
 

 

Abstract: This paper describes the model of the 
semicircular canal and deformation of the cupula 
within the canal. Deformation of the cupula is 
important in the analysis of the balance disorders, 
especially Benign Paroxysmal Positional Vertigo 
(BPPV). The model is created and solved with 
dissipative particle dynamic (DPD) method, which 
is innovative application of the method. The 
results are compared to the results from the 
literature – numerical and analytical solutions. It is 
shown that DPD method can be used with enough 
accuracy for calculation of the cupula deformation 
during rotational moves. 

 
Index Terms: semicircular canals, cupula, DPD 

method, balance disorder, BPPV 

 

1. INTRODUCTION 

ACH human ear has three semicircular 
canals whch are part of the inner ear. The 

main purpose of the semicircular canals is to 
provide balance. The canals are filled with fluid 
and oriented in the three orthogonal planes and 
on that way control rotations around all three 
axes, rotation in space. One end of the canals 
has extension called ampulla, which is divided by 
the membrane called cupula. Cupula has 
gelatinous structure and embeds within hair cells. 
Head rotation moves fluid inside the canals, fluid 
deflects cupula and deflection of the cupula 
causes the movement of hair cells, their 
polarization and depolarization, resulting in 
nerves innervation, placed below the hair cells.  
Fluid from the semicircular canals flows to the 
vestibule part of the inner ear, more precisely 
utricle. Utricle is a chamber filled with fluid and 
together with saccule it makes otolith organs, 
which contain otolithic membranes and hair cells  
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and which detect linear acceleration. So, balance 
is secured with the semicircular canals –  
rotational movement and with utricle and saccule 
– translational movement. 

 

Figure 1 – Semicircular canals together with vestibule 
and cochlea. Cross – section of ampulla and saccule 

(otolith organ). 

Balance disorder can be unpleasant and it can 
also disable normal functioning. Among many 
vertigo syndromes, benign paroxysmal positional 
vertigo (BPPV) takes a great place. Around 30 % 
of the vertigo syndromes belong to BPPV (Baloh 
et al. 1989). It occurs when crystal particles, 
called otoconia, leave the utricle and end up in 
the semicircular canals. Otoconia particles are 
heavier than fluid and rapidly reach cupula, 
exposing pressure on it. Deflection of the cupula, 
caused by otoconia, will activate nerves and  
send information about rotational movement to 
the brain, information about changing angle 
position that doesn’t exist. This will manifest as 
vertigo.  
BPPV has been investigated by many 
researchers and modelled with different 
techniques. Parnes et al. (2003) gave wide 
picture of BPPV disorder by explaining its 
anatomy and physiology, mechanism, causes, 
diagnosis and surgical treatment. Brevern et al. 
(2015) wrote a detailed paper from the medical 
point of view, explaining the BPPV and 
determining diagnostic criteria. Rajguru et al. 
(2004) presented three-dimensional model of the 
BPPV, which was solved with Runge–Kutta–
Fehlberg method numerically and Teixido et al. 
(2016) published the paper with complex 3D 
model of the semicircular canals and vestibule.  
We modelled semicircular canal with DPD 
method. There is no similar application of this 
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discrete method and, in that regard, this was a 
challenge. The obtained results show good 
agreement with data found in the literature. 

2. METHODS 

2.1 Dissipative Particle Dynamics 

DPD method is a mesoscale technique, which 
can be interpreted as dimensionless analysis. 
The basics of DPD concept has been established 
by Hoogerbrugge and Koelman (Hoogerbrugge 
and Koelman (1992), Koelman and 
Hoogerbrugge (1993)) and shortly after the 
concept has been slightly reformulated by 
Espanol (Espanol (1995), Espanol and Warren 
(1995)). By now, it is shown in many papers that 
DPD method can be successfully used for solving 
fluid dynamics (Moeendarbary et al. (2009), 
Filipovic et al. (2012)). 

Domain of the interest is presented by small 
particles. Particles have interaction with each 
other in specific, determined region. Calculations 
are performed for each particle in the domain. 
Movement of the particles is obtained from the 
second Newtonian law, as it is written in the 
equation (1). 
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Force on the right side of the equation (1) is the 
sum of the external and internal forces. Internal 
forces are calculated between the selected 
particle and neighboring particles, placed in 

distance less or equal to cut radius, cr , in relation 

to the observed particle. Internal forces include 
conservative, dissipative and random force. 
Variation of the formulas of the internal forces 
can be seen in the literature. Used formulas of 
the internal forces and explanation of the 
parameters for the semicircular canal model can 
be found in Filipovic et al. (2012). 

2.2 Model 

The semicircular canal was modelled as 2D 
model, in the regular shape of ring (Figure 2). 
Two shades of green represent outer and inner 
wall of the canal, blue particles are for fluid inside 
the canal, red particles for otoconia and grey 
particles stand for cupula. Initial position of the 
cupula is horizontal, as it can be seen from Figure 
2.  

Model from the initial position starts rotation 
clockwise to achieve rotation angle of 120 
degrees. After that, the movement is stopped. 
During the rotational movement cupula is 
exposed to fluid pressure and after being stopped 
it will relaxes to zero movement. Cupula 
deformation obtained with DPD method was 
compared to data from literature in order to 
validate the results. 

 

 

Figure 2 – DPD model of the semicircular canals 
containing cupula. 

In Table 1 values are given of the parameters 
used in DPD simulation. 

 

Table 1 Designation 
F-F 
O-O 

F-O 
F-W 
O-W 

Coefficient 
of repulsion 

ija  15 225 450 

Cut radius cr  1 

Friction 
coefficient 

  
4.5 

Boltzmann 
constant 

TkB  1 

Angular 
velocity of 

the wall 

wall  
0.015 

Table 1 – Parameters used in DPD simulation. F-F: 
fluid – fluid; O-O: otoconia – otoconia; F-O: fluid – 
otoconia; F-W: fluid – wall; O-W: otoconia – wall. 

3. RESULTS 

Cupula deformation was calculated with DPD 
model. Results obtained from simulation were 
compared to data from the literature. 

Deformation of the cupula was determined by 
Obrist and Hegemann (2008). 
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Equation (2) can be solved numerically and 
analytically. Angle of rotation changes according 
to Obrist (2011) and it is presented in the 
equation (3). 
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Angle is equal zero for t<-3s, 120 degrees for 
t>0s and polynomial of the seventh order for t 
between [-3s, 0s]. First derivation of the equation 
(3) by time will give the angular velocity. Change 
of the angle of the rotation and angular velocity 
are shown in Figure 3. 



 

 

Figure 3 – Angle and angular velocity of the head 
rotation. 

Improper integral in equation (3) can be 
interpreted as velocity error. To obtain analytical 
solution, this improper integral needs to be 
solved. By substituting polynomial of the sixth 
order for the angular velocity, equation (3) has 
shape which is suitable for partial integration. 
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Integrals I1 – I4 are suitable, as mentioned, for 
partial integration. Before integration, borders of 
the integral need to be corrected, since velocity 
error integral is improper integral by τ, but 
integrand contains angular velocity, which is 
defined only for argument values between [-3s, 
0s]. Since t has both negative and positive 
interval, there will be two groups of different 
borders, given in Figure 4. 

 
Figure 4 – New borders for the velocity error 

integral. 
 

After the definition of the new borders, partial 
integration can be performed. Polynomial part is 
suitable for differentiation and exponential part for 
integration. In order to solve equation (4), partial 
integration is applied sixth times. Parameters 
which are needed for solution of the cupular 
displacement are T – time scale with value of 
0.0256 s and σ – eigenvalue which is equal to 
0.0061. 

Besides analytical solution, numerical solution 
of the equation (2) is obtained by presenting 
integrand as a series of small portions summed. 
Numerical solution was developed and solved in 
software package Matlab.  

In Figure 5 cupula displacement is presented, 
obtained analytically and numerically. 

 

Figure 5 – Analytical and numerical solution for cupula 
displacement. 

 

As it can be noticed from Figure (5), the 
obtained solution are in very good agreement. In 
Figure (6), the difference between the obtained 
results is presented. 

 
Figure 6 – Cupula displacement results; difference 

between analytical and numerical solution. 

From Figure (6) it can be concluded that the 
difference between analytical and numerical 
solutions is very small. Maximum difference 
between the obtained results for cupula 

displacement has magnitude order of 1810 . 

In Figure 7, displacement of the cupula is 
presented obtained with DPD method and 
compared to analytical and numerical results. 



 

 

Figure 7 – DPD, analytical and numerical solution for 
cupula displacement. 

As it can be seen from Figure 7, obtained 
results with DPD method follow numerical and 
analytical solution. The shape of the cupula 
displacement is in good agreement with data from 
the literature. DPD solution shows smaller and 
shorter overshoot, but has similar trend as 
literature data. 

Beside cupula deformation, force exerted at the 
cupula was calculated and compared to 
numerical solution from the literature. According 
to Obrist (2008) force exerted at the cupula can 
be understood as the sum of the reactive force of 
the deflected cupula (equation (4)) and inertial 
force of the fluid (equation (5)). 

 KVaF Fc 2  (5) 

  22 RaF FFi   (6) 

In equation (4) Fa  is duct radius, K  is stiffness 

of the cupula and V  is cupula displacement. In 

equation (5) F  is angle spanned by the utricle, 

R  is major canal radius and   is angular 

acceleration, derived from angular velocity. 
Values of the needed parameters for force 
numerical calculation are given in Table 2. 

 

Table 2 Designation Unit Values 

Duct radius Fa  m 1.6·10-4 

Cupular 
stiffness 

K  GPa m-3 13 

Angle 
spanned by 
the utricle 

F  rad 0.42 π 

Major canal 
radius 

R  m 3.2·10-3 

Table 2 – Parameters used for numerical calculation of 
the force exerted on the cupula. 

Force exerted at the cupula was calculated with 
DPD method. The force was averaged by 
membrane particles and in time. Compared 
cupula forces are presented in Figure 8. 

 

Figure 8 – DPD and numerical solution for the force 
exerted at the cupula. 

Analysing Figure 8, we can conclude that 
cupula forces obtained as a numerical solution 
and with DPD method are looks like similar. The 
force obtained with DPD method has a trend 
similar to numerically calculated force from the 
literature. Range of the values is less than the 
one from the numerical solution, but it can be said 
that DPD method can predict way of the exported 
force and closely values of the force. 

4. CONCLUSION 

In this paper we analysed the semicircular 
canal together with the cupula, placed in the 
ampula section, which divides fluid in the canal. 
Displacement of the cupula is of the interest, 
since this deflection, due to fluid movement, 
innervates nerves and sends information about 
rotational movement to the brain. Cupula can be 
also deflected with otoconia particles, gone astray 
from the vestibule part of the inner ear and this 
will lead to vertigo, balance disorder called benign 
paroxysmal positional vertigo or BPPV.  

In the paper the existing results from the 
literature are presented and, according to the 
literature data, numerical and analytical solutions 
were obtained.  

On the other head, DPD method was used for 
the analysis of the BPPV occurrence. The 
compared results show that DPD method can be 
used successfully for the semicircular canal 
model and that displacement of the cupula can be 
obtained with appropriate accuracy in relation to 
analytical and numerical solution. Also, calculated 
and compared forces show certain level of 
matching – the diagram trends are similar 
although range of the force values is smaller for 
DPD solution. The final conclusion is that DPD 
method can be further used for modelling of the 
new semicircular canal models with more 
complex geometry and behaviour. 
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