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ABSTRACT

In order to keep tabs on the position and motioawfbody in
space, nature has given us a fascinating and veygnious
organ, the inner ear. Each inner ear includes fiiaogical
sensors - three angular and two linear accelerometahich
provide the body with the ability to sense angwad linear
motion of the head with respect to inertial spaliee aim of
this paper is to present a mechanical model okémicircular
canals - which behave as angular accelerometersaa-specific
kinematic environment. This model, implemented
Matlab/Simulink, simulates the rotary chair testinghich is
one of the usual tests carried out during a diagnos§ the
vestibular system. This model also allows to sireulseveral
head rotations, and at the same time to show #te stexcited
or inhibited — of each angular sensors. Therethiedeveloped
model can be used as a learning and demonstrathegither in
the medicine field to understand the behavior & #ensors
during any kind of motion or in the aeronautica&ldi to relate
the inner ear functioning to some sensory illusionsaddition,
the first results also show the influence of tha-nahogonality
of the canals on the sensors stimulation.

1. INTRODUCTION

The vestibular apparatus is located in the innemed is
vital for our dynamic equilibrium. It constitutesthree
dimensional inertial-guidance system. Since the0%95
the advent of aerospace flight with its new demamas
accelerated the pace of vestibular research. Funtite,
a full understanding of the mechanics of a heailtimer
ear may contribute to the diagnosis and treatmétiteo
vestibular part in a diseased state. This is tlesae

in

several authors have studied the mechanics of the
semicircular canals (SCC), which detect changes in
angular acceleration. The first model regardingddueals
was proposed by W. Steinhausen [1], and is knowhes
classical torsion pendulum system, which has béen t
benchmark for subsequent works (Groen [2], Van
Egmond [3], Njeugna [4], Fernandez [5]). Since
Steinhausen, several models based on the resolotion
the fluid flow within the canals have been estdidid
(Oman [6], Rabbitt [7], Steer [8], Van Buskirk [9]ll
these models lead to a transfer function between th
output of each canal, i.e. the discharge of theraifft
nerve fibers innervating the canals, and the amgula
acceleration of the head with respect to an inesfiace.

The scope of this paper is to present a numericalein
of the SCC in a kinematic environment. This model
simulates the rotary chair testing, one of the pdoces
usually performed by specialists during a diagnosihe
vestibular system, which will be explained in-defater

in this paper. In order to achieve this goal, thedei
follows different steps. First, it solves the edoia$ of
motion in each coordinate system. Second, it coagput
the angular velocity vectors, which are then prigiemn
the perpendicular of each canal plane. Third, thee f
each sensor is derived according to their transfer
function. A three-dimensional animation is also
developed to visualize the state of each sensaeah
time. After the introduction of the anatomy and
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physiology of the sensory system, the modeling of a the endolymph in the canals tends to catch up thi¢h
single-canal is presented. The kinematics probkethen rotation of the head due to the viscosity, elimimathe
formulated in the coordinate system attached to therelative movement. Eventually, as long as the imtat

canals. Finally, some numerical tests are performed rate remains constant, the cupula returns to aceért
position due to its elastic properties, and thesagon of

2. ANATOMY AND  PHYSIOLOGY OF THE motion eventually ceases. _

SEMICIRCULAR CANALS Because of the imperfect orthogonality of the cayihiey

The vestibular system, which is also known as tigam ~ all can be stimulated by any rotation. Howeverhats

of equilibrium, is located within the temporal regiof ~ been shown that each canal admits a specific treof

the skull (in the inner ear), and consists of two Stimulation, which maximizes the excitation (Rabbit

specialized types of sensory systems: the semiaircu [13]).

canals - which respond to angular acceleration, teuad

otolith organs - which primarily detect changediiear 3 MODELING ,
acceleration and gravity (Roman [10], Sauvage )[11] 3.1 Single-canal macromechanics

These sensory systems consist of fluid-coupledtstres Qn%ula(rj mot|o|n se:[_nsanotn relies otn merctllall forﬁ"s‘.;d
that induce a motion-sensitive signal on the vetdib y head accelerations, 1o generate endolymph Ta

nerve. This signal is then transmitted to the nesvo within the toroidal semicircular canals. This fldldw is

central system where other afferent systems such as?escrtlrt]aed b%(thef ;‘:5'%” pendullunga mode; WhICﬂhegl’IS
vision and proprioception also converge for spatial rom the works of Steinhausen [1], Groen [2],

orientation, postural stability and gaze stabiloat by Raé')bltd[7]. It desgrlbes (;he semicircular cam&ga by:
Anatomically, the semicircular canals consist litatly ~ S€cond-order — overdamped system governe y:

of three sets of membranous ducts suspended inich fl mﬂ+ Cd_Q+ kQ= f 1)
called perilymph, and are oriented in almost muyual dt2 dt
orthogonal planes (Figure 1). where Q is the endolymph volume displacemdiie

term m represents the mass of the fluid contained in the

canal,c describes the viscous damping appearing in the
,,/\ Anterior canal duct, andk defines the stiffness of the cupula, which
(- \«— behaves as a restoring spring against the direofifinid
V. displacement.f is an inertial forcing term defined by:

f=§pQxR(s) ds @)

where Q is the angular acceleration of the head, and
R(9 is the local position vector of a point locatedtbe

streamline of the canal. In this model, the membuan
semicircular canal is considered as a rigid-walled
structure as its stiffness is largely higher tHangtiffness

of the cupula. A Poisson ratio of 0.48, close taals
The membranous structure is filled with another considered value for incompressible material, igelyi
Newtonian incompressible fluid called endolymphe€8t  accepted for the cupula. Therefore, the cupulanaelu
[8]). Each canal contains a gelatinous membranavkno  displacement can be approximated by the endolymph
as the cupula that completely seals the semicircula volume displacement.

canals (Hillman [12]). Angular motion sensatiorigslon  Equation (1) is transformed to Laplace domain ttaiob
inertial forces, caused by head accelerationset@@te  the transfer function &(s) between the cupula volume

endolymph fluid flow within the toroidal semiciraul displacementQ. and the angular head veloci@ o
canals. More precisely, when the head rotates, the ¢ ’

Posterior canal

/

Figure 1: Global visualization of the inner ear and zoom bba t
3 canals (angular sensors).

endolymph in the canals lags behind due to itimand that:
produces a force across the cupula, deflecting ithe E(9) - (d/ms @)
opposite direction of head movement. This deflectio ¢ Q (s+1/r)(s+1/1,)

causes a sensation of motion. At a constant rotatite,

2 Copyright © 2009 by ASME



As the system is highly overdamped, the two time In the present model, the canals are assumed ytotall

. 1 k 1 ¢
constants are approximated by=— and —=—. The
, ¢ I, m

values that we use in the present model directhedd

on the morphology of the canal and the physical

properties of both the fluid and the cupula. Fomhas,
these values are: m=1070g:tmc=179 kg.8.cm®,
k=13.3 kg.g.cm*, d=0.76 g.cri(Rabbitt [7]).

3.2 Enhanced formulation of the kinematics problem
This work is based on the research of Adenot [14d w
developed a model devoted to the analysis of théolo

Cross-Coupling Stimulus that was restricted to head

coordinate frame. The objective of the present ehixl
to simulate a real case of vestibular diagnosisezhout

uncoupled, i.e. no fluid flow interactions betwettrem
are considered. Hence, a canal is stimulated if the
component of the rotation vector along the perpauidr
of this canal is non null.

The different coordinate frames are defined in Fégu
2b. The movement of the coordinate framer&atively
to Ry is merely a rotation around a vertical axis, sat th
the angular velocity is given b#,, = d7,=Jz,. The head
angular velocity with respect to ;Ris given by
@, =aX,+pY,+yZ,, whereo, B, y are respectively the

rotation angles around the ax¥,, Y, and Z,. In this

study, head movements are separated into three non-
simultaneous distinct rotations. Each head rotatist

by a specialist, which takes into account the non- bg separated into two successive stages in order to
orthogonal coordinate system attached to the Scc.Simulate real movements: downward and upward

Figure 2 illustrates the usual procedure. The phtie
strapped into a rotating chair, and experiencesaional
motion around an Earth vertical axis. Due to thetia of
the endolymph, the cupula inside the canal perpeifeati
to the axis of rotation is deflected. A perceptioh
rotation results. The patient can also be madenttengo
several head rotations in order to stimulate otharsls.

Y
© ncolym « No angular acceleration
/ 4\ * No relative motion between canal
[+ ( At rest and endolymph
K 4 * Cupula not deflected
9/ * No perceived angular movement
EndoympF

Cupula

ol

ol
Constant\
angular

\motion /

SCIaTy
.
@ or stopping
of motion
\@ <

Figure 2. (a) Visualization of the diagnosis procedure, (b)
Different coordinate systems :¢R(O, X,,Y,,Z,) fixed

« Angular clockwise acceleration

« Inertia causes endolymph to
lag behind

* Cupula deflected right

* Perceived clockwise movement

+ Endolypmh moving at same
speed as canal

« No relative motion between
canal and endolymph

« Cupula not deflected

* No perceived angular movement

®)

« Canal stopped

* Endolymph momentum keeps
it moving clockwise

* Cupula deflected left

* Perceived counterclockwise
movement

orthogonal coordinate system;RO, X,,Y,,Z,) orthogonal

coordinate system attached to the rotating chair: R
(A, X,.Y,,Z,) orthogonal coordinate system attached to the
head, B (B,X,,Y,,Z,) non-orthogonal coordinate system

defined by the 3 perpendiculars of the semicircalanals, (c)
effect of head rotation on the semicircular canatbe
displacement of the cupula is plotted on figura)saf (b).

rotation, rotation to the left and then to the tjgbr tilt
toward both shoulders. Hence, three cases aredevrsi

- case 1. rotation around 22, so that
By =VZ, = V2o,
case 2 rotation around Y,, SO
thata,,, = BY, = ~(Bsind)X ,+ (B cod Y,

- case 3: rotation around )22 , SO that

@, =aX,=(dcosd X ,+ @ sid Y,.

According to the law of velocity composition, ahsel
head angular velocity relative to the coordinaterfe R,
is defined by, ,, = @,,,+ @,,,. Expressions of these two

vectors are listed in table 1. The computed angular
velocity vector is then applied to the transferdiimn of
each canal to yield cupula displacements.

—_—

Rotation vectora,

Casel @, =(y+3)Z,

Case2 &, =-dsinpX,+pBY +3cospZ, = sivX + B cosV, +5Z,

21

Case3 &

210

=X, +3sinaY,+ 3 cosaZ | = dcosdX, +d sindY, + 37

Table 1: expressions of the rotation and velocity vector&i
and R.

3.3 Simulink model

The global functioning of the Simulink model is
explained in Figure 3. The motions experienced hey t
subject, i.e both the rotational motion of the clzaid the

3 Copyright © 2009 by ASME



potential head movements, are first implementedguai ‘Statie views

graphic user interface (GUI). Equations of motice a ' i
then solved using the aerospace blockset available - -
Matlab/Simulink [15]. Finally, the state of eachser is T
derived in real time according to their transfendiion.
In addition, a 3D animation has been programmed to g A e

3D Dynamic View

visualize the movements of the sensors, and more
particularly the displacement of the cupulas (Fégd).
The parameters of the model are for instance thelan
velocity of the chair, the magnitudes of the rotgti

= +
EEEEE I EEE

Lateral canal stimulation

movements of the head, six instants giving thetiatar - (e - +
i i 1 sterior cana O I
signal of each head movement, the Euler anglesidgfi e
the coordinate system attached to the canals, etc.
Implementation of the input . . . . o
stimulus using the GUI Figure 4: 3D visualization of the semicircular canals ane th
¥ ' v cupulas. In the dynamic view, the 3 canals are tiota
Definition of the motion of Definition of the potential according to the head rotation. The static view$owl to
the rotating chulr headmovements observe the cupulas motions in real time. A “pesitimotion
v means that the sensor is excited while a “negativedtion
l l means that the sensor is inhibited.
Computation of the Computation of the
equations of motion 1/0 equations of motion 2/1 .
, I These values clearly show that the canals do ninede
} an orthogonal coordinate system. In physical s¢hat
Computation of the means if the head rotates around the perpendiaxiaof
equations of motion 2/0

one canal, not only this canal but the others \wél

Angatar velociy i R, | stimulated. Thus, we can conclude that for anytiaaof

Model opthe Sccs the head, all the angular sensors should provide a
e = e+ 17 stimulus. The component of any vector is therefore
v defined in the coordinate system attached to thmalsa
State of the cupulas in according to the transformation matrix:

real time

cdey, cosy, -so,
M=M,MM, = —cp 54, cp.af, sp,

The model takes into account a coordinate franzekaéd chsg  -sh chieq

to the canals. Indeed, it is important to deterntine with ¢ =cos, s=sin.

components of the angular acceleration vectorshis t However it is important to note that each canal islia

specific coordinate system as it permits to knovetivhr specific direction of stimulation, which maximizéise

each canal is stimulated or inhibited. This coomtén  excitation: the lateral, anterior and posterior atan
frame is derived by using experimental Euler angles primarily sense yaw, roll and pitch respectively.

which define the perpendicular of each canal plane

Figure 3: schematic block diagram of the simulink model.

€,,§,® (anterior, lateral and posterior respectively), ie €&, ¥.=2212 6,=0.177 $.=0
their orientation in a 3D space relatively to theath ) Y,=2.336 6,=0 $,=-0.274
coordinate frame. These angles were determined by & ¥ =0 g=~-0331 4 ~0.038
several authors and more recently by Della Sarjfi6a P

They are summarized in table 2.
Table 2: Euler angles in radian which define the perpentiicu

of each canal.

4 Copyright © 2009 by ASME



4. SIMULATION RESULTS

4.1Rotation movement of the chair

This simulation mimics the usual diagnosis procedafr
the lateral semicircular canal. During this firgperiment
the patient is strapped into a rotating chair. kkad is
kept fixed relatively to the device, and tilted domard

of about 25° to bring the lateral semircircular @ain the
plane of rotation. A constant angular velocity of

6=100 /s, for instance, is then applied to the chair. This
motion starts atytls and achieves its steady state in 1s.
This simulation lasts 40 seconds. The volume
displacement of the cupula is shown on Figure hef
canals are considered to be orthogonal, only tterdh
canal is stimulated. At the beginning of the ratatithe
endolymph within the lateral canals lags behind tuiés
inertia. Consequently, the cupula is deflected he t
opposite direction of the head rotation (Figure. Fd)is
deflection causes a sensation of motion. The angula
velocity of the chair being sustained at a consagular
rate, the endolymph in the lateral canal tendsatorcup
with the rotation of the head eliminating the rislat
movement. Therefore, the cupula returns to its rest
position due to its elastic properties, and thesagon of
motion ceases.

Figure 5(@) and (b) show the influence of the non-
orthogonality of the canals. From those plots wseole

a slight displacement of the anterior and postamigoula
that does not appear in the case of an orthoggstdrs.

Anterior canal x10° Anterior canal

(b)

o 10 20 30 40 10 20 30 40

Posterior canal PES 10° Posterior canal

10 20 30 a0 10 20 30 40

5
x10° Lateral canal oX 10 Lateral canal

- \/”
5.4 g 0.5

10

20 30 40
Time (s)

30 40 "o

Time (s)

x10® Anterior canal x10° Anterior canal

- 10 20 30 4 o 10 20 30 40

o

inE 10° Posterior canal 1% 10”° Posterior canal

— L

10

o 10 20 30 4

3
'
-
o

20 30 40

-5
4x10

0.5
-

£o

=3

0.5
-10, . g 25

30 40 o
Time (s) Time (s)

Figure 5: Displacement of the cupula of each canal duedd: (

Lateral canal Lateral canal

10 30 40

stimulation as its plane is quasi-perpendiculathaxis

of rotation. The displacement of the lateral cupula
generates a sensation of rotation, which lasts tabaty
second according to the imposed angular velocity.

4.2 Rotation movement of the chair and then of the head

The motion of the chair is the same as above.ignciise,
the subject does a downward and upward head rotatio
time t=10s and t=25s respectively. For simplicity
purpose, we here consider head rotation of 90°n eve
though lower magnitude should rather be considered
as to represent physiological head motions. Thisl kif
head motion - during a rotational motion of theicla a
constant rate - elicits the stimulation of the otbanals.

movement of the chair and of the head. Graphicsafa) (c)
correspond to an orthogonal coordinate systesnwhereas (b)
and (d) correspond to a non-orthogonal coordinagstem R
The non-orthogonality of Rentails a slight response of the
verticals canals. This kind of response might Imeilar in the
case of the existence of coupling terms betweenahals due
to fluid flow.

Therefore the cupula of the posterior canal isumt
deflected whereas the cupula of the lateral caeatlb in
the opposite direction as the fluid keeps moving
relatively to the wall of the lateral canal. At Bnt=25s,
the reverse phenomenon is produced as the sub@ketsm
an upward head rotation of the same magnitude.

The displacements of the cupulas can be observed init can be noticed that the succession of head mertsmn

Figure 5(c) and (d). During the first 10s, the ntoeat of
the cupulas is the same as the previous experimént.
time t=10s, the subject does a downward head ootaif
90° from the previous head position. In the casearof
orthogonal set of canals, this head motion brirfys t
posterior canal into the plane of rotation.

during a constant rotation of the body, createsremus
motion sensations known in the aeronautics fieldhas
Coriolis Effect. For example, at t=10s the dowmvar
motion of the head engenders a positive displaceofen
the lateral cupula as the fluid within the canaktdl in
motion. This means that the subject has a sensafion

Copyright © 2009 by ASME



rotation opposite to the rotation of the chair.
Simultaneously - the anterior and posterior cabeisg
brought into the plane of rotation - a sensationotédition

in the yaw plane relative to the body results. The
resulting coriolis illusion experienced is here aobing
and yawing to the right.

CONCLUSION

This model simulates one of the usual tests carmigd
during a diagnosis of the vestibular sensory system
addition, several rotation movements of the headatso
be taken into account in order to stimulate theicar
canals. The model computes equations of motiorhén t
coordinate system attached to the semicircular Isana
which underline the fact that all the canals aimastted
for any rotation. This model also allows gettingpetter
understanding of different kinds of erroneous mmotio
sensations, which can appear during combined ootati
motions and might be very interesting in the aeutinal
field.

At this moment, the major limitation of this modslthat

it does not entirely represent the diagnosis procedf
the vestibular system. Currently, the way to expltre
vestibular component of the inner ear is to recthrel
vestibulo-ocular-reflex (VOR) during different kindf
experiments including the rotary chair test. Tieiax is
directly linked to the stimulation of the vestibula
sensors. By examining this ocular reflex relativigythe
imposed rotational movements, the specialists ble ta
detect any vestibular deficiencies. A potential
improvement could be to implement a model of the
vestibulo-ocular-reflex (Zupan [17]) to provide
theoretical eye movements, which would be then
compared with clinical recordings. Another persjpyect
would be to include in the model the functioningtioé
otolith organs, which sense linear accelerations.
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