
 

 

Abstract: Canalithiasis is a phenomenon that 
occurs when crystals of calcium carbonate called 
otoconia particles enter the semicircular canal 
(SCC) of the inner ear and cause a disturbance in 
the flow of the fluid within the canal. Within each 
canal there is a gelatinous structure called cupula 
that sends information to the brain about 
registered movements. The mentioned disturbance 
of the flow causes an additional displacement of 
the cupula. This whole phenomenon is concluded 
to be the cause of a balance disorder called benign 
paroxysmal positional vertigo (BPPV). 

In this paper, the process of canalithiasis is 
simulated using a numerical model that includes a 
three-dimensional simulation of fluid flow within 
the SCCs, free motion of otoconia particles 
immersed in the SCCs, deformation of the cupula 
and full interaction between all mentioned 
elements. This numerical model was implemented 
in software with special attention dedicated to the 
principles of parallel programming for GPU 
devices. The software uses the resources of the 
graphics card of the computer and performs real 
time simulation and visualization of the motion of 
the whole domain and immersed free-moving 
otoconia particles and its effect on the cupular 
displacement. This software can be used to study 
the influence of many factors in the process of 
canalithiasis and as an assistive tool for treatment 
planning in clinical practice. 

 
Index Terms: deformable cupula, endolymph 

flow, immersed particles, solid-fluid interaction, 
vestibular system 

 

 
Manuscript received May 27, 2017. This work was supported in 

part by the Ministry of Education, Science and Technological 
Development of the Republic of Serbia, grants III41007 and 
OI174028. This study was also funded by FP7 ICT-2013-10 
EMBalance project.  

T. Đukić is with the Bioengineering Research and Development 
Center, BioIRC, Kragujevac, Serbia (corresponding author, phone: 
+38134301920; fax: +38134334379; e-mail: tijana@kg.ac.rs).  

I. Saveljić is with the Bioengineering Research and Development 
Center, BioIRC, Kragujevac, Serbia. Also, he is with Faculty of 
Engineering, University of Kragujevac, Serbia (e-mail: 
isaveljic@kg.ac.rs).  

N. Filipović is with the Faculty of Engineering, University of 
Kragujevac, Serbia. Also, he is with Bioengineering Research and 
Development Center, BioIRC, Kragujevac, Serbia (e-mail: 
fica@kg.ac.rs).    

1. INTRODUCTION 

Balance of human body is maintained by a 
complex vestibular system located within the 
inner ear. The vestibular system consists of two 
organs: labyrinth and otolith organ. Labyrinth is 
composed of three mutually orthogonal 
semicircular canals (SCCs). Each SCC is filled 
with fluid called endolymph, with characteristics 
similar to water. On one end of each SCC there is 
a widened region called ampulla, whose entire 
cross-section is covered with a gelatinous 
structure called the cupula. Otolith organ contains 
crystals of calcium carbonate, also called 
otoconia particles, which constantly dissolve 
within the endolymph and get replaced by new 
ones. 

When the head is moved, an appropriate 
motion of endolymph occurs, which subsequently 
causes a deformation of the cupula. This 
deformation activates sensory hair cells what 
eventually leads to nerve signals containing 
information about head movement being 
transferred to the brain. This information causes 
motion of the eyes, as a compensation for the 
head movement. The eye movement can be 
quantified by a velocity called the nystagmus 
velocity. This velocity is considered to be 
proportional to the displacement of the cupula 
[1,2]. 

There are several balance disorders that are 
clinically diagnosed in patients. One of those 
disorders is called benign paroxysmal positional 
vertigo (BPPV) [3]. It is concluded that 
canalithiasis is a pathological condition that can 
cause BPPV [4,5]. Canalithiasis is a phenomenon 
that occurs when otoconia particles enter the 
SCC, cause a disturbance in the endolymph flow 
and subsequently affect the displacement of the 
cupula.  

Numerical simulations can be a useful tool that 
can provide accurate tracking of the motion of 
otoconia particles, which would, obviously, be 
almost impossible experimentally. Using 
numerical simulations, the influence of many 
factors on the endolymph flow and cupular 
deformation can be analyzed, without performing 
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clinical examinations. Canalithiasis was 
experimentally analyzed in animal models by 
several authors in literature [6-8]. These studies 
demonstrated that motion of otoconia particles is 
directly related to the symptoms of BPPV.  

Several numerical methods were used to 
model the endolymph flow within the SCCs using 
either parametrized or patient-specific geometry. 
These methods include Navier-Stokes equations 
[9-11], system of ODE equations [12] or other 
hydrodynamic calculations [2]. The relationship 
between cupular displacement and head 
movement and the influence of free-moving 
otoconia particles on cupular displacement and 
nystagmus were also modeled numerically in 
literature [1,2]. 

In this paper, a different numerical model is 
implemented. This model includes a fully three-
dimensional simulation of endolymph flow within 
patient-specific geometry, free motion of otoconia 
particles within the lumen of the SCCs, 
deformation of the cupula and the complete 
interaction between all mentioned elements. The 
endolymph flow is observed as the flow with 
moving boundaries of the domain, and the 
simulation is performed using an adaptation of 
the lattice Boltzmann (LB) method. Equations of 
motion of otoconia particles in three-dimensional 
space are solved to simulate their free motion. 
The deformation of the cupula is modelled 
considering the material to be linearly elastic. The 
interaction between the endolymph and the 
cupula and between the endolymph and the 
particles is modeled using a specific strong 
coupling approach. The whole model is 
implemented in software that enables interaction 
of the user with the geometry and real time 
visualization of simulation results. Using the 
developed software, it is possible to observe the 
effect of the motion of the whole domain and 
immersed free-moving otoconia particles on the 
cupular displacement. 

The paper is organized as follows. In Section 2, 
the numerical model is explained in detail. In this 
Section, the applied parallelization techniques are 
also discussed. Section 3 gives relevant 
information about the extracted geometry and 
simulation setup, and presents the developed 
software. Section 4 discusses the capabilities of 
the proposed software and lists possible 
applications in clinical practice, for examination 
and treatment of balance disorders. 

2. METHODS 

2.1 Modeling Endolymph Flow 

The flow of endolymph is modeled using an 
approach for modeling fluid flow with moving 
boundaries. The motion of the SCCs, i.e. of the 
entire domain, causes the motion of endolymph 

and hence this approach is appropriate. The 
method used in this paper is the mass-conserved 
volumetric lattice Boltzmann (MCVLB) method 
[13]. This is a special adaptation of the standard 
LB method [14,15]. In the standard LB method, a 
fixed Cartesian mesh is used to model the motion 
of fluid particles. Their collisions at lattice nodes 
and further propagation in the observed domain 
in the prescribed directions is analyzed and using 
this information at the micro-scale level, the flow 
of fluid on the macroscale level is simulated. A 
specific distribution function is defined for each 
particle, i.e. for each node in the lattice mesh. 
This function depends on the state of neighboring 
particles and it is used to simulate the collisions 
and propagation.  

If the simulation includes modeling of the fixed 
walls, then a specific boundary condition (BC) 
called bounce-back BC [16,17] is usually 
implemented. This approach can be used if the 
wall, i.e. the boundary between fluid and solid, is 
made of straight lines. But if the boundary has a 
more complex geometry and/or the boundary is 
not fixed and can have predefined velocity, then 
this approach is not accurate enough. Since the 
free motion of the whole domain, i.e. of the SCCs, 
is considered in this paper and the geometry of 
the SCCs is complex, a different approach is 
implemented. 

The adapted MCVLB method is capable of 
simulating free motion of the boundaries [13], with 
the possibility to predefine the velocity of the 
boundary. The implementation of this method 
consists of three steps. The first step simulates 
the collisions of the particles, while the collisions 
of the fluid particles with moving solid boundary 
are particularly included in the equations. The 
second step simulates the streaming 
(propagation), while the interaction between fluid 
and solid boundary is modeled using a special 
type of bounce-back approach. The third step 
ensures mass conservation of the fluid during the 
motion and deformation of the solid boundary. In 
the specific case of motion of SCCs, the walls of 
the SCCs, i.e. the solid boundaries, are not 
deformable and endolymph moves along with the 
whole domain in space, so there is no relative 
motion of the solid boundaries with respect to the 
fluid and the mentioned third step does not have 
to be included in the simulation. 

The collision of the particles is modelled using 
the following equation: 
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where in  represents the distribution function, the 

superscript ‘ denotes the values of distribution 
function after collision,   represents the 

relaxation time, iF  represents the external force 



 

term and  0
in  represents the equilibrium 

distribution function, which is calculated as: 
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where    
i

i tntN ,, xx , sc  represents a 

constant related to the LB method and the lattice 
structure and iξ  represent vectors defining the 

abscissae of the lattice structure. In this study, 
the three-dimensional isothermal flow of 
incompressible fluid is simulated and the lattice 
structure denoted by D3Q27 is used. For this 

particular lattice structure, the constant sc  is 

equal to 
3

12 sc . 

It should be noted that the velocity U  used in 

Equation (1) is not equal to the macroscopic 
velocity u . A correction is introduced to take into 

account the effect of moving boundary, and the 
velocity is defined as: 

uuU                     (3) 

where u  is defined as follows:  
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where  tB ,xu
 is the velocity of the boundary in 

considered lattice cell at considered time point 

and  tP ,x  is the occupation of solid volume in 

the particular lattice cell, that is defined as: 
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where  tVs ,x  is the volume that solid occupies 

within the observed cell and V  is the overall cell 

volume, which is taken to be unity. As it can be 
concluded, the value of P  can be between 0 and 

1. If a cell is entirely occupied by fluid, then 0P ; 

if a cell is entirely occupied by solid, then 1P , 

and 10 P  if a cell is partially occupied by solid 

and partially by fluid. 
The propagation of the particles is modelled 

using the following equation: 
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where the index *i  corresponds to the direction 

opposite to the i -th direction, i.e. ii ξξ * . 

Macroscopic quantities relevant for the 
numerical simulation of endolymph flow are 
calculated based on the components of the 
particle distribution function. 

Pressure is calculated as: 
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Physical velocity is calculated as: 
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where g  represents the external force field acting 

on the fluid. 

2.2 Modeling the motion of otoconia particles 

Otoconia particles are considered to be rigid 
bodies that can move freely through the fluid 
domain. All particles are assumed to have the 

same mass pm , density p  and radius pa . The 

position vector of the particle px  in each iteration 

is calculated using the following equation of 
motion: 

  CgSRpp xm FFFαx               (9) 

where Rx  represents the distance of the particle 

from the center of rotation of the entire domain, 

α  is the angular acceleration of the entire 

domain, gF  is the gravitational force, CF  are the 

inertial forces caused by the angular motion of 

the entire domain and SF  is the force that 

represents the influence of the surrounding fluid, 
which is assumed to be equal to Stokes drag 
force. 

The interaction between the particles is 
modelled using the Discrete Element Method 
(DEM) [18].  

2.3 Modeling the Deformation of the Cupula 

Cupula is observed as a membrane with 
negligible thickness. It is discretized into a defined 
number of points grouped in the defined number 
of triangles. The material of the cupula is 
assumed to be linearly elastic.  Therefore it is 
assumed that the points of the mesh are 
interconnected with springs. The reaction force in 
every node of the mesh represents the resistance 
of a particular node to the defined external 
deformation and it can be calculated for each 
node, using an approach proposed by Dupin et al. 
[19]. The movement of the nodes causes a spring 
force that can be defined as:  
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where SK  represents the parameter of 
resistance to the deformation, i.e. the cupular 

stiffness, 
12L  and 12

0L  denote the current distance 

between nodes 1j  and 2j   and the initial 

distance between considered nodes, respectively, 
and 

12l  denotes the unit vector that connects 

nodes 1j  and 2j . The cupular stiffness is 

defined according to the values used in literature 
[1].  



 

2.4 Modeling Solid-Fluid Interaction 

The interaction of the endolymph with the 
cupula and the immersed particles is modeled 
using the same approach, but with small 
modifications. The immersed boundary method 
(IBM), proposed by Peskin [20] was used in both 
cases. In IBM, fluid domain is modeled using a 
fixed Cartesian mesh, solid domain is treated as 
a separated part of the fluid and the boundary 
between the two domains is represented with a 
set of Lagrangian points. All considered entities, 
i.e. endolymph, cupula and particles, are modeled 
simultaneously, like a single mechanical system 
and all relevant equations are solved in iterations. 
The cupula and particles are affecting the flow of 
the surrounding fluid and this effect is introduced 
in the equations of fluid flow using an external 
force field. On the other hand, fluid is causing the 
deformation of the cupula through a force that 
causes motion of points of discretized membrane, 
representing the cupula. Also, fluid is opposing 
motion of particles through a drag force that is 
exerted from fluid domain in specific position 
where each particle is located. Coupling of all 
entities is performed so that all relevant quantities 
are interpolated over boundary and/or 
intercepting points. For example, for each 
particle, influence of larger number of points from 
the fixed fluid mesh is considered and vice versa. 
This interpolation is conducted using the Dirac 
delta function defined in literature [20]. 

2.5 Applied Parallelization Techniques 

During the implementation of the presented 
numerical model, special attention is dedicated to 
the parallelization techniques. The software is 
adapted for execution on a PC with NVIDIA 
graphics card. Principles of GPU (Graphics 
Processing Units) programming and CUDA 
architecture developed by NVIDIA [21] are used 
during the implementation. CUDA enables the 
execution of the source code on two different 
platforms, the so-called host system (that 
represents the CPU processor) and the so-called 
device system (that represents the GPU device). 
A computer program is adapted for execution on 
a GPU device by separating the part of the 
program that executes a large number of 
arithmetic operations over a large data set and 
that part of the program is executed on the GPU 
device using the so-called kernel functions. This 
way GPU works as a coprocessor of the main 
processor, while CPU organizes the execution of 
the program and manages exchange of required 
information. 

Software based on LB method has already 
been successfully parallelized and significant 
speed-ups have been obtained [22,23]. In the 
case of simulations considered in this paper, this 
parallelization technique enables visualization of 

results of the simulation in real time. 
 

 

Figure 1 - Algorithm of execution of the parallelized 
software 

 
Parallelization is implemented for all previously 

described entities. Collision and propagation 
steps for the fluid flow simulation are performed 
in parallel, for each node of the lattice mesh 
separately. Equations of motion of each particle 
are solved in parallel and reaction forces in all 



 

nodes of the triangular mesh representing the 
cupula are also calculated in parallel. All data is 
located on the GPU device, where all the 
calculations are done. After each iteration, 
resulting values of particles’ position vector, 
positions of the nodes of the cupula, and fluid 
velocity field are transferred back to the CPU, for 
visualization. The algorithm of execution of the 
parallelized software is shown in Figure 1. 

3. RESULTS 

The geometry of the SCCs is obtained from CT 
scan images of specific patient. The geometry is 
first reconstructed and then exported in an STL 
file format. Then, the geometry is loaded in the 
developed software for simulation of motion of 
immersed otoconia particles within the SCCs. 
The geometry of the SCCs is shown in Figure 2a. 
During the initialization of the numerical 
simulation, the voxelization of the geometry is 
performed to determine occupation of solid 
volume in all nodes of the LB mesh. Voxelization 
is performed using the procedure described in 
literature [24] and additional open-source 
software Binvox, developed by Patrick Min [25], is 
incorporated into the software. The voxelized 
model is further expanded to calculate the value 
of P for all nodes. Instead of using the cuboid 
structure to represent the fluid domain (as it is 
traditionally done in LB simulations), the sparse 
approach was used to exclude the nodes that are 
fixed and are not necessary for the simulation. In 
this way, number of fluid nodes is minimized and 
the execution is subsequently accelerated. This 
approach was already successfully used in 
literature [26]. The sparse voxelized model of the 
fluid domain is shown in Figure 2b. The overall 
number of lattice nodes in this model is about 
400000. 

 
Figure 2 - Models of the SCCs used in numerical simulations. 
(a) Geometry in STL format, obtained from CT scan images 
of a specific patient; (b) Voxelized model of the fluid domain 

  
The accuracy of the described numerical model 

was demonstrated through a comparison of 
obtained results with analytical solutions 
published in literature [1]. Good agreement of 
results showed that this numerical model is 
capable of simulating motion of otoconia particles 
within the SCC [27].  

Developed software enables both free rotation 
of the entire domain, and predefined rotations, 
according to some standard head maneuvers 
applied in clinical practice. The interaction of a 
user with software is fully enabled and both 
numerical simulation and visualization of results 
are performed in real time.  

Figure 3 shows a window of the developed 
software during simulation when a user can 
interact with software and rotate the entire 
domain in real time. The rotation is defined by the 
user using motion of the mouse pointer on 
screen. On the left side, there is a panel with 
various options for manipulation with the 
information that are displayed. The visualization 
of the mesh representing the SCCs can be 
enabled or disabled. Also, it is possible to 
visualize the velocity vectors or velocity 
streamlines obtained from the endolymph flow 
simulation. In the case shown in Figure 3, the 
velocity streamlines are drawn. The entire domain 
can be zoomed-in/out, moved and/or rotated by 
the user, using the motion of the mouse pointer, 
by choosing the appropriate option for the desired 
interaction from the panel. The graph at the 
bottom of the window shows the change of 
cupular displacement during the simulation, 
where all the three cupulas located in the three 
SCCs are represented with different colors.  

 

Figure 3 - Window of the developed software during 
simulation with free rotation of the entire domain; visualization 
of velocity streamlines is enabled 

 
In Figure 4 it is shown how the cupular 

displacements change over time when a 
predefined rotation of the entire domain for 120 
degrees is performed. This predefined rotation 
actually represents the Dix-Hallpike maneuver 
[28] and it is used for diagnostics of vestibular 
disorders. This rotation consists of a smooth 
head rotation from an upright position (when it is 
assumed that the angle of the head with respect 
to the vertical axis is 0 degrees) to a supine 
position (when it is assumed that the angle of the 
head with respect to the vertical axis is 120 



 

degrees). In Figure 4 it is also shown how the 
software enables the user to analyze velocity 
distribution over a defined plane, i.e. a slice of the 
whole fluid domain. 

 

Figure 4 - Window of the developed software during 
simulation with predefined rotation of the entire domain that 
represents the Dix-Hallpike maneuver; visualization of 
velocity vectors and slice velocity distribution are enabled 

4. CONCLUSION 

BPPV is a balance disorder that can be caused 
by free motion of otoconia particles within the 
endolymph in the SCCs. This process can hardly 
be experimentally analyzed and thus numerical 
simulations can help analyze the effect of various 
parameters on the cupular displacement and 
nystagmus. Developed software provides a tool 
that allows analysis of a wide range of sizes, 
shapes and number of particles in order to 
determine the quantities that are most likely to 
cause clinically observed symptoms. These 
parameters cannot be precisely quantified in 
clinical practice.  

Using the biomechanical model presented in 
this paper, a customized (personalized) 
simulation model can be created and this model 
can provide better treatment of patients with 
BPPV, because the developed software can be 
used to predict the response of the vestibular 
system of the patient to external perturbations. 
Treatments can be planned according to specific 
symptoms of the patient and those symptoms can 
be explained with more detail. 
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