of head movement. 

Different velocity distribution with head motion 
for the left anterior-right posterior (RALP), Lateral 
and the right anterior-left posterior (LARP) 
position with Oculus device has been shown in 
Figure 4. 
 

 
 

Figure 4. Velocity distributions for different head 
motion with Oculus device 

 

The video head impulse test (vHIT) is a useful 



 

bedside test to identify peripheral vestibular 
disease. Head, eye and cupula deformation 
diagrams during vHIT test are presented in Figure 
5. 
 

 
 

Figure 5. Head, eye and cupula deformation diagrams 
during vHIT test 

 
 

 
 

Figure 6. Simulation of the otoconia particles motion 
and cupula deformation 

 
Comparison with numerical model of three 

SCC with cupula deformation and several 
sedimenting particles which are moved inside the 
fluid domain and eye tracking motion is done 
during the vHIT test for BPPV (Figure 6).  

Numerical model of fluid-structure interaction 
with endolymph fluid and cupula membrane solid 
domain was implemented. Also, particle tracking 
algorithm for otoconia particle motion as well as 
fluid-structure interaction with particle-fluid 
domain is used. 

4. CONCLUSION 

 
BPPV is diagnosed by tracking the eye 

movements during and after a head maneuver 
(nystagmus). The nystagmus aims to 
compensate for any angular motion in order to 
stabilize our vision.  

We developed technology for eye tracking 

system for horizontal and vertical as well as 
rotation pupil movement. Our numerical approach 
used full 3D fluid model with Navier-Stokes 
equation and fluid-structure interaction. It 
describes more physiologically realistic 
description of the SCC, fluid motion, otoconia 
interaction with wall, fluid and cupula, as well as 
cupula elastic deformation. Otoconia particles in 
the semicircular canals cause BPPV. These 
particles alter the flow field in a way that the 
semicircular canals produce a faulty nerve signal 
which leads to a spinning sensation. There is no 
limit in size and number of otoconia particles in 
our simulation. We compared our numerical 
results with the vHIT test for right anterior angular 
position with prescribed head rotation. With this 
technology, it is also possible to simulate therapy 
for BPPV Dix-Hallpike maneuver [18].  

Full 3D vortices can be simulated inside the 
utricle and ampulla that was not the case with the 
available models from the literature [19-21]. 
Cupula deformation can be fully simulated in 3D. 
This biomechanical model together with the eye 
tracking technology can be used for better 
detection and prediction of BPPV disease.  
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