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ABSTRACT 

 This thesis gives a background into the anatomy and physiology of the peripheral sensory 

organs of the vestibular system, as well as some diagnostic tests of the inner ear.  Using previous 

work in vestibular modeling and prosthetics development, this thesis then brings focus to the 

development and testing of an experimental model that will be used to simulate the vestibulo-

ocular reflex (VOR) about pitch, roll, and yaw axes. 

 A sensor array consisting of accelerometers and gyroscopes was built to simulate 

vestibular function with the sensors positioned in a manner to replicate anatomic placement of 

the semicircular canals and otolith organs.  The accelerometers and gyroscopes are commercially 

available micro-electro-mechanical systems (MEMS) devices with ranges of ±18g and ±1500°/s, 

respectively.  The sensor array is known as a hardware implementation of a vestibular system 

(HIVeS). Using a mathematical model of vestibular function developed by Chun and Robinson 

(1978), eye movements were then simulated using a National Instruments (NI) CompactRIO 

system driven with NI LabVIEW software.  The software simulation is known as the software 

implementation of the VOR (SIVOR). To test the system, the HIVeS unit was mounted on a 

roto-tilt chair and stimulated with various maneuvers. The SIVOR software simultaneously 

predicted the corresponding eye movements that were then compared to results from human 

subject testing.   

It was found during testing that the SIVOR was able to reproduce some elements, but not 

all of the human VOR.  The failing is not in the HIVeS unit or in the implementation of the 

SIVOR software on the CompactRIO. Rather, the limitation is in the actual mathematical model 
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used to simulate the human VOR. In spite of that, the HIVeS/SIVOR pair together provide a 

valuable tool that will enable validation of different mathematical models in future works. 

Suggestions for improvement of the physical and mathematical models are made, along 

with ideas for future work based upon the technology developed during the course of this work.  

Future ideas include use of accelerometer data to simulate stimulation of the human linear 

acceleration sensors, the saccule and utricle, the development of models of vestibular 

deficiencies, and the creation of dummies to be used for educational purposes. 
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1. INTRODUCTION 
 
Think of a ballerina, young in age and nimble on her feet – the beauty of her movements 

across the stage unmatched by anything else you can imagine.  She spends a lifetime as a dancer, 

a friend, a mother, and a grandmother.  She is accomplished and loved by everyone whose life 

she has touched.  One day while performing the most menial of tasks, she inexplicably loses her 

balance and falls.  Afraid of falling again, she becomes withdrawn from her usual array of tasks 

until one day she falls again and shatters her hip.  This injury spells the beginning of the end for 

the once young and beautiful ballerina, who now must rely on the assistance of others to perform 

daily tasks. 

 The vestibular system is responsible for the maintenance of balance and visual fixation. 

The peripheral sensory organs are contained in the pair of bony labyrinths, one in each inner ear.  

Through the aging process, traumatic injury, or effects of some toxins, the vestibular system can 

lose function, resulting in injuries as described above.  The loss of function can be unilateral 

(loss of function in one labyrinth) or bilateral (loss of function in both labyrinths) and can vary in 

severity.  While the brain can compensate for a unilateral loss through visual cues and the 

functioning of the remaining labyrinth, a bilateral loss of vestibular function can be severely 

debilitating.  Unfortunately, there is not a direct way to test the function of the vestibular system; 

however, indirect methods such as monitoring the vestibulo-ocular reflex (VOR) have proven to 

be a reliable method for evaluating functionality of the vestibular apparatus.  

 Diminished vestibular function is one of several factors that can lead to a fall, especially 

among the elderly.  According to the Centers for Disease Control (CDC), falls are the leading 
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cause of death and nonfatal injuries for people age 65 and over, and accounted for medical costs 

reaching over $19 billion in the year 2000.  Aside from direct medical costs, there is an 

immeasurable cost associated with the change in quality of life of people who have fallen.  The 

fear of falling again leads many to limit their physical activities, which ultimately leads to an 

increased risk of falling (Centers for Disease Control and Prevention, 2010). 

 At The University of Alabama, there exists a novel research and testing device capable of 

delivering safe, controlled stimuli for performing tests of vestibular function. This unique device 

is a multi-axis “roto-tilt” chair.  While many vestibular test chairs are capable of rotating about 

the yaw axis, UA’s chair is also capable of maneuvering about the pitch axis.  This additional 

capability gives researchers and clinicians the ability to test the horizontal canals of the inner ear 

as well as the anterior and posterior canals.   

 In this thesis, human vestibular function will be discussed along with work that has been 

performed by others in the areas of modeling and prosthesis development.  Using that work as a 

starting point, a human subject will be tested using the roto-tilt chair and then a model will be 

developed and tested to simulate the human vestibular test results.  This model will simulate 

VOR responses about the pitch, roll, and yaw axes, as opposed to previous models which have 

only simulated responses for yaw rotations.  Finally, based on the results and conclusions of 

testing the model, recommendations for future work with the model will be discussed. 
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2.  BACKGROUND 

THE VESTIBULAR APPARATUS 

The vestibular system is responsible for maintaining balance and visual fixation during 

head movements.  The peripheral vestibular system is a complex mechanism consisting of a 

peripheral sensory apparatus and a central neuronal process (Herdman, 1994).  Balance is 

managed through the vestibulospinal reflex, while visual fixation on a target image is 

coordinated by the vestibulo-ocular reflex (VOR).  The peripheral sensory apparatus is located in 

the inner ear (labyrinth) and is composed of the otoliths and the semicircular canals. The otoliths 

sense linear head accelerations, including changes in head position with respect to gravity.   The 

semicircular canals sense changes in angular velocity of the head.  The various organs of the 

labyrinth are depicted in Figure 1(Gray, 1918). 

 

Figure 1.  Vestibular Apparatus. 
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The semicircular canals sense rotation of the head through the interaction of endolymph 

flow within the canals, which stimulates sensory structures within the cupula.  Over the range of 

natural motions, 0.5 to 7 Hz, the SCCs provide a neural output proportional to head velocity 

(Herdman, 1994).  Mathematically, this process can be approximated by a first order system – 

that is, the output of the system closely resembles the input plus some finite delay, or change in 

phase.  As the head rotates, the endolymph’s inertia tends to resist changes in motion, causing 

the cupula to deform to one side. This deformation is depicted in Figure 2 (Jones & Milsum, 

1965).  After a period of sustained velocity, the endolymph will gradually slow to a stop relative 

to the motion of the SCC.  The Laplace-domain transfer function that relates vestibular output to 

change in head position is described by Chun and Robinson (1978) as follows: 

 𝑹(𝒔)
𝑯(𝒔) = 𝒔𝟐 � 𝑻𝒄

𝒔𝑻𝒄+𝟏
� (𝒔𝑻𝒛 + 𝟏) � 𝒔𝑻𝒂

𝒔𝑻𝒂+𝟏
�. Equation 1 

In Equation 1, the third and fourth expressions represent neural activity and adaptation, 

respectively.  In this thesis, these expressions will be neglected because the neural activity 

component in Equation 1 is only consequential at frequencies above 3 Hz, while the adaptation 

component only plays a role below 0.002 Hz.  Thus, both of these contributions fall outside the 

range of rotation frequencies typically studied using the roto-tilt chair.  For the remaining terms 

in the equation, the s2 component performs a double-differentiation, thus changing head position 

to acceleration, and the second term represents the mechanics of the cupula, with Tc as the 

associated time constant, approximated as 12 seconds. 

The SCCs in each labyrinth are aligned roughly orthogonally to each other and with 

angles relative to the head as shown in Figure 3.  The SCCs function in three pairs: the Left 

Anterior / Right Posterior (LARP) pair, the Right Anterior / Left Posterior (RALP) pair, and the 

horizontal canals (Della Santina, Migliaccio, & Patel, 2007). The two SCC triads are separated 
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by a distance of approximately 79mm (Della Santina, Potyagaylo, Migliaccio, Minor, & Carey, 

2005).  Each pair works in a push-pull configuration; that is, one SCC experiences ampullofugal 

flow, or endolymph flow away from the ampulla, while the other canal experiences ampullopetal 

flow toward the cupula.  In the horizontal canals, ampullopetal flow is excitatory, while in the 

vertical canal pairs ampullofugal flow is excitatory (Herdman, 1994).   

 
Figure 2.  Semicircular canal undergoing rotation (Jones & Milsum, 1965). 

 

  

 Figure 3.  Placement and arrangement of the vestibular system.  

 The coplanar-paired canals of the vestibular system are an advantageous design.  

Herdman (1994) describes three advantages as being redundancy, common mode rejection, and 

compensation for sensory overload.  Redundancy is advantageous in the event of vestibular 

disease or traumatic head injury.  If one member of a canal pair becomes impaired, the nervous 

LA-RP 
Canal Plane 

RA-LP 
Canal Plane 

Horizontal 
Canal Plane 

18° 

Top Right Side 
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system can still acquire sensory data about head motion and function with satisfactory 

performance.  Second, changes that happen to both members of a pair simultaneously, such as a 

change in the body’s temperature or chemistry, can lead to an increase in non-motion-related 

noise.  Relying on a canal pair instead of a singular canal allows for that noise to be rejected.  

Finally, if the amplitude of a motion exceeds an organ’s inhibitory range, the member 

experiencing excitatory stimulation will still be able to provide sensory input. 

The otolith organs, the saccule and utricle, act as the brain’s accelerometers, sensing 

linear acceleration of the head along their sensitive planes.  The saccule senses motion in the 

vertical plane, or along the occipitocaudal and anterior-posterior axes, whereas the utricle 

primarily senses motion in the horizontal plane, or along the interaural and anterior-posterior 

axes (Herdman, 1994).  Hair cells in the otolith organs are aligned normally to the striola, a 

curved zone that separates polarized hair cells within each otolith organ, as depicted in Figure 4.  

This curved orientation gives the saccule and utricle the ability to sense three planes of motion 

with only two sensing organs.  

The otolith organs take advantage of Newton’s Second Law of motion, namely, the 

principle that the force applied by an object is equal to the mass of the object multiplied by its 

change in velocity.  In the saccule and utricle, stereocilia (labeled as hair processes in Figure 5) 

are embedded in the gelatinous otolithic membrane.  As this membrane accelerates, it introduces 

a shear force upon the stereocilia causing them to deform.  However, to increase sensitivity to 

accelerations, small otoliths or calcium carbonate crystals (Coulter & Vogt, 2005) are also 

embedded in the otolithic membrane.  These structures give the membrane an increased mass, 

enhancing the shear force created by a given acceleration.  Figure 5 depicts an otolith organ with 

its constituent parts labeled. 
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Figure 4. Geometry of the otoliths (Herdman, 1994).   
Arrows indicate orientation of hair cells. 

 

Figure 5.  Depiction of an otolith organ. (Coulter & Vogt, 2005) 
 

When a vestibular organ experiences movement, hair cells within that organ are 

displaced, giving rise to a change in the neuronal firing rate.  Hair cells have hair-like extensions 

or stereocilia extending from them that deform due to head motion.  When the protruding hairs 

are displaced toward the longest hair cell, the vestibular nerve will increase in firing rate.  The 

opposite also holds true (Herdman, 1994).  These excitatory and inhibitory neuronal processes 

are depicted in Figure 6.   
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At rest, the firing rate of the vestibular nerve is approximately 100 Hz (Shkel & Zeng, 

2006).  This resting spontaneous firing rate makes possible neural inhibition over an appreciable 

range of head motion before neural output saturates at zero pulses per second.  At the point of 

saturation, the excitatory canal will dominate the response.  However, if a person has a unilateral 

vestibular loss this saturation response may not be accounted for, leading to deficits for head 

motion towards the side of lesion (Herdman, 1994). 

 

Figure 6.  Hair cell deformation from head motion (Ciaravella, Laschi, & Dario, 2006). 

The signals produced by the vestibular apparatus are then passed onto the vestibular 

nuclei and posterior cerebellum.  The vestibular nuclei are divided into four major groups: the 

medial vestibular nucleus (MVN), descending vestibular nucleus (DVN), lateral vestibular 

nucleus (LVN), and the superior vestibular nucleus (SVN).  In addition, there are several smaller 

nuclei that receive primary vestibular signals as well as secondary vestibular neurons.  The 

secondary neurons receive information from the optokinetic neurons, the central visual system, 

and the neck proprioceptive system, but are unable to distinguish between types of sensory 

activity (Barmack, 2003).   

It is at the level of the central vestibular processing where the velocity-encoded signals 

are transformed to position-encoded signals (Chan & Galiana, 2010).  Signals are passed from 
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the peripheral vestibular organs to the primary vestibular neurons (MVN, SVN, DVN, and LVN 

in Figure 7) which reside in the pons.  It is here that the saccades and quick phases of the eye 

movements are generated by a feedback loop (Chun & Robinson, 1978).  These signals are then 

passed onto the oculomotor nucleus, trochlear nucleus, and abducens nucleus to activate the 

ocular muscles.  Figure 7 maps these pathways as they occur in the central vestibular system. 

 

Figure 7.  Central vestibular system (Barmack, 2003).  

 Abbreviations: INC: interstitial nucleus of Cajal; SVN: superior vestibular nucleus; LVN: lateral 
vestibular nucleus; DVN: descending vestibular nucleus; MVN: medial vestibular nucleus; III: 

oculomotor nucleus, IV: trochlear nucleus; VI: abducens nucleus; Y: Y-group  

These eye movements are characterized as slow phase motion proportional to the 

stimulus with nystagmus “beats” superimposed.  Nystagmus may be defined as non-voluntary 

rhythmic oscillation of the eyes, including quick phases and saccades.  Nystagmus occurs in two 

forms, physiologic nystagmus and pathologic nystagmus, with the former being induced by 
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external stimulation to a patient.  Pathologic nystagmus can appear with or without stimulation 

and is a good indicator of problems (Herdman, 1994).  A typical nystagmus beat will contain a 

fast and slow component, as depicted in Figure 8.  In the figure, the slow component velocity is 

calculated by dividing the amplitude of the beat by the duration of the slow phase.  A similar 

calculation is used for the fast component. 

 

Figure 8.  Typical nystagmus beat (Herdman 1994). 
sc – slow component, a – amplitude, fc – fast component, sd – slow duration, fd – fast duration 
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CLINICAL VESTIBULAR TESTING 

 When diagnosing deficits of the vestibular system, eye movements are the best indicator 

of problems with VOR.  Further, the nystagmus produced by various tests is the best indicator of 

where a problem may be occurring.  Two methods of measuring eye movements and nystagmus 

are EOG and VOG.  In EOG, electrodes are placed around the eyes to measure potential 

differences between the muscles that move the eyes.  Figure 9 depicts electrode placement for 

measuring yaw-rotation movements of the eyes.  As the eyes move, the potential difference 

between the electrodes will change.  With proper calibration, eye position can then be 

determined from the electrical signals. 

 

Figure 9.  Electrode placement for EOG measurements (Weston, 2009). 

VOG uses cameras to monitor position of the eyes.  Using reference points, such as the edge of 

the pupil, eye position can be directly tracked and recorded.  A calibration routine is run to 

determine the distance that the eyes move for a known stimulus.  This is the method primarily 

used by the roto-tilt chair.  A set of binocular VOG goggles are shown in Figure 10. 

 In either method of recording eye movements, the calculation of eye velocity is 

important.  By comparing eye velocity to the applied stimulus, gain and phase of the VOR 
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response can be determined.  These measurements can be indicative of the vestibular health of 

the patient.  Gain refers to the ratio of VOR response velocity to stimulus velocity, and phase is a 

determination of the processing delay of the reflex. 

 

Figure 10. VOG goggles. 

 The first test to be discussed is the Dix-Hallpike maneuver.  This test is commonly used 

as a diagnosis for BPPV.  In the maneuver, a patient’s head is turned 45° to highlight movement 

in the posterior canal plane.  The patient is then quickly moved from a seated position to a head-

hanging position.  This motion will induce nystagmus if an affected canal is stimulated, 

consisting of a combination of torsional and linear nystagmus (Herdman, 1994).  Figure 11, 

shows a patient undergoing the Dix-Hallpike maneuver (Healthwise, Incorporated, 2008). 

 

Figure 11.  Dix-Hallpike Maneuver. 
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 Other methods of vestibular testing fall under the category of rotational maneuvers.  

Rotational testing can fall under one of three basic categories: impulsive rotation, constant 

acceleration rotations, or sinusoidal rotations.  Each category is useful for testing different 

aspects of the vestibular system. 

 Impulsive rotation tests evaluate a patient as he/she undergoes a sudden change in head 

velocity.  The purpose of this test is to assess the gain and time constant of canal-ocular reflex in 

each direction independently (Herdman, 1994).  In these tests, the patient is seated on a 

computer-controlled rotary platform, such as a rotary chair, which is rapidly accelerated in one 

direction.  Eye velocity is recorded and compared to the stimulus.  As shown in Table 1, the gain 

for a typical impulsive test is 0.63±0.18 and the time constant is 12.2±3.6 seconds. 

 During sinusoidal rotation testing, the patient is seated on a motorized base and rotated in 

a sinusoidal motion about a given axis.  These tests are generally repeated at a variety of 

frequencies, most on the range from 0.01 Hz to less than 2 Hz. Most tests have a peak velocity of 

60°/s, although at the lower frequencies, peak velocities may be smaller.  Because the testing 

occurs over a number of cycles, sinusoidal rotation provides a good estimate of the gain, phase, 

and asymmetry of the vestibular system (Herdman, 1994).  In the case of sinusoidal rotations, 

phase can be calculated as 

 𝜽 = 𝒕 × 𝟑𝟔𝟎° × 𝒇  Equation 2 

where t represents the time difference between instants of stimulus zero velocity and eye zero 

velocity, and f is the frequency of the rotation stimulus in Hz.  Table 1 (Herdman, 1994) lists the 

phase relation and gain for several frequencies of sinusoidal rotation and impulsive rotation. 

 Other tests for determining vestibular function are the head thrust test and caloric testing.  

Head thrust tests (HTT) are short, impulsive, constant-acceleration tests, typically administered 

by the clinician manually rotating the head in the plane of the canal of interest.  VOR gain can be 
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calculated for the HTT under carefully controlled measurement conditions, with gain values near 

1.0 for yaw-plane rotation and approximately 0.7 – 0.8 for LARP and RALP head tilt rotations 

(Cremer et. al, 1998).  Caloric tests utilize air or water delivered at a known temperature to 

introduce a temperature gradient across the horizontal canals. The temperature gradient induces 

flow of the endolymph, with corresponding stimulation of the SCCs and consequent nystagmus 

(Herdman, 1994). 

  Table 1.  Gain and phase for rotational tests.  
   Frequency (Hz) 
 0.0125a 0.05b 0.2b 0.4c 1.0d 1.5d 2.0d Impulsea 

Gain 0.40 
±0.07 

0.50 
±0.15 

0.59 
±0.19 

0.59 
±0.18 

0.94 
±0.16 

1.01 
±0.12 

1.14 
±0.11 

0.63 
±0.18 

Phase 
(degrees) 

39 
±7 

10 
±4 

1 
±4 

0 
±3 

   12.2 
±3.6* 

Values are listed as mean ± standard deviation. 
Velocity values (degrees per second): a – 100, b – 60, c – 30, d – 20. 

*time constant (in seconds) 
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VESTIBULAR SYSTEMS CHAIR 

Rotary chair tests of the vestibular system date back to at least 1907.  Barany designed 

his rotary chair apparatus for VOR testing.  Barany rotated the subject by hand and observed the 

nystagmus post rotation response (National Dizzy and Balance Center).  Since then, rotary chairs 

have matured in their complexity and testing capability, with automated computer control over 

rotational movements and data acquisition.  One such chair is shown in Figure 12.  At The 

University of Alabama, a specialized dual-axis rotary chair, built by Neuro Kinetics, Inc. (NKI), 

can offer rotation about the yaw, pitch, and roll axes. 

 

Figure 12.  Modern rotary chair (National Dizzy and Balance Center). 

The roto-tilt chair system is housed in a sound- and light-proofed room.  The room 

contains the chair and associated devices for generating and projecting visual stimuli for 

assessment of ocular motor function.  The treated room prevents unwanted cues from being 
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available to a test subject, minimizing unwanted artifacts that could confound the test results.  An 

outer room contains the systems used to control data acquisition and chair operation. 

During testing, a subject is seated in the chair and secured via a multi-point harness akin 

to what is used to restrain racing drivers in their vehicles.  Video goggles operating in the 

infrared light spectrum are fitted to the subject, along with a headset for two-way communication 

with the chair operator.  The goggles are routed to a computer in the outer room which monitors 

the video signal and calculates associated eye displacements.  To ensure that the subject’s head 

does not move relative to the chair, the head is restrained using padded restraints connected to an 

adjustable headrest.  The seating portion of the chair is pictured below in Figure 13. 

 

Figure 13.  Roto-tilt chair, restraints, and controls. 

In terms of construction, the roto-tilt chair at Alabama differs from standard rotary chairs 

because of the tilt axis of rotation.  The yaw rotation axis is Earth-vertical and driven by a single 

motor, similar to most rotary chairs.  The tilt (or pitch) axis, however, is centered about the 

approximate location of the vestibular system within the head.  The frame holding the chair and 

Head Rest 
and 

Restraints 

Foot 
Restraints 

Manual Control Joystick 
and Laser Controls 

Restraint 
Harness 
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yaw motor assembly is driven about the tilt axis by a pair of 5.5kW electric motors in a master-

slave configuration.  The motorized output is driven through a pair of 90:1 gearboxes to increase 

torque.  In Figure 14 below, the roto-tilt chair is shown with a red line representing the yaw axis 

and a green line representing the tilt axis. 

 

Figure 14.  Roto-tilt chair with axes marked. 

The chair is nominally capable of accelerations of 3,250°/s2 about the yaw axis, up to a 

maximum angular velocity of 450°/s.  On the tilt axis, the range of motion is limited to 

approximately ±175° from Earth vertical, but can reach those limits very quickly due to a 

maximum nominal acceleration of 2,350°/s2.  These capabilities exceed the limits of what most 

people might consider comfortable and, therefore, are electronically limited to a lower range of 

accelerations.  The chair position can also be translated off the centered axis of rotation by a 

distance of ±10cm. 

In the control room, video oculography data is monitored and recorded by a computer 

running NKI’s I-Portal software.  Using a binocular set of VOG goggles, the I-Portal machine 
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can sample images of the eyes at rate of 150Hz to extents of ±30° horizontally, ±20° vertically, 

and ±18° of torsion.  Figure 15 shows the I-Portal screen as it looks during a test; the areas 

highlighted in red are controls for setting up the video image for data capture, while the blue area 

is a plot of the measured eye position.  Eye position is calculated from the VOG data and then 

transferred to a second computer over a dedicated network connection. On that second computer, 

the data is stored and analyzed by NKI’s VEST software. 

 

Figure 15. I-Portal software. 

The VEST software is written in LabVIEW and is responsible for controlling the chair 

and its accessories, as well as acquiring, storing, and analyzing test data.  This is accomplished 

through a motion control card connected to an array of devices that includes a programmable 

logic controller and servo controllers for the motors on the chair.  In VEST, an operator can 

choose whether to run a previously developed protocol for patient testing or develop and test a 

new protocol.  Developed protocols available on the chair are listed in the Appendix.  During 

testing, the VEST software records parameters such as chair velocity, eye position, and the 

operational status of the accessories on the chair.  These parameters are stored for later analysis 

in the VEST software.   
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PREVIOUS WORK BY OTHERS 

Our work expands upon the work performed by John Veness in his 2008 thesis “Virtually 

Dizzy” at University College London, while utilizing sensing methods similar to methods used in 

vestibular prosthetics research.   

In the thesis “Virtually Dizzy,” Veness developed a model of horizontal canal VOR and 

implemented the model using physical hardware.  His model was tested against normative data 

taken from a number of subjects.  In the work, Veness built a physical analog of a semicircular 

canal.  This design used a fluid-filled container and pressure transducer pair to simulate 

vestibular signals. 

Veness then developed a LabVIEW program for the simulation of VOR response on a 

laptop computer.  The program was written so that the model response could be simulated or the 

fluid-filled container apparatus could be utilized.  The output signal from the canal model was 

passed through a time domain math function in LABVIEW to integrate the acceleration output of 

the cupula device into a velocity signal.  Functions to simulate neural processing, including the 

generation of quick phases, were then used to modify the signal before passing the output to an 

animation module written by NKI. 

A laptop computer running the simulation software was placed in a standard rotary chair 

and connected to Veness’ canal model via a USB data acquisition (DAQ) card.  The chair was 

then run through sinusoidal testing, varying the settings for quick phase generation between tests.  

It was found that the model produces an adequate representation of VOR responses as compared 

to human subject testing, but as quick phase generation was increased, the model began to 

produce artifacts that broke down the effect. 
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Work has been performed in the area of vestibular prosthesis development by Della 

Santina et al (2007), Shkel and Zeng (2006), and others.  These efforts utilize micro electro-

mechanical systems (MEMS) sensors for the measurement of head movement, as opposed to the 

fluid-in-tube analogy used by Veness.  MEMS sensors, similar to those used in research 

prostheses, offer a smaller, more robust solution for sensing motion when compared to the fluid-

in-tube model used by Veness.  For that reason, the MEMS sensors will be considered for the 

design later in this work. 

Shkel and Zeng (2006) designed a circuit to mimic the function and output of the 

semicircular canals.  An Analog Devices ADXRS150 single-axis MEMS gyroscope provided 

input to a circuit that transformed the voltage signal into a pulse signal usable by the vestibular 

nerves.  First, a low-pass filter removed unwanted electrical noise from the gyroscope output 

before passing the signal through a differentiator.  This acceleration signal was then passed 

through a circuit that recreated the transfer function of the SCC then converted the signal from a 

voltage into a variable-frequency pulsed signal to be applied to the vestibular nerve.  The circuit 

used in that paper is shown below in Figure 16 with relevant components labeled. 

Shkel & Zeng found that, under the range of most natural head movements, the prosthesis 

provided acceptable results that were comparable to human responses, while also allowing for 

the adjustment of time constants and gains within the system.  Future suggestions for the project 

included issues such as shrinking the entire prosthesis onto a single, implantable chip and 

wirelessly powering the device. 

 Della Santina, Migliaccio, and Patel (2007) developed a similar device to the one created 

by Shkel and Zeng, however, they implemented the device in vivo in adult chinchillas.  The 

prosthesis developed by Della Santina et al. sensed rotations in three dimensions as opposed to 
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the single-axis device used by Shkel and Zeng.  The sensors used were three mutually-

orthogonal mounted Analog Devices ADXRS300 gyroscopes whose outputs were read by a 

Texas Instruments microcontroller.  The microcontroller then stimulated electrodes implanted in 

the head of the chinchilla.  

 

Figure 16.  Electronic Vestibular Prosthesis (Shkel & Zeng, 2006). 

 This device was tested in several adult chinchillas that were damaged by Gentamicin, a 

vestibular toxic drug.  The prosthesis was mounted externally to the animal and was connected to 

the vestibular nerve via electrodes implanted in the skull.  The chinchillas were then tested using 

a sinusoidal rotation.  Results were compared pre- and post-administration of Gentamicin and 

with and without the prosthesis activated.  The prosthesis was found to be effective in restoring 

some degree of vestibular function as shown by comparison of eye responses from each test.  

Improvements in the prosthesis operation may be realized by setting the resting firing rate higher 
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than the normal rate for the vestibular nerve to increase the range of inhibitory signals. The 

animals would be expected to adapt over time to the change. 

 Finally, work has been performed in the area of developing mathematical models and 

physiological simulations of the vestibular response.  These studies are important for 

understanding the prior modeling efforts by Veness and our efforts to model the VOR.  

Specifically of interest here are the works produced by Chun & Robinson (1978) and Sugie & 

Jones (1971) to develop transfer functions to characterize eye movements in response to changes 

in head position. 

 Because the work performed by Chun & Robinson is an expansion of the work of Sugie 

& Jones, the latter will be discussed first.  Sugie and Jones developed a series of transfer 

functions to emulate the operation of the VOR system, leading to the estimation of time 

constants for various parts of the model.  The model used is shown in Figure 17 below.  In the 

figure, the mathematical representation of the canal dynamics models the function of the 

semicircular canals.  The mathematical representation of the primary component models the slow 

phase of the VOR response, while the mathematical representation of the secondary component 

in the model is responsible for the generation of nystagmus. 

Time constants for the model were computed by Sugie and Jones who used these values 

to simulate the responses of the eyes.  The time constants are shown below in Table 2.  In the 

table, time constant T2 is not listed; the value for T2 is much less than 0.1 and is approximated as 

0.  The gains for the model are K1 = T1, and K2 = K3 = 1.  Figure 18, below, shows simulation 

results from a ramp input of head position, with the horizontal axis representing time.  In the 

figure, the eye position line represents eye position with respect to the subject’s head while the 

head+eye line represents eye position in space.  This work represents some of the earlier work in 
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modeling eye movements based on changes in head position and lays the foundation for much of 

the work that follows, including that of Chun and Robinson.  

 

Figure 17.  VOR model (Sugie & Jones, 1971). 

 

Table 2. Time constants for Sugie & Jones model. 
  T1 T3 T4 

Frequency 
Responses 

with quick phase (10.5) - 0.9 
w/o quick phase - 0.7 - 

Transient Resp. 
(step in velocity) 

with quick phase (14.0) 
6.6 - 1.3 

w/o quick phase 9.5 1.9 - 
Transient Resp. 
(step in position) 

with quick phase - - - 
w/o quick phase - 1.8 - 

Spontaneous nystagmus - - 1.0 
Values in parentheses represent human values.  All other values are taken from cats. 

 

 

Figure 18.  Simulation results from Sugie and Jones model. 

Chun and Robinson (1978) expanded upon the model of Sugie and Jones.  The basic 

model is shown in Figure 19.  In the figure, the block marked PG is the subsystem for quick 
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phase generation, which is the focus of their study.  It is this model of quick phase generation 

that will later be used in the development of the simulation detailed in this work. 

 

Figure 19.  Chun and Robinson basic model. 
H: head position; �̈�: head acceleration; 𝐻′̇ : perceived head velocity; 𝐸′̇ 𝑠: error velocity; 𝐸′̇ 𝑞: 

quick phase velocity pulses; 𝐸′̇ : velocity-encoded error with quick phases; E′: neutrally-
integrated error signal; E: eye position; Tc: canal time constant; g: canal gain; Te: eye time 

constant; Tn: time constant of neutral integrator; PG: phase generation. 

In their paper, Chun and Robinson questioned the purpose of the quick phase.  They 

noted that some afoveate animals (e.g., rabbits) do not generate quick phases without the 

intention of moving their head.  Chun and Robinson concluded that saccades and quick phases 

serve the same purpose, which is to orient the eyes to a visual target in the direction of head 

motion.  Using this idea, they developed a model to drive the quick phase generation of the VOR 

system.  The first step in realizing their model was to determine the desired eye position with test 

results from a cat.  A step change in head velocity was performed on the cat and eye positions 

were recorded.  An idealized model with time fluctuations removed was developed from those 

results.  The resulting model for eye position, labeled as C(t) in Figure 20 is based on vestibular 

response, or �̇�′, to the step change in head velocity. 
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Figure 20.  Desired eye position generation (Chun & Robinson, 1978). 
𝐻′̇ : vestibular response; C(t): eye position; G: canal gain; T: time constant; a,b: threshold levels 

The next step in creating a quick phase is to determine whether or not it is needed.  This 

is accomplished in the model by the first of several threshold devices.  The threshold, or Q in this 

case, is determined by the canal output velocity (the head angular velocity as sensed by the 

canals).  For velocities below 10°/s and above 22°/s, the threshold is fixed at 6° and 12°, 

respectively. Between those two velocities, the threshold varies continuously and linearly. When 

the error signal, the difference between desired eye position and current eye position, exceeds the 

quick phase generation threshold (the Q just defined), the function passes a trigger signal to the 

quick phase generation circuit, which creates a quick phase beat. 

The mechanism for generating the VOR is shown in Figure 21. The nerve pathways are 

shown in Figure 21-A, while the mathematical expression for the quick phase generation circuit 

is shown in Figure 21-B.  The output of the OR gate is “high” in the event of a quick phase 

trigger signal.  In that case, the switch S1 is closed and “burst cells” produce desired quick-phase 

eye velocity signals, qE′ .  As with slow-phase signals, the desired eye velocity is passed through 

a neural integrator that generates the instantaneous desired eye position signal as indicated by the 

firing rate of the motor neurons, Rm. The neural integration acts as a lead filter to counteract the 

0.2 second time constant of the eye plant.  The final block in the path represents the eye plant, 

which converts the motor neuron firing rate into actual eye position.  A block diagram of the full 
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Chun & Robinson model is shown in Figure 22 with major sections denoted.  That model is the 

basis on which the simulation in this thesis is based. 

  

Figure 21.  Quick phase generation circuit and equivalent nervous pathway (Chun and Robinson 
1978). 

A: neutral pathways of the VOR trigger circuit; B: mathematical model of quick phase trigger 
circuit; C: velocities generated by the quick phase circuit 

 

Figure 22.  Complete VOR model (Chun and Robinson 1978). 
Tc: canal time constant; Te: eye time constant; B(e): quick phase generator 

 

 

Acceleration Input 
Canal X-fer Fcn 
Desired Eye Pos 
Quick Phase Gen 
Neural Processing 
Eye Plant 
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3. METHODS AND MATERIALS 

DEVICE DESIGN 

To facilitate the simulation of the VOR, a sensor array consisting of gyroscopes and 

accelerometers was designed and built.  Due to the nature of problems reported by Veness in his 

work, alternative methods of sensing head motions were researched.  It was decided that MEMS 

gyroscopes and accelerometers, similar to those used in prosthetics research, should be used due 

to their size and sensing capabilities.  These sensor types were chosen over fluid-in-tube sensors 

such as those used by Veness or all-in-one inertial measurement units (IMU).  Table 3 lists some 

of the positive and negative aspects considered when deciding which sensors to use in the 

development of the VOR simulation. 

  Table 3.  Positive and Negative Aspects of Sensor Types 
Sensor Type Positive Aspects Negative Aspects 

Fluid-In-Tube • Anatomically accurate 
model 

• Bulk 
• Fluid evaporation 
• Need multiple sensors 
• No saccule/utricle 

 
MEMS Accelerometers / 
Gyroscopes 

• Full vestibular sensing 
• Can read multiple 

channels 
simultaneously 

• Range of sensing 
 

• Need multiple sensors 
• Subject to electrical 

noise 

MEMS IMU • Single sensor 
• Saccule / utricle 

integrated into sensor 

• Need to sample at high 
rates 

• Range of sensing 
 

The sensor array was built in two stages.  The initial stage determined viability of the 

concept and performed sensor evaluation.  The final stage used a sensor array to mimic 

vestibular function and a LabVIEW virtual instrument (VI) was designed to generate the VOR 

responses. 



28 

 The initial sensor array was designed to mimic one side of the peripheral human 

vestibular inner ear, utilizing three axes of rotational measurement and two axes of acceleration.  

Specifically, the device was implemented with a two-axis analog output accelerometer, a two-

axis analog output gyroscope, and a single-axis analog output gyroscope to mimic the function of 

the three semicircular canals.  This phase of the study also validated sensor choices with primary 

focus on the range and output characteristics of the sensors.  The device was assembled using 

commercially available printed circuit boards to accommodate the surface mount style 

components utilized. 

 The accelerometer used was an Analog Devices ADXL321 two-axis ±5g MEMS sensor 

with a sensitivity of 57mV/g.  This sensor was intended to represent the saccule and utricle.  Two 

different types of gyroscopes were used: an Invensense IDG-500 and an Analog Devices 

ADXRS610.  The Invensense gyroscope has a maximum range of ±500°/s and a sensitivity of 

2mV/°/s.  The Analog Devices gyroscope can sense angular rotation rates up to ±300°/s with a 

sensitivity of 6mV/°/s.  Finally, since all the sensors require 5.0V DC power, an LM7805 was 

used to regulate voltage for the sensors.   

All of the sensors and supporting components were assembled onto a standard 0.1” pitch 

breadboard.  This was done to try to keep the sensors aligned and maintain similarity to the 

human peripheral vestibular system.  The IDG-500 was used to simulate the vertical semicircular 

canals, while the ADXRS610 was used for the horizontal canal. 

The data acquisition for the initial device was performed on a custom-built PC powered 

by an Intel Atom processor.  This PC used the MATLAB XPC Target environment to acquire 

data though an Analog Devices PCI-6040E DAQ card and an Analog Devices BNC-2120 
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shielded connector block.  The acquired data were transmitted over Ethernet to a host computer 

running MATLAB 2007 and exported to Microsoft Excel 2007 for analysis. 

It was found that sinusoidal rotation tests administered manually exceeded the maximum 

range of the ADXRS610 gyroscope but stayed within the range of the accelerometer.  The 

maximum recorded angular velocity was 334.7°/s, almost 12% over the advertised range of the 

sensor.  The accelerometer’s range, however, was not exceeded.  The X axis measured only 

0.84g and the Y axis registered only 0.6g for the same test.  When the device was tested on the 

roto-tilt chair, the noise level experienced in the accelerometer increased significantly, jumping 

from a standard deviation of 0.02g to 0.07g, reflecting an increase of 250%.   

Based on the initial test results, a final design was created.  This design contains systems 

for power, sensing, data acquisition and processing, and communication with a control laptop.  

The sensor array was designed to scale with respect to human anatomy and to sense along the 

semicircular canal planes.  Figure 23 shows a concept drawing of the final design. 

 The final design was to be fully contained within the seating area on the roto-tilt chair, 

meaning that power, sensing, and communications were required to be housed together in one 

unit.  This requirement therefore mandated that the system be battery-powered and capable of 

wireless communications.  Accordingly, two 12V batteries were connected in series to provide 

±12V DC power.  This power was then distributed to a voltage regulation system to provide a 

number of different potentials for powering components.  For communications, a Cisco 802.11G 

router was sourced to provide a data link back to a control laptop for starting, stopping, and 

monitoring the status of the system. 
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Figure 23.  Concept drawing of HIVeS. 

 The sensor array was designed to mimic the bilateral function for the normal peripheral 

vestibular inner ear.  For the semicircular canals, ST Microelectronics LPY5150AL MEMS 

gyroscopes were used.  These gyroscopes are capable of sensing rotation rates of 6000°/s via a 

pair of unamplified analog outputs for the pitch and yaw axes; however, in the sensor array, 4X 

amplified outputs with a 1500°/s range were used.  Each amplified output has a sensitivity of 

0.67mV/°/s and a bandwidth of 140 Hz.  The sensors are available assembled onto evaluation 

boards (SparkFun Electronics, 2010) as shown in Figure 24.  The size of the board is less than 1 

square inch, reflecting the small scale of the sensor and components and the advantage of using a 

pre-made evaluation board instead of working directly with the ICs. 
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Figure 24.  Gyroscope evaluation board.   
Left photo is top of board; right photo is bottom of board. 

 The accelerometers used to simulate the saccules and utricles were Analog Devices 

ADXL345 3-axis MEMS devices.  These accelerometers are capable of sensing linear 

movements in the ±2, ±4, ±8, or ±18g ranges with a digital output of 3- or 4-wire serial 

peripheral interface (SPI) or 3-wire I2C interface to a bandwidth of 3200 Hz and output data rate 

of 6400 Hz.  The sensors have a sensitivity of 4 mg/LSB (Least Significant Bit), meaning they 

have the ability to detect a change in inclination of 0.25°.  The sensors used in this project are 

assembled onto evaluation boards similar to the gyroscopes. 

 The accelerometers and gyroscopes were assembled onto a project board that provides a 

0.1 inch grid of through-holes for soldering connections.  The sensors were arranged for full-

scale representation of a normal human peripheral vestibular system.  On each side of the array, a 

gyroscope was placed so that its sensing planes were at a 45° angle to the anterior-posterior axis.  

This was done not to align the horizontal sensor, but rather to align correctly the gyroscope 

representation for the anterior & posterior canals.  The sensor for these canals was placed along 

the interior-posterior edge of the horizontal canal sensor, which created a condition of mutual 

orthogonality among the sensing axes of the gyroscopes.  Finally, a 3-axis accelerometer was 
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placed along the remaining interior edge of the horizontal sensor.  This layout was mirrored on 

the opposing side of the array.  This placed the horizontal sensors’ centers of rotation at a 

distance of approximately 70mm apart, as illustrated in Figure 25. 

 

Figure 25.  Arrangement of sensor array.   
Devices are aligned mutually orthogonal to each other with a separation of approximately 7cm 

between rotation centers. 

 Power was provided to the sensors through a pair of Texas Instruments TLV1117 voltage 

regulator ICs.  One regulator, a TLV1117-33, provided 3.3V DC power for the gyroscopes.  

2.5V DC was supplied to the accelerometers through a TLV1117-25.  These regulators were 

powered by a +5V DC supply common to several components in the system.  Figure 26 shows 

the final assembled version of the sensor array. 

 Input and output from the sensors were passed along a 6-foot cable to circuits that 

converted the signals into useable forms.  This cable was terminated at the sensor array with a 

15-pin connector to allow disassembly of the system.  Analog signals from the gyroscopes were 

passed to a filtering circuit, while digital signals were passed through logic-level conversion 

circuits for use by the National Instruments digital I/O module. 
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Figure 26.  Finished sensor array. 

 The signals produced by the gyroscopes are analog signals proportional to angular 

rotation rate; however, the input needed by the simulation program is angular acceleration.  To 

assist with the stability of differentiating these signals, a band pass filter for each analog channel 

was built.  Using the relation Zout/Zin, gain and phase plots for the filters can be created.  The 

impedances were calculated using series and parallel relations between a capacitor and resistor.  

The input impedance Zin was found to be 𝑍𝑖𝑛 = 270𝑠+100000
𝑠

.  The output impedance was found to 

be 𝑍𝑜𝑢𝑡 = 1
0.00001𝑠+1000000

.  These impedances were entered into MATLAB to produce a Bode 

diagram, which depicts magnitude and phase responses as a function of frequency for the circuit.  

Based on the output of the MATLAB script (which is included in the Appendix), the frequency 

response of the system is 0.01 to 58 Hz, and 𝑔𝑎𝑖𝑛 = 𝑟𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 × 𝑐𝑖𝑛𝑝𝑢𝑡 is calculated to be 1.  

In Figure 27, the Bode diagram for the circuit is shown along with the schematic for the 

circuit.  An early version of the noise filtering circuit is also pictured.  These filtering circuits 

were composed of Raytheon RC5532 dual operational amplifiers.  The input impedance for each 

circuit was realized using a 270 Ω resistor and 10 microfarad capacitor connected in series, while 

LPY5150 
Analog Gyroscope 

ADXL345 
Digital Accelerometer 

TLV1117-25 

TLV1117-33 
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the output impedance was created using a 1 MΩ resistor and 10 μF capacitor connected in 

parallel.  The voltage supply for these circuits was provided by a L7805 for the positive supply 

(the same IC that supplies the +5V to the sensor array) and a L7905 for the negative supply.   

 Data acquisition and processing was performed on a National Instruments CompactRIO 

cRIO-9024 utilizing a NI-9205 analog input module.  The Compact RIO (cRIO) is powered by 

an 800 MHz PowerPC processor and features 512MB of RAM, 4GB of built-in storage, 100 

megabit and gigabit Ethernet, and USB access for storing data on an external disk.  The cRIO 

utilizes NI’s C Series modules for input and output function, with modules available for analog 

and digital input/output, thermocouple measurements, imaging, wireless communication, and 

many other functions.  Another major feature of the cRIO is a built-in field-programmable gate 

array (FPGA).  The FPGA allows for programs to be written in software then implemented in 

hardware, greatly increasing the speed at which the program can execute. 

The NI-9205 is a 32-channel C series analog input module.  It can sense voltages over a 

±200mV to ±10V range with a 16-bit resolution and a 250 kS/s aggregate sampling rate.  The 

module is configured to read each of the 6 analog signals from the gyroscopes over a ±5V range 

in a referenced, single-ended configuration.  In this configuration, each signal’s potential is 

referenced to a common level requiring only one connection per signal (plus a common for the 

collective), as opposed to two connections per signal as required in differential connections.   

 Simulation of VOR responses was handled through a program that runs on the cRIO and 

is monitored over a wireless connection by a Windows-based laptop computer.  The program 

was written in LabVIEW 2009 using elements from the control design and real time toolboxes.  

A LabVIEW state machine was created with three states for the system: wait, process, and 

shutdown.  The wait state processes whether the user has pressed either the start or exit buttons 
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on the control panel.  Depending on the action chosen by the user, the wait state will then 

transfer either into the process state or the shutdown state.  The shutdown state simply stops the 

program.  The state machine flow layout is depicted in Figure 28. 

A B  

 C  

Figure 27.  Amplifier circuit and associated frequency response. 
A: circuit diagram of a typical filter.  B: Bode diagram of filter response.   

C: realized filtering circuit 

 

Figure 28. Simulation state machine. 
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 The process state is the main state of the program.  In this state, a timed loop runs every 5 

milliseconds and processes data readings taken from the gyroscopes.  First, the raw angular 

velocity data is taken and transformed into pitch, roll, and yaw data by averaging the SCC pairs 

then applying a rotation transformation to the anterior and posterior canal data.  This 

transformation is of the form  

 [𝒂,𝒑] �
𝐜𝐨𝐬 (𝟒𝟓°) 𝐬𝐢𝐧 (𝟒𝟓°)
−𝐬𝐢𝐧 (𝟒𝟓°) 𝐜𝐨𝐬 (𝟒𝟓°)� = �𝒑𝒊𝒕𝒄𝒉

𝒓𝒐𝒍𝒍
� Equation 3 

in which a and p are the accelerations read from the anterior and posterior canals, respectively, 

and pitch and roll are the outputs aligned to the pitch and roll axes.  Equations 4 – 7 list the canal 

to spatial transforms for the four vertical canals; in these equations, RA’, RP’, LA’, and LP’ are 

the rotated normal vectors for the rotations, while RA, RP, LA, and LP are the original normal 

vectors.  These canal transformations are illustrated in Figure 29. 

 

Figure 29.  Transformation from canal to spatial coordinates. 

 𝑹𝑨′ = 𝑹𝑷𝒔𝒊𝒏(𝟒𝟓°) + 𝑹𝑨𝒄𝒐𝒔(𝟒𝟓°) Equation 4 

 𝑹𝑷′ = 𝑹𝑷𝒄𝒐𝒔(𝟒𝟓°) − 𝑹𝑨𝒔𝒊𝒏(𝟒𝟓°) Equation 5 

 𝑳𝑨′ = 𝑳𝑨𝒄𝒐𝒔(𝟒𝟓°) − 𝑳𝑷𝒔𝒊𝒏(𝟒𝟓°) Equation 6 

 𝑳𝑷′ = 𝑳𝑨𝒔𝒊𝒏(𝟒𝟓°) + 𝑳𝑷𝒄𝒐𝒔(𝟒𝟓°) Equation 7 
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Based on these equations, the finalized pitch and roll can be calculated by averaging the 

rotated canal data.  When utilizing a 45° counter-clockwise rotation, the RA’LP’ canal pair 

becomes the sensor responsible for measuring roll data and the LA’RP’ canal pair measures 

pitch.  These final transformations are listed in Equation 8 and Equation 9.  In the equations, roll 

and pitch are the spatial rotations.  Positive values for pitch and roll are based on the right-hand 

rule applied to the RA’ and RP’ canals such that positive pitch would be the head lifting and 

positive roll would be the head rolling to the right. 

 𝒑𝒊𝒕𝒄𝒉 = 𝑹𝑨′−𝑳𝑷′
𝟐

 Equation 8 

 𝒓𝒐𝒍𝒍 = 𝑹𝑷′−𝑳𝑨′
𝟐

 Equation 9 

 Once the data have been rotated to the spatial axes, the values are passed onto the VOR 

model.  First, a routine performs a numeric differentiation of the velocity data to provide the 

acceleration input for the model.  Next, a discrete implementation of the transfer function in 

Equation 1 is applied.  This converts the acceleration input back into velocity and also applies a 

time constant to the incoming data.  The conversion from continuous form in Equation 1 to the 

discrete form used by the simulation was performed using MATLAB’s c2d function. 

Gains for each of the pitch, roll, and yaw axes are applied to the canal output velocity.  

The raw canal output, the adjusted velocity, and a saccade factor are passed into a subroutine that 

generates saccadic motion.  The saccade factor is a multiplier for calculating quick phase 

velocity, which was shown in Figure 21-C; a larger input for the saccade factor will increase the 

magnitude of the quick phase portion of the generated nystagmus.  Figure 30 shows a portion of 

the processing state, including the canal transfer function, application of gain and saccade factor, 

and eye transfer function.  The method depicted in the figure is common to many of the models 

including those of Sugie and Jones (1971) as well as Chun and Robinson (1978). 
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Figure 30.  Application of VOR model to yaw rotations. 

 The subroutine that processes velocity data and creates eye movement is based on the 

work performed by Chun & Robinson.  During development of the simulation program, several 

models were tested for inclusion.  The models were either built in LabVIEW or in the 

SIMULINK package of MATLAB and tested with a pure sinusoidal input.  Based on this testing, 

it was found that many of the models did not appropriately account for the generation of quick 

phases.  Two of the tested models that did include quick phase generation were the simulation 

used by John Veness and the model developed by Chun and Robinson.  Due to limited details in 

the Veness simulation, the implementation of quick phase generation appeared to generate 

excessive noise in the resultant eye motions.  For this reason, the model developed by Chun and 

Robinson was chosen for use in development of the simulation.   

In the processing subroutine, either the canal velocity with applied gain can be passed to 

an integrator transfer function that simulates neural processing and then passed out of the 

subroutine, or the unadjusted input can be processed for the generation of nystagmus.  In this 

process, the unadjusted canal velocity is integrated and passed through a ±11° threshold to create 

a desired eye position and then compared to the previously generated eye position.  If the 

difference between the desired and the previously generated output differs by an amount greater 

than a threshold, then a quick phase is generated in the direction opposite the error.  This 

threshold is defined by a quantity, Q, and varies between ±12°/s and ±22°/s, based on the 

velocity input from the semicircular canals.  The generated quick phase has a magnitude of the 
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saccade factor input multiplied by the error, plus 40°/s.  This quick phase is then passed through 

the neural integrator and out of the model.  This integrator has a transfer function of 𝐸(𝑠)
𝐻(𝑠)

= 25
25𝑠+1

 

(Chun & Robinson, 1978).  The VOR model is shown in Figure 31. 

 

Figure 31. VOR generation subroutine. 

 Output from the VOR model is passed through a transfer function that simulates the 0.2s 

time constant of the eye muscles.  This final transformation takes the velocity signal passed from 

the VOR model and integrates it into a position signal for use by the eyeball animation.  This 

animation routine was developed by NKI and is used in the analysis package of the VEST 

software.  The VI takes an input for several parameters relating to the size of the eye and a 
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position input for each of pitch, roll, and yaw and produces a graph output based on those input 

parameters. 

The user interface for the simulation program is a tabbed layout, which provides options 

for configuration, monitoring of raw data, or viewing the output of the simulation.  The 

configuration tab provides options for configuration of parameters pertaining to the VOR model, 

such as the canal gains and saccade factors, as well as whether or not to log data once the 

simulation has completed.  On the raw data tab, the input signals from the sensor array can be 

monitored via either a chart displaying a time log of acceleration values or a numeric display of 

the current value. 

The simulation tab provides options for viewing the output of the VOR simulation model.  

On this tab, three graphs display a time history of the output for each rotation axis while an 

eyeball animation provides a current composite output.  This animation is a graph indicator 

based on NKI’s draw eye VI with some minor modifications from the original.  The most notable 

of these changes, a white background, was added to the graph to provide an amount of white 

space around the animated iris.  The simulation tab is shown below in Figure 31.  This animation 

is monitored during testing to validate the model’s function. 

 
Figure 32.  Simulation tab of VOR model VI. 
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TESTING 

The finished vestibular prototype was mounted to the chair through a series of mounting 

brackets and plates.  The head rest on the chair was removed and replaced by a piece of angled 

aluminum with the sensor array attached to it.  A piece of ¼” thick plywood served as the 

mounting base for the CompactRIO and supporting equipment and was placed in the foot rest 

portion of the chair.  This is shown below in Figure 33.   

            

Figure 33.  Sensor array attached to chair. 
Upper left: sensor array mounted in place of head rest.  Lower left: CompactRIO and supporting 

equipment mounted in footrest.  Right: system attached to the chair. 
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Once the equipment was attached to the chair and ready for testing, a series of sinusoidal 

rotations were performed.  This data was compared to data acquired from the same series of 

sinusoidal rotations performed on human subjects. 

For testing the model and subjects, a protocol consisting of a series of sinusoidal rotations 

was developed, based on an existing horizontal canal test protocol developed by NKI.  The 

purpose of this protocol is to test each canal pair as well as the interaction between the canals 

when rotated about the pitch and roll axes.  Table 4 lists information about the base protocol used 

for developing this test. 

Table 4. NOTC Standard Clinical horizontal sinusoidal rotation test 
Frequency (Hz) Number Peak Cycles Acceleration Cycles Deceleration Cycles 

0.08 3 0 0 
0.04 3 0 0 
0.01 1 0 0 
0.02 2 0 0 
0.32 5 0 0 
0.64 7 0 0 
1.28 9 4 4 
1.75 12 5 4 

All tests have a peak velocity of 60°/s 
 

The NOTC Standard Clinical horizontal rotation test was then expanded to test the LARP 

and RALP canal pairs.  In the new protocol, the patient is rotated about the yaw axis to an angle 

of 45 degrees.  This is to align a specific vertical canal pair with the pitching motion of the chair.  

The chair is then rotated about the tilt axis using sinusoidal rotation frequencies matching those 

in Table 4.  These sinusoidal motions are then repeated for the opposing canal pair.  After the 

canal pairs have been separated, the subject is brought back to the home position and pitched 

sinusoidally.  The final step in this protocol is to rotate the subject to an angle of 90 degrees for a 

0.32 Hz sinusoidal roll.  Table 5 provides details of the canal battery test protocol that was 

developed for testing the vestibular simulation. 
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Table 5.  Canal Battery Protocol. 
 Frequency 

(Hz) 
Peak Velocity 

(°/s) 
Amplitude 
(degrees) 

Cycles 

Step 1.  Contour Sine Motion.  Chair yaw start position: -45°.  Targeted: RALP canal pair. 
 0.01 2 30 3 
 0.02 4 30 3 
 0.04 8 30 3 
 0.08 16 30 3 
 0.32 60 30 5 
 0.64 60 15 5 
 1.28 60 7.5 7 
 1.75 60 5.5 9 

Step 2. Chair Rotation Sinusoidal. Tilt: 0° 
 0.01 2 30 3 
 0.02 4 30 3 
 0.04 8 30 3 
 0.08 16 30 3 
 0.32 60 30 5 
 0.64 60 15 5 
 1.28 60 7.5 7 
 1.75 60 5.5 9 

Step 3.  Contour Sine Motion.  Chair yaw start position: +45°.  Targeted: LARP canal pair. 
 0.01 2 30 3 
 0.02 4 30 3 
 0.04 8 30 3 
 0.08 16 30 3 
 0.32 60 30 5 
 0.64 60 15 5 
 1.28 60 7.5 7 
 1.75 60 5.5 9 

Step 4.  Contour Sine Motion.  Chair yaw start position: 0° 
 0.32 60 30 5 

Step 5.  Contour Sine Motion.  Chair yaw start position: 90° 
 0.32 60 30 5 

 

 A subject was tested using a subset of the canal battery protocol.  This subset included 

horizontal, LARP canal, pitch, and roll sinusoids at a frequency of 0.32Hz.  Movements of the 

eye were measured and recorded using VOG goggles and IPortal, and later plotted using 

LabVIEW.  HIVeS and SIVOR were then run using the same subset of the canal battery 
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protocol.  The data for eye movements were saved and later plotted using MATLAB.  Results of 

the simulation were then compared to the results from subject testing. 

 Based on intermediate results from testing the simulation, minor modifications to the 

model were deemed necessary.  One of these is changing the saccade factor, which controls the 

speed, and thus the length, of the quick phases generated by the model.  As defined by Chun & 

Robinson (1978), this factor was initially set at 16.2.  It was found that this value failed to 

produce quick phases of a satisfactory length, and thus was modified as necessary to produce 

more acceptable results.  This change will be discussed further as part of the results. 
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4.  RESULTS 

In order to compare the eye responses and their corresponding stimuli, data must be taken 

from multiple sources and plotted together.  It should be noted that data describing the stimuli 

are taken from the VEST software, while the simulation results are taken from data stored in 

HIVeS.  The two systems are not synchronized, so manual shifting of one of the two time axes is 

required to align the two data sets. To shift the data, the times at which the stimulus started were 

noted in both VEST and HIVeS data traces. The VEST data was then adjusted accordingly, such 

that the two stimuli were simultaneous. The corresponding eye response data and the time-

shifted stimulus data can then be plotted in the same figure. 

Figure 34 shows a typical simulation result plot.  In the figure, eye responses and their 

corresponding stimuli are plotted together.  In this plot, the data is offset by approximately 25 

samples to appropriately align the graphs as discussed above.  Also, data provided by the VEST 

software regarding the “Chair Tilt” plot is in the form of a reference signal, as opposed to chair 

position.  As such, the data for that stimulus is scaled by a factor of 8.25 to provide a position 

stimulus plot. 

 

Figure 34.  Typical results of simulation response to LARP sinusoidal input. 
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Part of testing the model included configuring the characteristics of the nystagmus 

response.  Figure 35 shows the effect of the saccade factor, which has a direct effect of the 

magnitude of the quick phase beats.  In Figure 35-A, the saccade factor was set at 16.2, which 

was the value set by Chun & Robinson in their model.  It can be seen from the graph that the 

magnitude of the simulated nystagmus does not match the magnitude of typical human 

nystagmus.  This prompted modification of the model’s parameters to match more closely actual 

human eye movements.  Through several trials, it was concluded that saccade factor values of 

approximately 150 – 200 provide the appropriate magnitude of nystagmus.  A test with saccade 

factor 200 is shown in Figure 35-B.  It can be seen that the nystagmus generated by the 

simulation is of similar magnitude to a human nystagmus. 

 

A  

B  
Figure 35.  Test results from horizontal sinusoidal test at 0.32 Hertz. 

A: Simulation with saccade factor of 16.2.  B: Simulation with saccade factor of 200. 

4 6 8 10 12 14 16 18 20
-60

-40

-20

0

20

40

60

Time, seconds

Po
sit

ion
, d

eg
re

es
Ac

ce
ler

ati
on

, d
eg

re
es

/se
c2

 ,    

 

 
Eye Position
Head Acceleration

0
-60

-40

-20

0

20

40

60

 

Po
si

tio
n,

 d
eg

re
es

Ac
ce

le
ra

tio
n,

 d
eg

re
es

/s
ec

2

     

 

 
 

 

10 15 20
Time, seconds

  

     

 

 
 

 

 

  

     

 

 
Eye Position
Head Acceleration



47 

Figure 36 shows a comparison between the simulation (SIVOR) results and data acquired 

from testing a human subject.  In Figure 36-A, simulation results from a 0.32 Hz horizontal 

sinusoidal rotation are shown, while in Figure 36-B, the results from a 0.16 Hz sinusoidal 

rotation are shown.  The data in Figure 36-B was taken by John Veness (2008) as part of his 

work in developing a simulation similar to that described in this work.  From Figure 36, it can be 

seen that the simulation produces the various aspects of a human subject response, including 

quick phases and slow phases. 

A  

B  

Figure 36.  Comparison of simulation to subject data for horizontal sinusoidal rotation. 

A: simulation results B: subject data (Veness 2008) 

It is reasonable to believe that, for vertical tests, similar results are to be expected when 

comparing simulation results to subject data.  It must be emphasized that such data is not yet 

available, but will be available in the near future, pending IRB approval of the appropriate test 
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protocols.  Preliminary testing with the HIVeS/SIVOR system indicated that, as with the 

horizontal tests, in order to realize expected quick-phase behavior, the saccade factor values for 

vertical and torsion responses required adjustment.  The horizontal test previously mentioned 

was performed with a saccade factor of 200, while all other tests were performed with saccade 

factors of 175 for all three responses – pitch, roll, and yaw.  Values for the saccade factor greater 

than 200 were tested; however, these values created instability in the eye response. 

Figure 37 shows the measured velocities of the four vertical canals subject to a sinusoidal 

rotation about the plane of the LARP canal pair.  As expected, the left anterior canal and right 

posterior canal produce responses of similar magnitude but opposite sign, while the opposing 

canals produce no appreciable response.  Based on the coordinate transformation from the sensor 

to pitch and roll, it is expected that both pitch and torsion of the eye will occur as a result of this 

velocity profile. 

 

Figure 37.  Measured velocities of LARP sinusoidal rotation. 
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In Figure 38, the results from a LARP canal pair sinusoidal test are presented.  The 

saccade factor for the test was set at 175 and the gain for the torsion was set to a value of 0.7.  

Figure 38 shows the vertical component of the simulated eye motions resulting from the LARP 

sinusoidal stimulus.    It can be seen in Figure 38 that the simulation responses for a vertical test 

yield similar results to those seen in a horizontal test. 

A  

B  

Figure 38.  Simulated eye responses to LARP canal stimulation. 

A: torsion component B: vertical component 
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pitching motion, all four vertical canals experience excitation, as opposed to the LARP and 

RALP tests where only one pair is stimulated.  One notable exception is the red trace in the 

figure, which represents the right anterior sensor.  Normally, the trace would be expected to 

mirror the cyan trace, however, in this instance the trace remains at zero.  This is believed to be a 

defective sensor and will be discussed further in Chapter 5. 

 

Figure 39.  Measured velocities of pitch sinusoidal rotations. 

Figure 40 shows the measured canal velocities of the roll sinusoid test.  When compared 

to Figure 39, the major difference between the two tests is the phase of the RALP canal pair.  In 

Figure 39, the left posterior velocity data were in phase with the left anterior velocity data.  In the 

case of Figure 40, the left posterior velocity data are in phase with the right posterior velocity 

data. These phase differences will be discussed in more detail later. 
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Figure 40.  Canal velocities of 0.32Hz sinusoidal roll. 
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5.  DISCUSSION 

The first result to be discussed is the measurement of the canal velocities.  As previously 

mentioned, the major difference between Figure 39 and Figure 40 is the phase difference 

between vertical canals on one side of the head.  Consider the transformations in Equations 6 and 

Equation 7, in which the angular velocity component from the left posterior canal is combined 

with the velocity component from the left anterior canal.  During the pitch sinusoid in Figure 39, 

the left anterior and left posterior traces were out of phase with each other.  Equation 6 would 

cause the out of phase velocities to become additive, while Equation 7 would cause the out of 

phase velocities to be subtracted.  These combinations would lead LP’ to approach zero while 

LA’ approaches the pitch velocity.  In the case of roll, in which the velocities are in phase, the 

opposite holds true, with LA’ approaching zero and LP’ approaching the roll velocity. 

In each of the velocity traces, the right anterior trace remained zero while the remaining 

three traces change with respect to changes in the chair’s velocity.  This is believed to be caused 

by a malfunctioning gyroscope sensor.  This malfunctioning sensor would lead to incorrect data 

being sent to the model, affecting the output of the simulation.  Part of this effect would be 

increased output on the non-stimulated axis of rotation during pitch and roll tests, although the 

LARP test performed would be only minimally affected.  For future testing, this sensor could be 

replaced or its output simply ignored, creating a condition similar to a unilateral vestibular 

deficiency in a human subject. 

Based on the results, further modification of the model is needed to make the simulation 

output more human-like.  As noted previously, it is expected that vertical testing of human 
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subjects will result in quick phase behavior that is similar in nature to the published horizontal 

test data. If that horizontal human test data is used as a benchmark, the simulation results, while 

containing all of the components of a human subject’s eye response, fail to adequately recreate 

those responses.  In some of the tests, the number of quick phases generated was not enough to 

simulate the human eye movements, while in other tests too many quick phases were generated.  

Adding controls for the amount of randomness and for the threshold at which quick phases are 

generated for each axis of eye movement would help fine tune the results.  Currently, those 

thresholds are hard-coded and require modification of the program in order to modify the levels 

at which quick phases are generated.  The ability to control those thresholds would provide a 

measure of tuning that could help improve the accuracy of the simulation. 

When all of the results are considered, the model that has been developed and tested in 

this work provides an adequate starting point for a comprehensive vestibular simulation device.  

Through refinement of the model, greater accuracy of the model can be achieved and many of 

the shortcomings of the current implementation can be overcome.  Several of the suggestions for 

future work deal with these modifications.  When coupled with many of the modifications 

discussed here, the resulting model could prove to be a valuable tool for the simulation of 

vestibular function. 
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6.  FURTHER WORK 

Several options can be considered for the further development of a vestibular simulation 

based on the work presented in this thesis.  These options include the production of a printed 

circuit board for HIVeS, expanding the system through the use of servos and a built-in controller 

for a robust, contained system, the further development of the system models to incorporate 

saccule and utricle function, and the ability to integrate vestibular dysfunction models into the 

responses. 

The first item needed for further development of the vestibular simulation is to acquire 

approval by the University of Alabama Institutional Review Board (IRB) for acquiring data 

related to vertical and torsion responses to a sinusoidal stimulus of the horizontal canals.  

Currently, the IRB has only approved data collection under a narrow set of circumstances which 

does not allow for complete validation of the model with respect to subject data.  This approval 

will allow subjects to be tested and data acquired to meet that validation. 

The hardware prototype built in this work uses point-to-point wiring for electrical 

connections.  This is a fairly inefficient method for making a large number of connections and is 

prone to damage.  To rectify these problems, it is suggested to replace the electrical connections 

with a printed circuit board.  This design would eliminate the large number of loose wires that 

are the source of these problems, and it would also allow for placement of sensors with more 

accuracy than the ±0.1” spacing allowed by the board used in the point-to-point method. 
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A second suggestion is to integrate the data acquisition and simulation duties into a 

microcontroller or FPGA-based system.  This system would use a series of miniature servos to 

move a pair of physical “eyes” instead of drawing an animation on a computer screen.  The 

integration of these systems through the use of a microcontroller/FPGA would allow the device 

to be condensed into a package that could be used as a training device for rising doctors and 

clinicians.  A device such as this could be compared to the CPR or choking training dolls used 

today. 

The model currently used only incorporates head angular velocity data from semicircular 

canals.  This is due to the limited understanding of the interaction between the SCCs and the 

saccule/utricle.  Currently, research is being performed to determine that interaction.  Once the 

relations are known, this system can be used to validate those models using a physical system.  

The validation of these models offers promise for unlocking the full understanding of the 

vestibular system, and the ability to effectively implement those models in a controlled 

environment is vital to that validation. 

A final suggestion for further work would be the integration of vestibular deficits into the 

model.  This would allow for the recreation of symptoms of various vestibular disorders, giving 

students an idea of how these deficits manifest themselves beyond basic descriptions before 

interacting with patients.  This suggestion could be combined with a microcontroller based 

system for the development of a comprehensive training and demonstration device.  
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APPENDIX

AVAILABLE MEASURES AND TESTS ON THE ROTO TILT CHAIR 

• Chair Sinusoidal Horizontal 

• Chair Sinusoidal Vertical 

• Chair Trapezoidal Horizontal 

• Smooth Pursuit Horizontal 

• Smooth Pursuit Vertical  

• Spontaneous Nystagmus 

• Gaze Horizontal 

• Horizontal Saccade 

• Vertical Saccade 

• Visual Suppression 

• Visual Enhancement 

• OKN Sinusoid 

• OKN Trapezoid 

• Off Vertical Axis Rotation 

• Subjective Visual Vertical 

• Subjective Visual Horizontal 

• Unilateral Centrifugation 

• Caloric Tests 

• Horizontal Head Thrust 

• Vertical Head Thrust 
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SPECIFICATIONS FOR DEVICES USED 

Data Acquisition 
Toshiba Portégé M-70 Convertible Tablet PC 

Processor:   Core2Duo P8600, 2.4GHz 
RAM:    2 GB 
Hard Drive:   140 GB 
OS:    Windows 7 Enterprise 64-bit 
Other:    LabVIEW 2009 
    MATLAB R2007a with XPC Target Toolbox 
    Microsoft Office 2007 Enterprise 

National Instruments Compact RIO, model number cRIO-9024 
Processor Speed/Type:  800 MHz Power PC 
RAM:     512 MB 
Onboard Storage:   4GB 
Ethernet:    2- RJ45 Ports.  1 Capable of Gigabit Ethernet 
Chassis:    8 Slots for NI C-Series Modules 

National Instruments DIO Module – NI 9403 (x2) 
 Number of Channels:  32 single-ended TTL I/O Channels 
 Input Range:   -0.25V to 5.25V 
 Input High Voltage:  2.2V min 
 Input Low Voltage:  0.8V max 
 Output High Voltage:  5.2V max 
 Output Low Voltage:  0.1V max 
 Input Current:   ±250µA max below 4.5V 
 Output Current:  64mA max, aggregate 
 Input Frequency:  14MHz max1 

 Output Frequency:  3MHz max2 

National Instruments Analog Input Module – NI 9205 
Number of Channels: 32 single-ended or 16 differential analog, plus 1 digital 

input & 1 digital output 
Input Range: ±200mV to ±10V 
ADC Resolution: 16-bit 
Sampling Rate: 250kS/s max 
Input High Voltage: 2.0V to 3.3V 
Input Low Voltage: 0.34V max 
Output High Voltage: 2.1V to 3.3V 
Output Low Voltage: 0.4V max 

 

 

1 – Based on combined setup and hold time of 70ns 
2 – Based on propagation delay of 330ns 
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Sensors 
Accelerometer 
Model: Analog Devices ADXL345 
Output: Digital 
Range: ±18g 
Axes: X-, Y-, & Z- 
Resolution: 10-bit 
Bandwidth: up to 1600Hz 
 
Gyroscope 
Model: ST Micro LPY5150AL 
Output: Analog 
Range: ±6000°/s (±1500°/s via 4X out) 
Axes: Pitch, Yaw 
Resolution: 0.167mV/°/s (0.67mV/°/s – 4X) 
Bandwidth: 140 Hz 
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CONNECTION SCHEMATIC FOR SENSOR ARRAY 

2.5V – 5V Logic 
Level Conversion

NI9205
Analog Input Module

TYPICAL CONNECTION

RC5532

Rf

Cf

Cin
Rin

LPY5150AL
Analog Rate 
Gyroscope

ADXL345
Digital 

Accelerometer

C
S

S
D

A

S
C

LK

S
D

O

4X 
OUTCOM+3.3V

+2.5V COM

+5VDC

-5VDC

TLV1117-33

TLV1117-25

+5VDC

NI9403
Digital I/O Module

TY
P

IC
A

L 
C

O
N

N
E

C
TI

O
N

CompactRIO Processor

Laptop PC

 

Rin = 270Ω ±5% Cin = 10μF Rf = 1 MΩ ±5% Cf = 10μF 
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MATLAB SCRIPT FOR FILTER CIRCUIT FREQUENCY RESPONSE 

 
clear all 
clc 
  
%define options for bode plot 
options = bodeoptions; 
options.FreqUnits = 'Hz'; 
options.FreqScale = 'log'; 
options.MagUnits = 'abs'; 
  
%define capacitor and resistor values 
cin = .00001; 
cf  = .00001; 
rin = 270; 
rf  = 1000000; 
  
%report values for high and low end of filter response 
high_filt = 1/(rin*cin)/(2*pi) 
low_filt = 1/(rf*cf)/(2*pi) 
  
%create transfer functions for input & output impedances 
zout = 1/((1/rf)+(cf*tf([1 0],1))); 
zin = rin+((1/cin)*tf(1,[1 0])); 
  
figure(1) 
clf 
bode(zout/zin,options) 
legend('Filter Response') 
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LABVIEW DOCUMENTATION 
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