
VTI meddelande

No. 802A - 1996

 

Discomfort caused by low-frequency motions

A literature survey of hypotheses and possible

causes of motion sickness

Johan Forstberg and Torbjorn Ledin

 

K Z?e
R:

/
VE
T-
82
33
5>
}

é
a

KO
NS
T
g?

i

h.

Oy

 
 

 

\_ Z/ 
 

   

Swedish Roadand

jTransport Research Institute

 



VTI meddelande

No. 802A - 1996

Discomfort caused by low-frequency motions

A literature survey of hypotheses and possible

causes of motion sickness

Johan Forstberg and Torbjorn Ledin

  

Swedish National Road and

jTransport Research Institute





 
Publisher: Publication:

VTI Meddelande 802A

 
Published: Project code:

Swedish National Road and December 1996 70011

&Transport Research Institute   
S-581 95 Linkoping Sweden Project:

Comfort disturbances caused by low-

frequency motions in modern trains

  
Author: Sponsor:

Johan Forstberg and Torbjorn Ledin Adtranz Sweden, Swedish State Railways

(SJ), Swedish Transport and Communications

Research Board (KFB), Swedish National

Road and Transport Research Institute (VTT)
 
Title:

Discomfort caused by low-frequency motions: A literature survey of hypothesis and possible causes of

motion sickness

 
Abstract

The concepts of comfort and discomfort, possibly leading to motion sickness signs and symptoms, in the

field of transportation and other sources of motion have been reviewed in this report. Comfort, being a

subjective feeling for the person exposed to motion, must be measured in a structured way in order to

allow evaluation. Relations to physical characteristics of the motion are, of course, valuable hints for

designing transportation means if they can be proven to have a sufficient predictive power. This

reasoning then leads to an analysis of what types of motion are more likely to cause problems, thus

giving the vehicle design engineer a hint of what improvements may be of value to increase passenger

satisfaction.

The report outlines the frequency of complaints in different vehicles as reported in the literature. Many

modes of transport are accompanied by varying problems with motion sickness. The results from a

number of studies of typical motion provocation are related. Different measurement systems from

questionnaires of slight symptoms of dissatisfaction to measuring the frequency of vomiting are

described.

The peripheral vestibular organs in the inner ear play a very important role in the occurrence of motion

sickness, as it is well known that subjects completely lacking functioning vestibular parts of the inner ear

are immune to motion sickness. The report thus presents the anatomy, physiology and also mathematical

models of the organs in detail, and also how these models fit into the models of motion sickness

generation.

This report is also published as TRITA-FKT Report 1996:39.
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Summary

The concepts of comfort and discomfort, possibly leading to motion sickness signs

and symptoms, in the field of transportation and other sources of motion have

been reviewed in this report. Comfort, being a subjective feeling for the person

exposed to motion, must be measured in a structured way in order to allow

evaluation. Relations to physical characteristics of the motion are, of course,

valuable hints for designing transportation means if they can be proven to have a

sufficient predictive power. This reasoning then leads to an analysis of what types

of motion are more likely to cause problems, thus giving the vehicle design

engineer a hint of what improvements may be of value to increase passenger

satisfaction.

The report outlines the frequency of complaints in different vehicles as reported in

the literature. Many modes of transport are accompanied by varying problems with

motion sickness. In aeroplanes as well as in trains, the incidence is low. In larger

vehicles, such as buses and ships, where the passenger is unable to control the

motions himself and more often also cannot predict the upcoming motions, more

subjects seem to suffer. Similarly there is a difference between driver and

passengers in cars. The importance of vertical motions, typically in a ship on a

rough sea, has long been known. The influence of lateral accelerations and roll

motions has not been studied so closely. These factors are probably of great

importance in modern high speed trains, which are often made to tilt actively

during curving in order to increase speed on existing railway tracks. Tilting trains

may have raised the very low level of incidence of motion sickness associated

with train travel, but compared with other modes of transport it is still relatively

low.

The peripheral vestibular organs in the inner ear play a very important role in the

occurrence of motion sickness, as it is well known that subjects completely

lacking functioning vestibular parts of the inner ear are immune to motion

sickness. The report thus presents the anatomy, physiology and also mathematical

models of the organs in detail, and also how these models fit into the models of

motion sickness generation.

Three models of motion sickness are presented. The first is the overstimulation

model where the motion stimulus is too large for the neural centres to handle,

thereby causing motion sickness. This theory does not explain many aspects of

motion sickness, i.e. how a moving visual field can cause problems in the absence

of subject motion. The most popular theory is the sensory conflict hypothesis,

where a mismatch between expected and observed motion is postulated to result in

sickness symptoms. A third hypothesis which explains why frank motion sickness

ultimately leads to vomiting is that the interaction between the sensory systems

results in a detection of a possible neural poisoning (though erroneous), as the

signals do not correspond completely. A reasonable activity for the body is in this

case, is to eliminate the possible source of the poison, i.e. by emptying the

stomach.

1 KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

The results from a number of studies of typical motion provocation are related.

Different measurement systems from questionnaires of slight symptoms of

dissatisfaction to measuring the frequency of vomiting are described.

KTH TRITA-FKT report 1996:39 11
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1 Introduction

Comfort - discomfort

Comfort has both psychological and physiological components. According to

Richards (1980) comfort involves a sense of subjective well-being and the absence

of discomfort, stress or pain. However, comfort is defined not only by the absence

of negative attributes. Comfort is experienced positively to various degrees.

Comfort involves evaluation; it is felt to be good and the opposite is felt to be bad.

The only way of finding out whether a person is comfortable or not is to ask the

person in question.

Ride comfort

Ride comfort is a person's reaction to a set of physical conditions in a vehicle

environment, such as dynamic, ambient and spatial factors. Dynamic factors

consist of accelerations and changes in accelerations in all three axes (lateral,

longitudinal and vertical), angular motions (roll, pitch and yaw) and also sudden

movements such as shocks and jolts. The ambient factors may include

temperature, pressure, air quality, ventilation and the spatial factors may include

workspace, leg room and seating (Oborne 1976, Richards 1980).

Motion-related comfort

However, ride comfort can also be used in a narrower sense (ride quality) taking

only the motions of the vehicle into consideration. Ride comfort in this sense can

be divided into a mean ride comfort level, regarding only accelerations (lateral,

longitudinal and vertical) in a frequency interval from 0.5 Hz to 80 Hz, comfort

disturbances due to low-frequency motions such as jerks and jolts! (<0.5 Hz) and

discomfort due to prolonged low-frequency linear and angular motions (Urabe et

al 1966, Harborough 1986a, b, Forstberg 1994, ISO 1995, CEN 1995, Suzuki

1996).

Comfort disturbances due to low-frequency motions

Comfort disturbances (or comfort experiences) are very complex phenomena.

There are two types of reactions to comfort disturbances caused by motion with a

low-frequency content. The first is a direct comfort disturbance caused by sudden

movements of the vehicle or strong lateral accelerations resulting in discomfort

such as difficulties in walking, standing, reading or writing. The other type of

discomfort results in dizziness, headache or nausea after a shorter or longer period

of travelling. There are different names for this indisposition depending on the

provocative environment. Typical names are seasickness, travel sickness, air

sickness, etc. Common scientific terms are motion sickness and kinetosis (Reason

1978, Benson 1988, Lawther and Griffin 1987, Griffin 1990, Forstberg et al 1996,

Ohno 1996). This paper describes present knowledge regarding motion sickness

caused during travelling.

 

\ Jerk is the rate of change in lateral acceleration. In train environment, jerk is associated with the

change of lateral acceleration in transition curves. Jolt is a sudden motion caused by passing a

switch or some track alignment fault, causing comfort disturbances to the passengers.

I KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

Scales for judging motion sickness severity

Commonly used scales is Vomiting Incidence (VT) or Motion Sickness Incidence

(MSI), which corresponds to the percentage of the test population vomiting. A

used scale for judging the severity of motion sickness is the Graybiel scale

(Graybiel et al 1968), which gives a number of points to different symptoms of

motion sickness creating a scale from Slight Malaise (M I) over Moderate Malaise

(M IA, M IB) and Severe Malaise (M III) to Frank Sickness (S8). Another way is

letting the test subjects to rated their well-being on a scale from I feel all right to I

feel absolutely dreadful (Lawther and Griffin 1987, Griffin 1990).

KTH TRITA-FKT report 1996:39 2.
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2 Background

Motion sickness is a complex psychological and physiological phenomenon and

there are no apparent direct relations between motion and degree of motion

sickness. For example, a youngster may be thrilled by riding a roller coaster with

high levels of lateral and vertical accelerations as well as high levels of angular

accelerations. Such a ride does not provoke sickness or discomfort, but on the

quiet journey home in a car, he may become carsick. Also situations with no

physical input from accelerations but with the visual scene moving in a reliable

and foreseeable way, can provoke motion sickness symptoms.

Hippocrates (approx. 400 BC) declared that sailing on the sea shows that motion

disorders the body. In other words, he was aware that seasickness is caused by

motion. Periodically, this knowledge was then forgotten (quoted from Reason,

1974).

Motion environment

Motion sickness can be evoked in many different types of environments, both with

and without motion, but what they have in common is that there is a sensation of

motion, sensed through the vestibular system, the eyes or the proprioceptive

system*. A list of different environments, activities or devices which can provoke

motion sickness is shown in Table 1 below.

Table 1 Examples of environments, activities or devices which can cause

motion sickness, according to Griffin (1990).

 

Boats Camel rides

Ships Elephant rides

Submarines

Hydrofouls Simulators

Hovercraft

Swimming Fairground rides

Aeroplanes Cinerama

Helicopters Inverting/distortion spectacles

Spacecraft Microfiche readers

Cars Rotation about an off-vertical axis

Buses Coriolis stimulation

Trains Low-frequency linear oscillation

Tanks
    

There are large differences in the percentages of people feeling nausea or motion

sickness when comparing different modes of transport, see Table 2, where

different findings are put together. Note that the values in Table 2 are given in

 

° Superficial and deep sensations from the special sensory units located in the skin, muscles,

tendons and joints. These sensory units record pressure, tension and muscular contraction caused

by e. g. gravity and inertia (Henriksson et al 1972).

3 KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

different contexts and shown here for a brief estimation of the variation of motion

sickness severity. Different values cannot be simply compared with each other.

 

 

  

Table 2 Findings from different reports concerning symptoms of motion

sickness from different modes of transportation are put together.

Note that sources differ in definition of categories and subjects.

The values are given in different contexts and cannot be simply

compared. They are shown here for a brief estimation of the

variation of motion sickness severity.

Notfeeling Nausea Motion sick" Motion sickness

well experience""

Cars 3-4% 36%

Buses:

(Britain) 23%" 10% 1%" 19%"

(Sweden) 28%C""

Aircraft <1% © <0.59%(:"" 9%
<8%(l.iv)

Boats 21%" 1%°* 26%"

30% 7%, up to 40%"

Trains:

Trains (USA) 0.13%"

Trains (Britain) 4%

Trains (Sweden) 79%"

TGV Duplex 4p}_ 2940"

JNR type 165 A% o"

Tilting trains:

JNR type 381 26% 2%"

X2000 sensitive subjects 13%" 9% 0%"

X2000 modified, sensitive 8%" 6% 0%*

Sources: (1) Money (1970), (2) Turner (1993), (3) Bromberger (1996b), (4) Lawther and Griffin

(1988a), (5) Lawther and Griffin (1988b), (6) Bromberger (1996a), (7) Ueno et al

(1986), (8) Result of the study reported in this thesis; Report B, (9) Kaplan (1964),

Kottenhoff (1994).

Remarks: 1 Definition varies from different authors. In most motion sick is defined as vomiting.

ii A motion sickness experience sometime in life in this type of vehicle/vessel.

ii1 Average for 1 million airline passengers before high flying aircraft were used.

iv Estimate when "motion sickness strikes in any one aeroplane".

TGV: Train a Grande Vitesse. French High speed train. TGV Duplex: two level train

JNR: Japanese National Railways

Review papers

Motion sickness has been described by many authors. The lecture series from the

Advisory Group for Aerospace Research & Development (AGARD 1991) is one

of the latest and has very informative contributions. In that volume, 12 different

authors discuss different aspects of motion sickness and possible treatments.

Further surveys that can be recommended are: Kennedy and Frank (1986), Oman

(1988) and Benson (1988). Money's (1970) classical review has many references.

Modern textbooks on vibration, such as Griffin (1990), have an informative

chapter about motion sickness. Crampton's (1990) Motion and Space Sickness is

another modern textbook. The classical books by Reason (1974) Man in motion:

The psychology of travel and Reason and Brand (1975) Motion sickness are well

KTH TRITA-FKT report 1996:39 4

VTI Meddelande 802A



Background

worth reading. A very extensive reference list can be found in the above-

mentioned lecture series from AGARD (1991). A review in Swedish especially for

naval use is Magnusson and Ornhagen (1994), also containing an extensive

reference list.

Literature search

A literature search has been performed in the following databases: Biopascal,

Biosis, Cisdoc, IRRD, Hseline and Medline. Papers have also been selected for

study from the reference lists from different papers, especially AGARD (1991)

and Magnusson and Ornhagen (1994).

2.1 A conceptual background

 

   

 

  

   

MOTION I Drugs I I Alcohol I I Experience I m I

ENVIRONMENT

|

________ I ____________I____________ I____________ I -------

 
1 | Adaptability || |Retentiveness |
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Figure 1 A conceptual model of factors possibly causing motion sickness.

From Griffin (1990).

Figure 1 shows a model of factors possibly involved in provoking and modifying

motion sickness. Provoking factors are mainly low-frequency linear and angular

motions, which are sensed and registered by the vestibular system (semicircular

canals and otoliths), vision and the propriocetive (somatosensory) system. The

signals are transmitted to the central nervous system (CNS), where they are

interpreted as an awareness of motion. Modifying factors are, for example, age,

gender, posture, drugs, alcohol, experience and mental activity (Griffin 1990).

All sensory information (visual, vestibular and proprioceptive) is co-ordinated,

integrated and stored in a data centre (located in the cerebello-brainstem area).

This complex system can be affected by psychological factors such as emotion,

learning, alertness etc. Movements form patterns, which are continuously

compared with previously stored sensory patterns. This comparison at a

subconscious level permits triggering of appropriate muscle groups to maintain

balance, making it possible to walk, run, cycle or perform other activities. When

ia} KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

encountering a new combination of movements, we are immediately aware of this

and new patterns can be built up to handle the new information. During this

process, the input stimulus provokes autonomic nervous reflexes such as pallor,

sweating, nausea and vomiting (Henriksson et al 1972).

2.2 Methods for studies of motion sickness

From a methods point of view, two different approaches for studying motion

sickness can be distinguished. One is empirical, 1.e. the number of persons who

suffer from motion sickness in different types of motion is measured and the

results are then compiled into formulas or models. The other is a more theoretical

approach, i.e. trying to explain why motion sickness is provoked. There is no

exact delimitation between these two approaches, but a hypothesis must contain

both statements and facts that can be verified.

2.3 The empirical approach

The empirical approach is the most common and so far the most successful. A

number of subjects are exposed to different types of movements (linear, pendular,

rotational or combinations of these) simultaneously with the registration of the

subjects' degree of motion sickness (Alexander et al 1947, McCauley et al 1976,

Miller and Graybiel 1973, Guignard and McCauley 1982, Lawther and Griffin

1987, Guedry et al 1990). McCauley et al (1976) suggested a mathematical model

for predicting the degree of motion sickness from vertical accelerations. This

model is explained in Chapter 6.

Different models for predicting motion sickness from a number of measured

biophysiological variables such as pulse rate, blood flow through the fingers, skin

resistance, etc., have been presented and evaluated (Harm 1990, Kennedy et al

1990, Hartle 1986).

Another alternative is to interview a considerable number of persons or to ask

them to fill in a questionnaire concerning motion sickness symptoms.

Simultaneously, the motions of the vehicle are registered (Lawther and Griffin

1986, 1988a, 1988b). From their own measurements those of McCauley et al

(1976) and Alexander et al (1947), Lawther and Griffin (1987) elaborated a new

prediction model for the degree of motion sickness concerning vertical

accelerations. This model is much more simple than the corresponding model by

McCauley et al (1976) and is based on the concept of motion dose. The motion

dose is time integrated vertical acceleration filtered by a filter (a,) with maximum

transmission from 0.1 - 0.3 Hz (Griffin 1990). See also Chapter 6 and Appendix

C, Figure 34). This work is now accepted as an international standard for

predicting motion sickness caused by vertical motion (BSI 6841 1987, ISO

Standard 2631 1995).

2.4 The theoretical approach

The theoretical approach of formulating an overall hypothesis has not been

particularly successful. No such hypothesis has been able to predict the number of

persons who will suffer from motion sickness as a result of a given motion or

stimulus. These hypotheses have, however, increased understanding of the

KTH TRITA-FKT report 1996:39 6
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Background

underlying causes of motion sickness and offer a possibility of reducing the risk of

suffering from motion sickness.

Early hypothesis

Wallaston (1810) suggested that fluid shifts within the body ("blood sloshing in

the brain") was the cause of motion sickness. This theory had its successors in

space research as it was proved that body fluids are redistributed in the body in a

weightless condition (fluid shift theory, Steele 1968, Nicogossian and Parker

1982).

Another hypothesis is that the vestibular organs and above all the otolith organs

are overstimulated. This would then result in leakage of signals from the

vestibular nuclei to the brainstem and thus provoke motion sickness (de Wit 1953,

Jongkees 1967).

Sensory conflict hypothesis
Irwin (1881) and Claremont (1931) were the earliest exponents (according to
Reason 1978) of a hypothesis that would be named the sensory conflict
hypothesis. Reason formulated it more precisely as the sensory rearrangement
hypothesis (Reason 1970, 1978, Reason and Brand 1975). In 1988, Benson
formulated it by the name of the neural mismatch hypothesis as follows:

"In essence, the newral mismatch hypothesis states that in all situations
where motion sickness is induced there is a conflict, not just between the
signals from the eyes, the vestibular apparatus and other receptors stimulated
by the motion, but that these signals are also at variance with those that the
central nervous system expects to receive" (Benson 1988).

The sensory conflict hypothesis and the posture control system have been
formulated in terms of modern control theory by Oman (1982, 1988) and Borah et
al (1979, 1989).

An evolutionary hypothesis
There were objections to the sensory hypothesis from Treisman (1977), Money
and Cheung (1982) and Money (1991). They were of the opinion that the sensory
conflict hypothesis cannot explain why persons with no functional vestibular
organs cannot suffer from motion sickness or why we suffer from motion sickness
instead of, for example, coughing vigorously. Motion sickness has no survival
value, rather the contrary. Treisman is of the opinion that the body maintains three
spatial reference systems based on the signals from the eyes, the vestibular organs
and the proprioceptive system. These are continuously evaluated, compared and
calibrated with one another. Such a delicate interaction between these reference
systems could be an excellent detector for different types of neurotoxins.
Unfortunately, this detector is also provoked by certain types of motion.

"Motion sickness is a poison response provoked by motion. It is a poison
response provoked by motion acting (directly or indirectly) on the vestibular
system"" (Money 1991).

Far from a fair understanding
Kennedy and Frank (1986) point out the fact that we are far from a correct
understanding of the phenomenon of motion sickness. They indicate the need to

7 KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

join the different hypotheses into a uniform one. Their opinion is that a clue to the

explanation of the phenomenon of motion sickness is understanding the influence

of varied motion stimuli on the receptor level. They think motion sickness is a

result of decorrelated sensory canals. This decorrelation could arise when the

motion signals are not in phase with what the body is expecting, or because of the

way the body is constructed to register and interpret motion.

This survey

This survey reports certain basic facts concerning motion sickness, and different

hypotheses regarding the causes of motion sickness. It also points out possible

phases in continued research. There is a comprehensive description of the

vestibular organs as they are of great importance in the occurrence of motion

sickness.

KTH TRITA-FKT report 1996:39 8
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3 Description of the vestibular system. How we

perceive motion

 

The Postural System

  

  

    

 

      

 

   

D Central Con- Co-
Central processing of scious. Postural ordinated

<P

information output
pathways

Figure 2 The visual, vestibular and proprioceptive systems provide postural

information for central integration. A disturbance of any system at

any level may cause imbalance and dizziness. Modified from

Henriksson et al (1972) and Henriksson (1974).

Man has the capability to control his posture and motion to his surroundings. This

capability is based on by the postural information from:

1. Sensory information from the non-auditory (vestibular) part of the inner ear.

2. Visual information.

3. Proprioceptive information

The messages from all these sensory organs are integrated by a cell network in the

cerebello-brainstem area. This central processing unit supplies complete

information on position and movement to the individual. Ordinarily, this

integration is performed at a subconscious level. However, when a person

encounters unusual or difficult circumstances, this process and the interpretation

of posture information becomes a conscious phenomenon.

The stimulated receptors activate muscles or groups of muscles for posture and

motion. The motor output is in turn controlled by co-ordination centres in the

cerebellum and the extrapyramidal system. When we move, new postural

information from the vestibular, visual, and proprioceptive systems is

continuously gathered and evaluated - the postural system uses a form of feed-

back from the motor output to register new signals from the sensory systems, see

Figure 2.

The three sensory systems create normally an overflow of postural information

(redundant information). If one of the systems has reduced or no capacity, we can

usually maintain our balance, but it is only the proprioceptive system that can

provide enough information for a human to maintain an upright position by

himself.

9 KTH TRITA-FKT report 1996:39
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Discomfort caused by low-frequency motions

A suggested book for further reading is Handbook of Sensory Physiology, Vol.

VI/2. Vestibular system, Part 2, edited by Kornhuber (1974).

The vestibular system

 

Vestibular Function

Orientation of semicircular canals

 

 

  

 

 

[ Plane of

ou Ant. Duct

Plane of

Lat. Duct

Plane of x

Post Duct -<gm-

Semicircular canals .;n,

£ -O
A 00, Ana. Aovip. 6.

 

  

    

 

 

 

  

Otolith organs

   

Utricle
Cochlea

Sacculus
(hearing organ)

Figure 3 The inner ear, showing the semicircular canals and otolith organs

(utricle and saccule) Inset figures illustrate planes of the

semicircular canals and the x, y and z head axes. Modified from

Guedry (1991a).

The vestibular system consists of the peripheral and the central vestibular system.

The functions of the vestibular system are:

1. To inform the CNS any linear or angular acceleration or deceleration.

2. To aid visual orientation by eye muscle control, the so-called vestibulo-ocular

reflex (VOR).

3. To control skeletal muscular tonus for maintenance of adequate posture.

(Henriksson et al 1972 and Henriksson 1974).

KTH TRITA-FKT report 1996:39 10

VTI Meddelande 802A



Description of the vestibular system

The peripheral vestibular organs

The vestibular organs consist the semicircular canals and otolithic organs (see

Figure 3). They are found in the inner ear together with the auditory part (the

cochlea). There are three semicircular canals, which detect angular accelerations

of the head and are not affected by linear acceleration or different orientations

relative to gravity (Guedry 1991a). They cannot detect static information, which

means that a blind folded person after several rotations normally does not know

which direction he/she is facing.

The two otolith organs are located in the bag-shaped extensions (utricle and

saccule). They are susceptible to linear accelerations and detect both static and

dynamic accelerations. Using information on the direction of the earth gravity (g),

the central nervous system (CNS) can normally maintain an orientation in relation

to the vertical but normally not the absolute position, angle or speed (Guedry

1991a). The vestibular organs are remarkably small. The sensitivity area of the

otolith organ is about 2 mm" (Grant and Best 1987) and the radius of the

semicircular canals is 3 mm (Young and Oman 1970).

3.1 The semicircular canals

The semicircular canals detect angular acceleration and are not influenced by

linear oscillation or by the field of gravitation. They react in the same way to

rotation regardless of whether they are at the centre of rotation or at a distance

from it. Each semicircular canal records rotations in its plane (rotation vector

perpendicular to its plane) and the CNS performs a vector addition of the rotations

from all three canals to a total vector of rotation. The semicircular canals are

located at an angle of approximately 90 degrees to each other. The plane of the

horizontal canal is at an angle of about 30 degrees to the plane of the x-y plane,

see Figure 3. The planes of the vertical canals are at angles of about + 45 degrees

to the x-z plane.

Each canal is filled with a fluid (endolymph), which through its inertia will

generate a flow in the opposite direction to the rotation. The strength of the flow

is, at least for frequencies of natural head movements, proportional to the

integrated acceleration (Guedry 1974, Young and Oman 1970, see also Figure 4

and Appendix B). The flow will force the active sense organ, the cupula, located

in the ampulla, to deflect. The cupula is a gelatinous substance acting as a door

measuring the flow of fluid in the canals by its deflection. Sensory cells are

located at the base of the cupula and sensory hairs penetrate the cupula, detecting

its deflection. Because of this construction, the sensory signal to the CNS

corresponds to the angular speed at all normal frequencies, even if it is the angular

acceleration that is the primary cause of the flow of fluid (Young and Oman 1970,

Guedry 1974, Mayne 1974, Guedry 1991a). The CNS (vestibular nuclei) can then

integrate the signal in order to estimate the total rotational angle of the head

(Henriksson 1974, Guedry 1991).

Figure 4 shows the expected cupula deflection for four different types of motion

stimuli. The two first stimulus inputs clearly show the effect of adaptation. This

means that the deflection of the cupula and therefore also the signal to the CNS

return towards zero, mainly because of the internal viscosity of the fluid and

damping. A rotation with constant speed cannot be detected by the vestibular
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system after about 60 seconds. The last two stimuli show that in normal

movements of the head, the response of the canals is that of angular velocity

because of the integration performed by the sensing mechanism, i.e. the flow of

the endolymph (Guedry 1974). A model for canal response to rotation is shown in

Appendix B. '
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Figure 4 Angular acceleration, angular velocity and expected deflection of

the cupula during four stimulus patterns. Note the different time

scales (Guedry 1974).

Transfer function

The transfer function of the semicircular canals has been recorded, for example,

by Fernandez and Goldberg (1971) on squirrel monkeys. They have summarised

their findings in the following transfer function (from Mayne 1974):

o TLS 1+ T ,s

(1+1,s) (1+1T,s)(1+7T,58)

 H(s)

where H(s) refers to an angular acceleration as input and a cupula

deflection as output.

T., = the adaptation time constant [s]

T. = the leading component time constant [s]

T; = the lower response limit [s]

T» = the upper response limit [s]

Normal values for man are t, ~ 80 s, t; = 0.045 s, t;=20 s and t» = 0.013 s

(Mayne 1974). Figure 5 shows the transfer function of the canals with the above

data and formula. The two curves represent angular acceleration and angular

velocity as input. The output is the estimated cupula deflection. See also Appendix

C.

Other considerations

The upper frequency limit of the system is limited by the number of impulses per

second the sensory cells can discharge.

KTH TRITA-FKT report 1996:39 12

VTI Meddelande 802A



Description of the vestibular system

There is also a minimum deflection of the cupula before the firing frequency starts

to change. This threshold is estimated to be a step of 2 °/s in angular velocity

(Borah et al 1989) or in the range 0.2 - 2.0 °/s5" (Guedry 1974) for rotation about

the x-axis and z-axis.

 

Frequency response of semicircular canals

Formula of canal response from
Mayne (1974) based on works by
Femandez and Goldberg (1971).
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Figure 5 Frequency response of a semicircular canal. From Mayne (1974),

based on the model by Fernandez and Goldberg (1971).

The semicircular canals in one ear work in co-operation with the corresponding

canals in the other ear. Thus, so a rotation which bends the cupula in one direction

in a canal in one ear bends it in the other direction in the corresponding canal. This

co-operation extends the linearity of the canals (Henriksson 1974). The transfer

function is then changed when considering both the afferent dynamics and the co-

operation and interaction of canals in both inner ears (Borah et al 1989).

3.2 The otolith organs

The otolith organs are susceptible to dynamic linear acceleration and static forces.

There are two organs in each inner ear. They are oriented vertically and

horizontally. The susceptible part of the organ has an area of about 2 mm* and

consists of a thin layer (20 - 30 um) of heavy crystals (otoliths) with a density of

2.4 kg/dm3 embedded in a gelatinous substance with a density of 1.0 kg/dm'. The

resulting layer has a density of about 2.0 kg/dm'. This layer lies on top of a

gelatinous substance with about the same thickness as the otolith layer (Grant and

Best 1987), which is penetrated by the hairs of the sensory cells. The sensory cells

are divided into two areas (the striolar and the peripheral). The peripheral cells

react on the position (x) and the striolar cells on the velocity (x) of the otolith

layer (Grant and Best 1987). This means that the organs act as a seismic

instrument sensing the inertia of the heavy material (Young and Meiry 1968).
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The otolith organs cannot discriminate whether a constant horizontal acceleration

depends on an actual acceleration or if the body has turned in the field of

gravitation. This condition is exploited in various fairground devices. Normally, a

dynamic signal is interpreted as an acceleration, while a static acceleration is

interpreted as a change in inclination (tilt illusion) (Borah et al 1989). A visual

control can provide sufficient information for the CNS to obtain a correct picture

of the situation (Guedry 19912).

Model and transfer function

A revised otolith model was presented by Young and Meiry (1968) as shown in

Figure 6. The model assumes an absolute threshold of approximately 0.05 m/s,

which agrees with a latency time of 5 seconds for an acceleration of 0.01 m/s.
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Figure 6 Revised non-linear otolith model after Young and Meiry (1968).
 

 

h \c
.

|
i

L 1

 

Po =

 

 

Q1] = (1 22

__

SIL
LY I; Po (I+Ts)(1+T,s)

i} _ _Pey

___

LZ
LY |; P, (I+Ts8(0+T,s) 

response from peripheral cell
response from striolar cell
density of otolith layer (= 2.0)
density of gelatinous layer (= 1.0)
10 s, 7; = 0.0002 s
input acceleration , y = (g, - a,),
where g, and a, are the gravitation
and acceleration input vector
components along the x-axis
relative displacement of otolith
layer
Laplace transform variable.

  

The model predicts that the otoliths will act as a
velocity transducer over a mid-frequency range
from 0.19 - 1.5 rad/s (0.03 - 0.24 Hz). For a
static acceleration (force) the static sensitivity to
a perceived tilt or acceleration is 0.4 (Young and
Meiry 1968). See also Appendix C for figures on
frequency responses and latency times, i.e. the
time elapsing before a specific force input can
be registered.

Mayne (1974) stated that the frequency
bandwidth for otolith response is surprisingly
narrow. The corresponding time constants of
this system are T; = 10 s and T, = 0.33 s (0.016 -
0.5 Hz). The long time constant is considered
correct by most researchers (Grant and Best
1987) because the overall system (otolith organ,
nervous transmission, CNS processing and eye
motion dynamics) can easily follow such a slow
system. However, Grant and Best argued that the

short time constant is much smaller (T), = 0.0002s, 800 Hz). With this time
constant and within small amplitudes, a linear system frequency response system
can be applied. With larger amplitudes, the stiffness of the gelatinous layer is non-
linear. The resulting transfer function for the otolith organ is shown to the left and
in Figure 7. The peripheral cells (P) produce a signal proportional to x (position of
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the otolith layer) and the striolar cells (S) a signal proportional to x (Grant and

Best 1987).
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Figure 7 Bode plot of transfer function for human otolith organs after Grant

and Best (1987). Upper curves show the response from the peri-

pheral sensory cells and lower curves show the response from the

striolar cells.

The resulting Bode diagram for the response of the human otolith organ is shown

in Figure 7. The broken line represents a 10° increase in the stiffness parameter of

the gelatinous layer between the otolith crystals and sensory cells. The curved

portion near the lower corner frequency represents a transition between those two

stiffness values. The linear part of the broken line (constant gain) probably

represents more closely the gain in this low-frequency range (Grant and Best

1987).

Upper frequency limit of posture control

The practical upper frequency limit is much lower for posture control and for

balancing than the upper frequency limit of the individual vestibular organs

themselves.
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An upper limit for the posture

system and limb control (sensing

organs, transmission signals, CNS

handling and muscle control) can

be estimated by balancing a stick

(pen) on a finger}, see Figure 8.

The upper limit seems to be in the

area of 5 - 10 Hz. This possible

illustrates of one of the difficulties

that an infant can experience when

Balancing

a stick

v (angle of stick)

 

 V

   

trying to stand alone without Figure 8 Balancing a stick. Input

support. The body is too short and is acceleration (u) and

the system of posture control has a output is angle (v) of

bandwidth which is too low. the stick.

3.3 Co-operation between the vestibular organs

Information from both the semicircular canals and the otolith organs is required in

order to enable the body to uphold spatial information. Together with visual

impressions and information from the proprioceptive system, a comprehensive

picture of the position of the body and its movements is obtained. There must be

agreement in the information from all these organs. A rotation of the head by a

standing person in the earth horizontal plane (yaw rotation) gives only a response

from the semicircular canals while a rotation such as roll or pitch also must

produce a change in the otolith signal because of the change in the vertical

orientation of the head. A rotation of the body from the hip (e.g. bending forward)

gives another combination of signals than the pure pitch of the head, despite the

fact that the angular change and possible also the angular speed are the same. This

is because of the longer distance of the head from the rotation centre and the

 

3 Balancing a stick on a finger. Example of control of an instable system (Ljung & Glad 1995).

Length of stick = /, Mass of stick = m. Input signal u is the acceleration of the finger and output

signal y is the angle of the stick. Consider the movement of the stick along a line in the space. The

position of the stick along that line is x.

Then: u=d'x/dt' (acceleration of finger)

The point of mass of the stick has the co-ordinates (x,y): x+ /2 sin(v) and /2 cos(v)

By using Newton's second law and eliminating the force F from the equations, we obtain:

é}? - 2 sin(u) = -u cos(u)

For small angles we obtain the transfer function G(s):

-2 / I

3 -%
[

G(s) =

The positions of the poles of G(s) are +(2g/l)" and the system is unstable. To be able to stabilise

the system, the bandwidth has to be sufficiently greater than the instable pole, that is about

2n-(2g/1)V [rad/s]. A good estimation of the upper limit of the eye - hand control is 10 Hz, which

corresponds to stick with a length of about 0.20 m. A stick with a length of 1 m, which most people

can handle, corresponds to a frequency of (20) ~ 4.5 Hz.
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accompanying acceleration, rotation and deceleration of the movement (Guedry

199 1a). -

Normally, head movements in an upright position produce a strong correlation

between information from the signals of the otoliths and the vertical semicircular

canals. A rotation of the head (e.g. yaw rotation for a standing person) usually

gives very small angular changes in relation to the vertical line. Exactly the same

rotation of the head when tilted from the vertical line can, however, produce

considerable changes in the direction of gravity and therefore a variation in the

otolith signal. The CNS is adapted to a strong connection between information

from the vertical semicircular canals and the otoliths. Rotation in other directions

requires an adaptation to a more varied co-operation from the horizontal

semicircular canals than usual. This may explain the differences in observed

incidence of motion sickness for stimulation of the vertical and horizontal

semicircular canals (Guedry et al 1990, Guedry 1991a).

Interaction between information from the semicircular canals and the otoliths may

in most cases be functional, but certain cases, such as cross-coupled angular

motions, may cause sensory conflicts or incorrectly coupled information. If a

person is placed in a centrifuge and is slowly accelerated to 15 turns/minute, he

will sense a normal pitch or roll movement of the head during the acceleration

phase. The information from the semicircular canals is then in accordance with the

otolith signals. However, when the constant angular speed is reached, information

concerning the constant rotation will slowly disappear over a period of 60 s. A

head pitch then results in a mismatch between the information from the

semicircular canals and the otoliths. The semicircular canals signal a roll motion

with the head and the otoliths signal a pitch motion. The result is that the subject

feels confused and disturbed. The corresponding phenomenon occurs for a roll

movement of the head. The otoliths signal a roll and the semicircular canals signal

a pitch movement. This is called cross-coupled coriolis stimulation and usually

gives a strong and rapid reaction of motion sickness very fast (Guedry 1991a).

The interaction between signals from the two different kinds of receptors of the

vestibular organs has an everyday functional value. The function and contribution

of this interaction to the origin of motion sickness is an important area of research.

This applies above all to those who advocate the sensory conflict hypothesis

(Guedry 1991a).

3.4 The optimal estimator model for spatial orientation

In two papers, Borah et al (1989, 1979) have presented an optimal estimator

model for human spatial orientation. The model takes into account vision,

vestibular and proprioceptive information and assumes that the processing of the

spatial information of the CNS can be modelled as an optimal Kalman filter. As

Borah et al describe the spatial system and orientation in terms of control theory

and a state system, a brief introduction is perhaps appropriate.

A description of a state system and an observer model

An optimal estimator model is based on the assumption that all the necessary

information in a system can be described with a state space vector x. The system is

linear and can be described by a set of first-order differential equations. Then
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x= Ax, where x is an n-dimensional column vector, which represents the

state of the system, xis the first derivative of x. A has the

dimension (n x n).

The system S together with an input u which acts on the system through a matrix

B, an output signal y from the system through a matrix C and a (random) noise

signal n, (adding to the output) can be described as in Figure 9:

 

  

 

   

System S

e 0 Tre

u-; B C 1-4-- g go> 9
e o |_ L_

imput f noise Output
signals 4' A l pO
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Figure 9 Definition of a system S with an input signal u, noise added to the
output n, and an output signal y. After Oman (1982).

This system can also be described by the following equations:

x = Ax + Bu

y = Cx +n,

If the state of the system is inaccessible, it can be reconstructed by a state

estimator K. The estimated state of x is called x . This leads to:

&= Ai + Bu

The error of the system (y -y) can be judged by the difference:

y- Cx , (since if x= x, then y= Cx)

 

.....................................

: System S not seen
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Figure 10 A principle schematic of an observer K, which estimates the state of

the system. After Oman (1982).

One way of controlling the error is to feedback the system with the error signal.

Then
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&= Ai + Bu+ K(y-C%)

where K is a matrix. This is called an observer. The optimal observer or estimator

of a system is the Kalman filter, which minimises the error due to noise in the

system. For the solution of the Kalman filter and further information on control

theory, see textbooks such as Glad and Ljung (1989), Ljung and Glad (1995) and

Leigh (1992).

The Borah model

The model of Borah et al (1979, 1989) takes four types of spatial information into

account:

1. Vestibular (semicircular canals and otoliths)

2 Visual

3. Proprioceptive (modelled as vertical acceleration from the seat)

4 Proprioceptive (modelled as information from the head-neck muscles for

movements of the head in relation to the body), here called tactile.

The CNS is then modelled as a Kalman filter with assumptions on dynamics and

transfer functions of the sensors and also on noise statistics, see Figure 11.
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Figure 11 Multi-sensory model using a steady state Kalman filter to represent
neural central processing. After Borah et al (1989).

Two outputs of the model are shown in Figures 12 and 13. Figure 12 shows
several model responses to a combined visual field and moving platform yaw
rotation step. When no visual information is present (rotation in the dark), the
model angular velocity estimate shows a decay in perceived angular velocity. This
decay in angular velocity lags behind the semicircular canal response, which is in
accordance with the velocity storage hypothesis. When rotation is in the light and
with a stable visual field (RL) the perceived velocity is fairly accurate. When the
visual surround is fixed to the platform, so that the visual background gives no
indication of rotation, the response (RFF) is similar to rotation in the dark (RD).
When the visual surround alone is rotated without the subject being rotated, a
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sensation of rotation is induced called circularvection (CV) for about 10 seconds.

Normally a decay is observed in humans for this circularvection. Except for onset

of decay for the CV, the responses are quite similar to those observed

experimentally (Borah et al 1989).
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Figure 12 Model response to rotation of the subject and the visual

background. The model predictions show a build-up of circular-

vection (CV), decay of velocity sensation in the dark (RD) or with a

subject-fixed stationary field (RFF) and maintained motion

perception for rotation in the light with an earth-fixed field (RL).

After Borah et al (1989).

Figure 13 shows both the model response and an experimentally determined

subject response (Graybiel 1966) to a prolonged lateral acceleration. A prolonged

lateral acceleration is perceived as a tilt. Graybiel's data is taken from centrifuge

runs where the subjects are requested to hold a line parallel to the horizontal

plane. The subjects are seated, so that the centrifugal forces are received as a

lateral force.

Conclusion according to Borah et al (1989)

The model represents a naive human subject - such as a passenger in an aircraft -

who has no advance knowledge of the stimulus to be received or of the

characteristics of the vehicle. This model provides a reasonable understanding of

spatial orientation and has the following properties:

1. Fairly accurate perception of forward acceleration in the presence of

confirming visual clues.
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2. Fairly accurate perception of roll and pitch orientation changes as long as

clues are consistent.

3. Gradual acceptance of visual field linear velocity (linearvection) when there

is no platform motion.

4. Static tilt illusion accompanying circular vection about an earth-horizontal

ax1s.
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Figure 13 Tilt illusion after onset of 0.34 g (3.3 m/s) lateral acceleration.

The Graybiel (1966) data is taken from the centrifuge experiment

in which subjects were required to maintain a target line in what

they felt to be a horizontal position. After Borah et al (1989).
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4 Hypotheses concerning causes of motion

sickness

Today, there are at least three different hypotheses of the origin of motion

sickness, i.e. the hypothesis of overstimulation of the vestibular organs, the

sensory conflict hypothesis and the evolutionary hypothesis stating that motion

sickness is a toxic reaction provoked by motion. They are briefly described below.

4.1 Overstimulation of the vestibular organs

The overstimulation hypothesis states that motion sickness is an overstimulation

of the vestibular organs, primarily the otolith organs. This would then result in a

leakage of signals from the vestibular to the vomiting centre in the

brainstem and thus provoke motion sickness (de Wit 1956, Jongkees 1967).

Some experimental results concerning vertical motions may support this

hypothesis. Greater amplitudes or longer periods give a stronger reaction. One

example is the motion dose measure by Griffin (1990). Also tests with rotating

people in different directions lead to the conclusion that motion sickness is

influenced by the amount of stimulation to the different semicircular canals and

otolith organs (Guedry et al 1990)4.

On the other hand, this hypothesis cannot explain the adaptation to a provocative

motion environment and the tendency for motion sickness to return when the

provocative motions have ceased, as well as the fact that two mild stimuli such as

two simultaneous rotations (cross-coupled coriolis) are so provocative. Another

example is when sound and visual environment make the body believe it is

moving, although the vestibular organs cannot detect any motion (cinerama

effect).

4.2 The sensory conflict hypothesis

Reason (1970, 1974) formulated the first modern hypothesis, the so-called sensory

conflict hypothesis, which declares that in all situations where motion sickness is

provoked, there is a sensory conflict, not only between the signals from the eyes,

the vestibular organs and other receptors susceptible to motion but also that these

signals are in conflict with what is expected to be received by the CNS (Benson

1988). Oman (1982, 1988) tried to formulate this hypothesis in mathematical

terms, see Chapter 4.3.

Today, the neural mismatch hypothesis or the sensory conflict hypothesis is the

most established explanation for motion sickness. The sensory conflict hypothesis

was first formulated by Irwin (1881) and later by Claremont (1931). In its modern

form, it was formulated by Reason (1970, 1974, 1978), Reason and Brand (1975),

and Benson (1988) under the names of sensory conflict, sensory rearrangement

and neural mismatch models. The version by Reason from 1978 says:

 

4 Note: These authors Griffin (1990) and Guedry et al (1990) do not support the hypothesis of

overstimulation. We do not suggest a "vertical-canal-sickness" interpretation... Our vertical

canal stimuli introduced conflict (Guedry et al 1990).

23 KTH TRITA-FKT report 1996:39

VTI Meddelande 802A



Discomfort caused by low-frequency motions

"The first premuse is that all situations which provoke motion sickness are

characterised by a condition of sensory rearrangement in which the motion

signals transmitted by the eyes, the vestibular system and non-vestibular

proprioceptors are at variance one with another, and hence with what is

expected on the basis of previous transactions with the spatial environment".

"The second premise of this theory is that irrespective of what other spatial

senses are part of these conflicts, the vestibular system must be implicated,

either directly or indirectly (as in visually-induced sickness), for motion

sickness reactions to ensue" (Reason 1978, page 820).

A diagrammatic representation of the sensory conflict hypothesis is in Figure 14.
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Figure 14 Diagrammatic representation of the model of motion control,

motion detection and motion sickness according to the sensory

conflict hypothesis. From Benson (1988).

The central idea of this explanation model is that there is a comparator, which

compares registered motions and accelerations with those that the body expects to

feel. If these signals are not in accordance, the comparator sends out a so-called

mismatch signal. Normally, we use this mismatch signal in order to rapidly correct

our motion or position. However, if this mismatch signal is strong and continuous

(e.g. we are on a boat moving up and down by the waves, while the body still

expects to be on the ground) two things will happen:

1. The mismatch signal will change the internal model for expected signals (as

we adapt to the floating boat).

2. The mismatch signal will provoke a number of neural and hormonal answers

which together form the motion sickness syndrome (we suffer from motion

sickness) (Benson 1988).

KTH TRITA-FKT report 1996:39
VTI Meddelande 802A

24

 



Hypotheses concering causes of motion sickness

As the body changes (adapts) to the new internal picture of a specific motion

pattern, it will be subject to yet another motion sickness disorder when the

provocative motion ceases, see Figure 15.

 

Charateristic of

sensory input ---

and signal 'expected'

by neural store - - --

Magnitude of k

'mismatch' signal |

from the comparator

Typical A Atypical Typical

 

 

 

| | 1 .
Motion (familiar) motion motion motion

   

Figure 15 Example of adaptation of a severe change in the motion pattern of

the body. The atypical motion can be a sea voyage. From Benson

(1988).

The magnitude of the mismatch signal and the time with which a person adapts to

a new motion pattern are independent and individual. Consequently, certain

persons suffer easily from motion sickness while others are more resistant. The

adaptation time for the abnormal motion is independent of susceptibility to motion

sickness. Also the return back to normal situations is provocative (mal

débarquement). Normally, adaptation to the normal motion environment is faster

than adaptation to the abnormal motion.

Signals from vision, vestibular organs (semicircular canals and otoliths) or the

proprioceptive system may support the same or different information on the

movement of the body or body posture. If they are in accordance and agree with

the motions expected by the body and the motion patterns already stored, there is

no sensory conflict and we do not suffer from motion sickness. If the information

from the different sensory channels does not agree, there is a potential risk of

motion sickness. The sensory conflicts can be classified depending on the

conflicting organs or information (Benson 1988, Guedry 1991a), see Table 3.
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Table 3 Classification of sensory conflicts. Adapted from Benson (1988)

and Guedry (1991a).

Type Visual (A) / Vestibular Angular acceleration Vestibular (A) /

(B) mismatch (semicircular canals) (A) / Proprioceptor

linear oscillation (otoliths) (B) mismatch

(B) mismatch

Type 1

(A) and (B) Reading hand-held map Cross-coupled (Coriolis) Phase difference

simultaneously or text in turbulent flight stimulation. Head during low

contradictory movement during rotation frequency vertical

information Inspection through about another axis oscillation

binoculars of ground or

aerial targets from Head movement in After-effect of

moving aircraft abnormal force sustained

environment (hypo- or ambulatory turn

hyper-gravity or fluctuating

linear oscillations)

Type 2a

(A) signal Simulator sickness Space sickness (head Sudden stop test

without (fixed seat against visual movement in weightless

expected (B) background) environment) Turning point

signal zone during low

Pressure (alternobaric) frequency high

vertigo peak velocity

angular oscillation

Type 2b

(B) signal Looking around inside Low-frequency (<0.5 Hz)

without aircraft when exposed to linear oscillation

expected (A) motion

signal Rotation about non-vertical

ax1s
  

The conditions that involve only motion, is then the otolith and semicircular

canals disagree regarding the motion involved. These stimulations are head

motions during rotation about another axis, low frequency (below 0.5 Hz) linear

and rotation about a non-vertical axis. All others involve contradictory

information from either vision or the proprioceptive system.
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4.3 The Oman control theory approach

An heuristic mathematical

model for the dynamics of

the sensory conflict and

evaluation of motion

sickness has been presented

in two papers by Oman

(1982, 1988). The model is

partly based on the optimal

estimator model from Borah

et al (1979, 1989). Oman

makes an analogue to an

observer control of vehicle

orientation, see Figure 16.

The vehicle has to be

controlled despite noisy

orientation sensors and

exogenous forces. A state

feedback, with an observer

for estimating states which

are not measured, is
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Figure 16 Engineering use of an observer to control

vehicle orientation. Solid arrows represent

multi-dimensional vector quantities. From

Oman (1988).

probably required for controlling the vehicle.

Figure 17 shows a mathematical model for sensory conflict and movement control

based on observer theory. The structure resembles and parallels the structure in

Figure 16.

The CNS must infer the

body's orientation and

control the body's

movement using a limited

set of noisy sensory

signals. Incoming sensory

inputs are compared with

estimated signals and the

difference is used for

maintaining a correct

spatial orientation estimate

as shown in Figure 16. The

estimated orientation is

used for controlling the

body and its movements

and is detected through the

sensory organs and

compared once again.

The internal CNS dynamic

models are the differential

equations describing the
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Figure 17 A mathematical model for the sensory conflict

and movement control based on observer theory

from Oman (1982, 1988).

dynamics of body and sense organs. Based on knowledge of the muscle
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commands, the internal model equations are used to compute an estimated

orientation state vector, which determines new muscle commands based on

control strategy rules. Simultaneously, the estimated state is used by the CNS

model for the sense organs to compute the responses from the organs. Normally,

the expected signals almost cancel the input signals from the sensory organs, but

when they do not, the difference (the sensory conflict vector) is used to steer the

model prediction toward reality and indirectly to trigger corrective muscle

commands. These functions represent a critical functional role in daily life.

"Clearly, we need not postulate that the sensory conflict signals exist just to make

people sick" (Oman 1988).

A model for estimating of the severity of motion sickness is found in Figure 18.

The sensory conflict signals from Figure 17 are rectified, frequency weighted and

added together. The resulting signal may be referred as the neural mismatch signal

to correspond to Reason's (1978) model.
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Figure 18 Schematic figure of revised model for nausea path symptom

dynamics. From Oman (1988). (CTZ = chemical trigger zone, GI =

gastrointestinal).

The neural mismatch signals act through two parallel pathways with fast and slow

dynamics. The signals from the two pathways are added together and after passing

through a threshold and power law, an estimate of nausea magnitude is made. In

this model, susceptibility to motion sickness is determined not only by the degree

of sensory conflict produced but also b the gains of the fast and slow pathway,

time constants and nausea threshold (Oman 1988).

The conclusion by Oman (1988) is that this model captures many of the known

properties of motion sickness in at least a semiquantitative fashion. However, the

model has certain limitations. The model is linear and describes the CNS as an

observer, but some of the sensory information is probably evaluated in a non-
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linear way. Also, the model cannot predict the adaptation process.

4.4 An evolutionary hypothesis

The sensory conflict hypothesis was criticised by Treisman (1977) and this

critique was further developed by e.g. Money and Cheung (1982) and Money

(1991). Money (1991) declares that the sensory conflict hypothesis cannot explain

why a conflict between signals from the vestibular organs, vision and other motion

receptors causes motion sickness but not deep inhalation, blowing of the nose or

any other reaction, or why a person with non-functioning vestibular organs does

not suffer from motion sickness.

Treisman (1977) suggested an evolutionary explanation of the motion sickness

syndrome. Treisman and his followers meant that motion sickness has no survival

value, rather the contrary. For a person in a lifeboat, for example, motion sickness

greatly increases the difficulty of surviving. Why should an otherwise healthy

animal vomit when exposed to certain types of motion?

According to Triesman, (1977) the body maintains three spatial reference systems

originating from the eyes, vestibular organs and proprioceptive system. These are

continuously evaluated, compared and calibrated with one another. Treisman's

first suggestion followed from this analysis.

The trigger for motion sickness consists not of the movement but from the

occurrence of repeated challenges to predetermine the relations of the head-

eye or head-body or both systems. This suggestion is similar to that of the

sensory conflict hypothesis but differs in that the trigger seems to lie not in

the conflict between the present pattern of input and past experience, but in

the occurrence of a situation where two closely coupled spatial reference

systems must both be consulted continuously and in parallel in order to

perform a motor task (which may be the control of eye position) where

irregular or unpredictable perturbations are introduced into the previously

established correlation between the two systems (Treisman 1977).

Under evolutionary pressure, every species must develop means of protecting

itself from ingesting toxins. Treisman's second suggestion is that this delicate and

continuously working system is an ideal warning system for early central effects

of neurotoxins. Unfortunately, this system responds to certain types of motions.

Money (1991) puts it quite directly by saying: "Motion sickness is possibly the

purest and simplest poison response available for study, because it can be

produced for study without the complication presence of a poison". All the signs

and symptoms of motion sickness are aimed at lowering the effect of that poison,

from yawning, pallor, salivation, drowsiness to the degree extreme reaction of

emptying the stomach.

A support for this hypothesis (according to Treisman 1977, Money 1991) is the

observation that if the vestibular system is destroyed or if the eighth cranial nerves

are cut, no motion sickness is found. A further observation is that if the movement

of the head is constrained, for example by a strap, the degree of motion sickness

decreases. This points to the importance of the co-ordination of the vestibular and

proprioceptive signals. Money (1970) has found that the movements of the head
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relative to the body caused by motions of a vehicle are larger in persons who are

more susceptible to motion sickness. There is also evidence for the importance of

the eye-head system. Movement of the vision framework without movement of the

body can cause sickness (Treisman 1977).

Another curious observation is that infants and young puppies appear not to be

susceptible. This is consistent with this hypothesis since young mammals are fed

on milk which is unlikely to be toxic and that they are also carried around with

sudden and random (unpredictable) movements (Treisman 1977).

KTH TRITA-FKT report 1996:39 30

VTI Meddelande 802A



5 Symptoms of and susceptibility to motion

sickness

The most common symptoms in motion sickness are: yawning, perspiration,

pallor, awareness of the stomach, headache, fatigue, dizziness, and finally if the

motion is sufficiently provocative, retching or vomiting (Graybiel et al 1968,

Money 1970, Money 1991, Lawther and Griffin 1989, Griffin 1990).

5.1 Graybiel's scale

Graybiel et al (1968) suggested a classification scheme to test the severity of

motion sickness as shown in Table 4 and Table 5. It gives the researcher a

(common) scale for comparison from slight malaise (MI) to frank sickness (S).

 

 

Table 4 Diagnostic categorisation of different levels of the severity of acute

motion sickness, as defined by Graybiel et al (1968).

Category Pathognomonic Major Minor Minimal Additional

16 points 8 points 4 points 2 points qualifying

symptoms

1 point

Nausea Vomiting or Nausea II, Nausea I Epigastric Epigastric

syndrome retching H discomfort awareness

Skin colour - Pallor III Pallor II_ Pallor I Flushing

Cold - HH |H I -

sweating

Increased - II HI I -

salivation

Drowsiness - UWI II I -

Pain - - - - Headache

Central - - - - Dizziness:

nervous Eyes closed 2 II,

system Eyes open III  
Remarks: III = severe or marked, II = moderate and I = slight.

Points accumulated from Table 4 above are used in Table 5 below to determine

the relevant degree of motion sickness severity.

Levels of severity of acute motion sickness as defined by Graybiel

 

 

  

Table 5

et al (1968).

Points Level of severity Sickness Category

> 16 Frank sickness S

8 - 15 Severe Malaise M III

5 - 7 Moderate Malaise A M IA

3 - 4 Moderate Malaise B M IIB

1 - 2 Slight Malaise M I
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Symptom Score

A score of motion symptoms based on Graybiel's scale is used by Turner (1993)

with the following equation:

Symptom score (SS) = X (hot*1) + (headache*1) + (pallor*2) + (salivation

+ (drowsiness*2) + (dizziness*2) + (nausea*3) +

(vomiting*4)

A value of 1 is substituted into the equation if a symptom is experienced,

otherwise 0. SS has the range from 0 (no motion sickness) to 17 (severe motion

sickness).

A problem occurs with SS if the subject is report only the highest experienced

symptom, for example vomiting (= 4), which has the same SS as if the subject

feels pallor and salivation (= 2+2 = 4). Graybiel's scale gives vomiting 16 points

(= frank sickness) but pallor and salivation from 2 to 8 points depending on the

severity of the symptom.

Illness rating

Another method, or a complement to Graybiel's scale or SS, is for the subjects to

rate their well-being themselves. Lawther and Griffin (1987) used the following

rating scale for illness:

0 = "I felt all right",

1 = "I felt slightly unwell",

2 = "I felt quite il1",

3 = "I felt absolutely dreadful".

5.2 Other factors modifying motion sickness susceptibility

Based on the sensory hypothesis, a mismatch between perceived and expected

spatial orientation will initiate two processes - first, one that alters the adaptive

state of the individual and second, one that starts the accumulation process leading

to the sickness syndrome (Guedry 1991b). In turn, the adaptive state of the

individual depends upon first, the history of the motion exposure and second, how

the individual reacted to and has been shaped by the motions experienced. Figure

19 shows different factors influencing individual motion sickness susceptibility to

a particular motion stimulus (from Guedry 1991b). Adaptation achieved in a

motion environment depends upon the activity of the individual - what he/she has

been required to do or wants to do and tries to do. Adaptation to a motion

environment is different for a driver or a pilot than for a passenger. The exposure

to motion is not a simple accounting of the type of motion and the time of

exposure. It is complicated by the fact that the individual partially determines the

history and the history changes the individual (Guedry 1991b).

Psychological factors

According to Wendt (1948) and Guedry (1991b), the following psychological

factors in motion sickness can be distinguished from each other:

1. Expectation and suggestion. What the traveller has heard about motion

sickness in that particular form of transport and his own past experience.

2. The specific conditioning effects of past experience. Motion sickness in

cars, boats, etc. tends to condition nausea to whatever stimuli were present
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at the time. These include sights, sounds, odours and, most important, the

motion stimulus itself.

3. The specific habituation effects of past experiences. Experience normally

lessens susceptibility by elimination of the unexpected, leading to a more

correct estimate of the changes in motion sickness.

4. The effects of concurrent activity. Drivers infrequently become sick but

passengers become sick more often.

5. The effects of concurrent emotional state. Apprehension, fear, anxiety and

grief are often present when passengers become motion sick. Opposingly

emotional states of confidence, satisfaction and well-being are regarded as

preventing sickness (Guedry 1991b).
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Figure 19 Factors in individual susceptibility to motion sickness with specific

motion stimuli. From Guedry (1991b).

Age, gender and motion factors

Susceptibility to motion sickness varies considerably with age, gender and other

factors. Table 6 specifies various factors influencing susceptibility to motion

sickness.
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Table 6 Susceptibility to motion sickness caused by different factors, from

Kennedy and Frank (1986).

Factors Findings

Gender Men appear less susceptible

Age Younger than 18 months - virtually immune

2 years to puberty - high

Puberty to 21 years - decreasing

21 years to 50 - declining

Older than 50 - rapidly disappearing

Adaptation Repeated exposure invariably results in lessening

of symptoms

Head movements In most environments increase the symptoms

Motion regularity The more complex the motion, the more sickness
 

The role of different organs

Which organs and anatomical structures are necessary and what role do they play

in provoking motion sickness? See Table 7 below.

 

 

Table 7 Anatomical structures related to motion sickness, from Kennedy

and Frank (1986).

Structure Role

Vestibular apparatus Probably required

Visual apparatus Important, but not necessary

Intestines (viscera) Definitely not necessary

Proprioceptive afferents Not known

Visual afferents Not known

Peripheral afferents Important, but perhaps not necessary

Vestibular nucle1 Probably necessary

Cerebrum Not necessary

Limbic system Speculatively related
  

According to Table 7 above, the vestibular organs are certainly necessary for

motion sickness but perhaps not the visual impressions. The visual impression

may play an important role in causing motion sickness, e.g. in the cinerama effect

or in a stationary simulator with a moving picture.

The role of controllability in motion sickness

Rolnik and Lubow (1991) performed a well designed study to determine whether a

person who has some control over a motion is less susceptible to motion sickness

than a person who has none. Two subjects were placed in the same two-seated

rotating device and connected by a head yoke to ensure that they both had the

same motion stimulus. One of the subjects was able to control the direction of

rotation, its velocity and the rate of deceleration for stops. This subject also

controlled the head movements. Maximum rotation speed was 11 rpm = 66 °/s.

The results showed that the group of subjects controlling the situation showed

significantly less symptoms (average 1.7) than the group without control (average

2.3). The scale used was the average of the ratings on a five-grade scale for the
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following symptoms: headache and fatigue, cold sweat, disorientation, dizziness,

nausea and need to vomit.

Motion sickness susceptibility and aerobic fitness

Seven male and four female subjects were tested for motion sickness susceptibility

before and after an 8-week aerobic fitness training program in a study by Cheung

et al (1990). The subjects showed significant improvements in aerobic power and

endurance capacity and a significant decrease in percentage body fat. However,

the motion sickness susceptibility increased significantly and furthermore the

subjects who had high susceptibility to motion sickness in the pre-test had

significantly higher susceptibility in the post-test.

Magnitude estimation method

Bock and Oman (1982) tried to evaluate a method for magnitude estimation of

subjective discomfort in motion sickness which was intended to produce a ratio

scale. In the study, the method was applied to document the time course of

discomfort produced by a controlled nauseogenic stimulus, thus permitting an

evaluation of dynamic characteristics of subjective discomfort. The stimulus used

consisted of goggles with inverted and/or left-right reversed vision. Subjects were

trained with the goggles on, and after repeated experiences of different levels of

discomfort, they were told to remember a specific level as I0 and rate all other

levels with respect to this level. The results were that all eight subjects had no

difficulty in estimating the magnitude of their subjective discomfort. Most

subjects chose to report their scores with a resolution of 0.5. Six of the subjects

changed their anchoring discomfort reference sensation from I0 to 5 to be

consistent with their later reports.

The conclusion of Bock and Oman was that the subjects had no difficulties with a

magnitude estimation of discomfort regarding the motion sickness, after they had

anchored their reference points.

5.3 Stott's rules

In an attempt to provide simplifying principles containing many characteristics of

motion stimuli that provoke sickness, Stott (1986) suggested some rules that the

brain uses in evaluation of match/mismatch, based on the fact that in most cases in

normal life the visual scene is stable and gravity does not change in direction or

intensity:

1. Visual - vestibular interaction: Angular motion of the head in one direction

must result in angular motion of the external visual scene to the same extent

in the opposite direction. A similar relationship exists for linear motion.

2. Canal - otolith interaction: Rotation of the head, other than in the horizontal

plane, must be accompanied by an appropriate angular change in the

direction of linear acceleration due to gravity.
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3. Utricle - saccule® interaction: Any sustained linear acceleration is due to

gravity, has an intensity of 1 g (9.81 m/s") and defines downwards (Stott

1986).

For vehicles that normally have roll motions (aeroplanes, tilting trains, proposed

magnetic levitation vehicles, etc.) when taking a curve, the passengers normally

have few visual clues in accompanying the roll motion when looking around

inside the cabin, and the first rule probably applies. Even if the passenger does not

sense the roll motion and finds that the expected horizontal plane is not horizontal

when looking outside the vehicle, a sensory mismatch may occur, provoking

motion sickness symptoms. The opposite is a rider on a motorcycle, who has

strong visual clues when making a roll motion while taking a curve.

 

° Utricle and saccule are the names of the two otolith organs in each inner ear. The utricle

measures mostly accelerations in the head's vertical plane (z) and the saccule in the head's

horizontal (x, y) plane.
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6 Studies of interaction between motion and

motion sickness

The most basic research in this area is to find out the interaction between motion

and motion sickness. What investigations have been done and what remains to

next generation of researchers?

6.1 Single sinusoidal vertical oscillation

The influence of sinusoidal vertical oscillation has been studied by O'Hanlon and

McCauley (1973) and McCauley et al (1976). O'Hanlon and McCauley proposed

a mathematical model, which McCauley et al tested and for which they

subsequently proposed a refinement. McCauley et al made three studies: motion

sickness incidence (MSI) from vertical oscillations with pitch and roll, habituation

to motion sickness through daily exposure, and MSI from vertical oscillations at

relatively high frequencies. They also proposed a refined mathematical model for

predicting MSI from the effects of vertical sinusoidal accelerations. Of these, the

first study and the mathematical model are of most interest.

The first study used 325 male college students in 15 experimental conditions of

motion (6 pitch and vertical oscillation conditions, 6 roll and vertical oscillation

conditions and 3 control conditions; pitch only, roll only and vertical oscillation

only). The chosen pitch and roll frequencies were 0.115, 0.230 and 0.345 Hz

together with three levels of rms angular accelerations (5.5, 16.7 and 33.3 °/sz).

The vertical oscillation had a frequency of 0.25 Hz, an rms acceleration level of

0.11 g (1.1 111/52) and a total displacement of 0.63 m. This motion was predicted to

give a moderate MSI of 25% in 2 hours according to an earlier model (O'Hanlon

and McCauley 1973).

The results showed that the vertical oscillation only produced 31% MSI

(compared with a predicted 25% MSI) whereas the pitch only motion produced

9% MSI and the roll only motion produced 0% MSI. However, there was no

significant additional influence on MSI for the conditions of mixed vertical and

angular motions. The overall average MSI for pitch and vertical oscillation was

34% and the corresponding MSI for roll and vertical oscillation was 31%. Both

are very close to the control condition (vertical oscillation only) with an MSI of

31%.

Mathematical model

McCauley et al (1976) also proposed a mathematical model and refinement of an

earlier model (O'Hanlon and McCauley 1973). Their mathematical model is rather

complex with a two-dimensional normal distribution (P), see Figure 20 for the

shape of the predicted MSI and experimental datapoints. The equation for the

mathematical model is:

108 19 4 10819 ! 2 2
Must - 100 ee -1_ {x uam] _2p[x ua(f)]£> u,]+(> u,] didy =

27tGaGM/l p2 Loo -co 2(l p~) O a O a O , O,

= 100 P(a, ?) [%]
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where a represents vertical acceleration, and 0, p and u are parameters with values

determined empirically from the data. The value of u,(f) is given as a quadratic

function of the logarithm of the frequency, with a maximum at about 0.17 Hz, see

the equation below:

L. (f) = 0.97 + 4.36 log f+ 2.73 (log f)° (McCauley et al 1976).
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   Figure 20 Incidence of motion sickness (MSI) as a function of exposure tovarious magnitudes and frequencies of vertical oscillationaccording to both the model and experimental data (2h exposuresto vertical sinusoidal motion). On the x-axis frequency (0 - 0.7 Hz)is shown, on the y-axis vertical acceleration (0 - 0.555 g rms) andon the z-axis MSI (0 - 80%). From McCauley et al (1976).Simplified modelLawther and Griffin (1987) put together both their own data (Lawther and Griffin1986), data from McCauley et al (1976) and data from Alexander (1947) toproduce a model by which the incidence of motion sickness may be predictedfrom measurement of the exposure of vertical accelerations only, see Figure 21.Lawther and Griffin's model proposed a motion dose concept (MSDVqz)®:TMSDV;= (| al (nar), [m/s *](0
 © MSDV, = Motion Sickness Dose Value (vertical accelerations).KTH TRITA-FKT report 1996:39 38VTI Meddelande 802A
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where ay(t) is the frequency weighted vertical acceleration" and T is the duration

of the journey in seconds. A simple linear approximation of the data in Figure 20

would give:

The percentage of persons who may vomit = K,, * MSDV7z [%]

where K,, = 1/3 (ISO 1995). The percentage of persons who may vomit is the

same as vomiting incidence (VI, Griffin 1990) and motion sickness incidence

(MSI, McCauley et al 1976) This method of predicting MSI is now approved as an

international standard (ISO 1995, BSI 1987). See also Appendix D.
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Figure 21 Relation between the vertical motion dose and MSI calculatedfrom
the laboratory experiments by Alexander et al (1947), McCauley et
al (1976) and the sea trials by Lawther and Griffin (1986). From
Griffin (1990).

The differences between these two models (McCauley et al 1976, Lawther and
Griffin 1987) are shown in Figures 22 - 24. As Lawther and Griffin pointed out,
these graphs show an overall agreement in predictions. The disparities appear
small when compared to the general scatter of data, on which these models are
based.

 
" The weighting filter is shown in Appendix D.
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Figure 22 MSI predictions for exposures of 60 min at 1 m/s using the models

of (A) McCauley et al (1976) and (B) Lawther and Griffin (1987).
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Figure 23 MSI predictions for exposures of 60 min at 0.2 Hz using the models

of (A) McCauley et al (1976) and (B) Lawther and Griffin (1987).
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Figure 24 MSI predictions for exposures of 1 m/s' rms at 0.2 Hz using the

models of (A) McCauley et al (1976) and (B) Lawther and Griffin

(1987).
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6.2 Complex periodic vertical oscillations

Guignard and McCauley (1982) continued the work from McCauley et al (1976)

and took a further step from one sinusoidal vertical stimulus to two simultaneous

sinusoidal vertical oscillations which differed in frequency, phase and amplitude.

In the experiment, 188 young males were tested in five conditions. The

experiment used two vertical oscillations consisting of a fundamental component

of 0.17 Hz and either, the second harmonic (0.33 Hz) or the third harmonic (0.50

Hz) was added with different amplitudes and phase angles added to the

fundamental oscillation. The vertical oscillation used of 0.17 Hz was earlier found

(McCauley et al 1976) to be the most provocative frequency of motion sickness.

The five conditions are defined in Table 8 together with expected and resulting

MSI.

Table 8 Design parameter values of the five motion conditions, predicted

MSI associated with each sine wave independently and MSI results.

From Guignard and McCauley (1982).

 

 

 

Motion condition / I II III IV V

Motion parameters

FUNDAMENTAL

Freq. [Hz] 0.17 0.17 0.17 0.17 0.17

Ace [m/s] rms 1.3 1.3 1.3 1.3 0.07

HARMONIC - (2nd) (2nd) (3rd) (2nd)

Freq. [Hz] - 0.33 0.33 0.50 0.33

Ace [m/s] rms - OJ3 043 0.31. 0.23

Phase angle [°] ~ 0 90 0 0

TOTAL ACC [m/s) rms 0.13 0.19 0.19 0.33 0.24

PREDICTED MSI

(after 2 h)

Fundamental alone 40% 40% 40% 40% 20%

Harmonic alone - 20% 20% 20% 40%

SUBJECTS (number of) 32 32 31 31 32

RESULT MSI (after 2 h) 50% 50% 65% 68% 78%
 
Remark: i Nominal values predicted on the basis of previous single-frequency research and

mathematical model (O'Hanlon and McCauley 1974).

The results showed that only condition V was significantly different from control

condition I (the second harmonic was predicted to have an MSI of 40% and the

fundamental an MSI of 20%). However, a more realistic way of evaluating these

results is not just exam them after 2 h acceleration but to make a cumulative mean

symptom rating as in Figure 25. In this figure, the mean rating on a six-grade scale

was used (1 = no symptoms, 5 = severe nausea and 6 = vomited). Note the almost

linear increase in the mean rating with the logarithm of time scale, up to an

exposure of 60 - 70 min. After this period the mean values are almost constant.

The ranking between the five conditions is nearly the same for the whole period of

exposure except for conditions III and IV.

In their investigation, Guignard and McCauley conclude that an MSI model based

solely on incidences observed as a function of frequency and rms acceleration for
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sinusoidal motion is not reliably predictive of MSI due to complex motions in the

real world.
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Figure 25 Cumulative mean symptom rating as a function of exposure
duration to complex vertical oscillations, with a score of 6 assigned
after vomiting. Observe the logarithmic time scale. From Guignard
and McCauley (1982).

6.3 Angular motions with various physical stimuli

Griffin (1991a) has made an extensive review of studies concerning the influence
of different types of motion (rotational, linear and pendular) on motion sickness.

One of his conclusions is that no substantial study concerning horizontal
oscillations has yet been published.

Angular motion and visual clues

The effects of a visual reference and an artificial horizon during angular (roll and

pitch) movements in a moving room have been studied by Rolnick and Bles
(1989). According to Money (1970), appropriate use of visual information can
reduce motion sickness by 50% to 90%. Seasickness is less on the ship's bridge
than below deck, despite generally larger movements on the bridge. Rolnick and
Bles tested the hypothesis that an artificial horizon or visual reference through the
windows (doors) might lessen motion sickness symptoms.
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Six males and six females (20 - 26 years old and not extremely susceptible to

motion sickness) conducted the experiment in a tilting room. The room was

capable of tilting a maximum of 10 degrees at a frequency of 0.025 Hz, 0.1 Hz or

a combination of these frequencies. The subjects sat diagonally in the tilting room

in order to experience simultaneous roll and pitch movements. They were asked to

perform head movements, different tracking and memory tasks. Three conditions

were tested; closed cabin (CC) (no visual reference from outside), artificial

horizon (AH) by a laser projected on the walls and open windows (W). The

subjects, performance and their well-being were measured. The experimental

design was a within subject type.

The results were that both conditions, AH and W, provoked significantly less

motion sickness symptoms, measured by the Graybiel scale (Graybiel et al 1968).

The subjects' performance in the test showed that the W condition was almost as

good as the no motion control test, and was followed by the AH and CC

conditions. The AH condition was successful in reducing motion sickness

symptoms but not in preventing a decrement of performance. This may be

explained by the fact that the AH did not provide an adequate visual illusion, and

some of the subjects felt that the projected line was tilting in the opposite direction

to the room tilt (Rolnick and Bles 1989).

Influence of reading a visual display and frequency of yaw oscillation

Natural whole-body movements, such as walking or running, produce complex

head oscillations with high frequency components that exceed the capability of the

visual tracking system, but the vestibular-ocular reflex (VOR), working in concert

with the visual system, provides the degree of eye stabilisation needed for

sustaining clear vision. The experiment of Guedry et al (1982) tested the negative

effects of this reflex, especially when the task is centred on displays (fixed relative

to the observer) on a rotational platform. In this circumstance, the reflex may force

the eyes relative to the display with two potentially unfavourable results -

degradation of vision and nausea.

Group 1 of 25 test subjects (6 females and 19 males, mean age 30 years) was

compared to group 2 of 51 males (mean age 25 years). Subjects, seated in the

centre of a rotation device, faced a 12 x 12 character matrix with a size of 165 x

165 mm. The visual angle was 12° and together with the white margins 17°.

During the test (duration about 300 s), the subjects were given commands for

locating 42 to 45 co-ordinates of the character matrix. Group 1 was exposed to

angular oscillations of 2.5 Hz in yaw with a peak angular velocity of + 20 °/s (+ 20

°/s* peak angular acceleration). Group 2 was exposed to angular oscillations of

0.02 Hz in yaw with peak angular velocity of *+ 155 °/s (+ 19.5 °/s* peak angular

acceleration).

Results showed that regarding visual performance, both groups were matched in

data retrieval both in stationary conditions (97% and 98 % respectively) and in

angular conditions (60% and 58%). Concerning motion sickness performance,

group 1 showed no symptoms of motion sickness while group 2 suffered severely.

12 % (6 subjects) had to abort the test. Mean ratings on a seven-grade scale (1 no

effect, 7 very strong effect) were 1.1 for the first group and 2.7 for the second.

Guedry et al (1982) report that this provoking effect was confirmed by other
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groups outside this experiment and it was also rated to be more provocative than a

Coriolis cross-coupled stimulus of 10 head movements of 45° during a whole-

body rotation at 90 °/s.

Linear and angular motion without visual clues

A large study of human perception, task performance and simulator sickness for

low-frequency horizontal linear and rotational vibration was conducted by Irwin

and Goto (1984). The study was carried out in a moving room to determine human

perception and manual dexterity performance in the frequency range of 0.02 - 10

Hz for both horizontal (lateral and longitudinal) accelerations and yaw rotations.

Altogether 68 males and 11 females in the age range 11 to 62 years were used in

the different test tasks. The test sessions lasted between 50 and 80 minutes

depending on the test undertaken and the subjects' responses. Subjects reported

that the vibration at frequencies below 1 Hz was more disturbing to them than the

vibration above 1 Hz regarding nausea and abdominal discomfort. On the other

hand, vibration above 1 Hz was more disturbing in the task performance on

average. During the task performance tests, a number of subjects felt nausea,

dizziness or sickness. Table 10 in Appendix E contains data on experimental

values for these subjects. It seems that combinations of yaw rotations and linear

motion are more provocative than a pure yaw motion.

Rotation about a non-vertical axis

Miller and Graybiel (1973) studied rotation about a non-vertical axis. They studied

four young Navy enlisted men to investigate the change in provocative effect of

varying the rate of rotation from 2.5 rpm to 45 rpm about a slight (10°) off vertical

axis. Using the velocity within the range of maximum effectiveness, the

relationship between motion sickness and varying degrees of off-vertical tilt from

2.5° to 25° was then measured. The experiment used a rotating chair on a tilting

platform. The measured variable was time to reach Malaise IA (MIIA, see the

Graybiel scale Table 4 and 5). A rotation within the range 15 - 20 rpm proved to

be most provocative, where all subjects reached MIA within 20 min. A rotation

of 17.5 rpm was then used in varying the tilt angle. The time to reach MIIA was

found to be inversely proportional to the logarithm of the tilt angle of the rotation

axis, see Figure 26.
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Figure 26 Time to reach Malaise IIA (MIIA) for the position off-vertical of the

rotational axis at 17.5 rpm (105 /s). Note the logarithmic scale on

axis position. From Miller and Graybiel (1973).

Whole-body oscillation in pitch, roll and yaw

A large study was carried out by Guedry et al (1990) with 75 young males testing

the vestibular responses and motion sickness during low frequency whole-body

sinusoidal oscillation about an earth-vertical axis. This was done by using

different head and body positions inside the Human Disorientation Device (HDD).

This device is capable of rotating human subjects with the head on the rotation

centre about either of two independently controlled orthogonal axes, one vertical,

the other horizontal. In this experiment, rotation was always about the vertical

axis: therefore the vestibular stimuli were delivered to maximise the semicircular

response and to minimise otolith interaction. The vestibular stimulus was

sinusoidal angular oscillation with a frequency of 0.04 Hz and with a peak

velocity of £ 120 °/s. Five conditions were tested, see text below and Figure 27:
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Condition I. Head y-axis was aligned with HDD vertical axis.

The test subject was placed in a right side-down lateral

position. Rotation of the HDD delivered a pitch stimulus to the

vertical semicircular canals with a minimal stimulation to the

horizontal canals.

Condition II. Subjects were placed in a normal upright seated

position with their heads flexed 20 degrees, so that a rotation

stimulus from HDD was in the plane of the horizontal

semicircular canals and minimised stimulation to the vertical

semicircular canals.

Condition III. Subjects were seated in a normal upright posture,

but they turned their heads (in yaw) 90° left and leaned forward

to a position of the head with the right ear down on a

horizontal pad. The rotation stimulus was received as a pitch

(about the y-axis of the head) but unlike condition 1 this

configuration also minimised the g-gradients on the lower parts

of the body.

Condition IV. The subjects were placed leaning 30° backward,

so that the horizontal semicircular canals were about 50° from

the plane of rotation. Rotation of HDD was received as a roll

stimulus with an approximately equivalent stimulation to both

the horizontal and vertical semicircular canals.

Condition V. The subjects were placed as in condition 4 but

leaned backward 60°. Rotation was received as a strong roll

stimulus to the vertical semicircular canals and a small

stimulus to the horizontal semicircular canals.

Motion sickness assessments were rated using two self rating

scales (SR-1, SR-2) and one observer rating scale (OR). SR-1

consisted of a magnitude scale of 1 -7 (1 = no feeling of

motion sickness and 7 = severe motion sickness, vomiting

imminent). Ratings were made before and after each of the five

4 min stimulation periods. SR-2 and OR were administered

using forms to be filled in after exiting the HDD. The results

are shown in Table 9.

 

 

Q20°

>
r
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 fFigure 27 Figuresillustrating thedifferent conditions.
Table 9 Mean motion sickness ratings, percentage aborting the tests andpercentage free of symptoms. From Guedry et al (1990).Condition / I [I III IV VRating 13.13 5.87 19.13 7.67 15.80SR-2 12.27 7.07 14.33 7.87 13.93OR 12.13 7.27 18.27 9.07 14.27Aborting [%] 20 0 47 7 27Symptom free [%] |25 47 13 47 20Number of subjects 15 15 15 15 15  Remark : (1) Probably summation of all eight self ratings.
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Conditions I, III and IV provoke motion sickness with significantly (p < 0.01)

higher ratings than conditions I and IV. The authors claim that the nauseogenic

properties of the pitch and roll stimuli are comparable to a 5-min period of

Coriolis cross-coupled stimulation comprising 10 head movements (45° pitch or

roll) made during 90 °/s whole-body rotation. The authors point out in their long

discussion that they do not suggest a vertical-canal-sickness. The magnitude of

angular acceleration in the experiment (30 /s") is far less than the magnitude

involved in normal everyday head movements and the peak angular velocity is

roughly the same as the peak velocity of natural head oscillation of 1 or 2 Hz.

However, the stimulus did not stimulate the otolith system and therefore created a

conflict situation. Normally, both pitch and roll head movements from a natural

upright posture trigger co-ordinated inputs from the vertical semicircular canals

and the otolith system. A corresponding tight coupling does not exist for yaw

rotation between the horizontal semicircular canals and the otoliths. The

conclusion by Guedry et al (1990) is that motion sickness is a by-product of the

onset of adaptation to conflicting sensory information on the body's state of

motion. They suggested that the intra-vestibular conflict served to provoke motion

sickness with the vertical canal stimulus in the experiment.

6.4 Ground-based transport

A few studies have been published on motion sickness in ground-based transport

such as buses (coaches), trains (tilting and non-tilting) and proposed magnetic

levitation vehicles. As background information from 1051 coach passengers, over

half of the passengers reported that they had had motion sickness at some stage

during their life: car sickness 36%, seasickness 27%, coach sickness 19%, air

sickness 9% and sickness in trains 4% (Turner 1993).

Rail transport

The following international studies have been published regarding comfort and

motion sickness in Japan: Urabe et al 1966, Koyanagi (1985), Ueno et al (1986),

Suzuki (1996) and Ohno (1996). Ueno et al and Ohno's papers describe

discomfort from motion sickness from tilting trains. All these authors were

researchers of RTR.

Bromberger (1996a, b) has quoted studies from SNCF and Griffin and compared

different levels of motion sickness on trains, aeroplanes, cars and boats. He also

quoted a French study of comfort and discomfort (symptoms of motion sickness)

on the TGV Duplex!". It seems that the motion of the upper deck on the TGV

Duplex may be provocative for motion sickness. In Swedish circumstances

Forstberg (1996) and Forstberg et al (1996) have published data on human

responses to tilt control strategies for car body compensation of lateral

acceleration. The results suggest that a moderate tilt compensation (about 55%)

for the lateral acceleration may lower the percentage of test subjects feeling

discomfort due to motion sickness. This is in line with BRR!" tests on the APT

 

8 Railway Technical Research Institute, Tokyo. Japan.

9 SNCF = French State Railways

'0 TGV = Train a Grande Vitesse. French high speed train. TGV Duplex has two levels.

'! BRR = British Rail Research
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train' where Harborough (1986a, b) concludes that 100 % car body tilt

compensation strongly provokes motion sickness and that a value of 70%

compensation of the lateral acceleration is less provocative. On the other hand, if

the tilt compensation is too low, comfort disturbances due to high lateral forces

and jerks may occur (Andersson and Nilstam 1984, Harborough 1986a, b).

Buses and coaches

In the road coach environment, Turner (1992, 1993) has made two investigations

on different coaches, first making a description of a low frequency environment

and second a survey of motion sickness. Turner (1993) administered 1051

questionnaires (52% male and 48% female) on 20 coach journeys. It was found

that 4.8% had felt dizziness, 10.1% nausea and 0.9% had vomited because of

motion sickness during the investigation. No clear differences were found for

motion sickness symptoms with respect to gender. Passengers sitting in the rear of

the coach had a limited view of the road ahead and they suffered more from

motion sickness. Facing backwards also increased the percentage of motion

sickness symptoms and illness rating.

Magnetic levitation (maglev) vehicles

In high speed, magnetically levitated systems, Sussman et al (1994) and Sussman

(1996) have made investigations of discomfort and possible motion sickness due

to vertical accelerations, roll angle and roll angle speed. The studies have been

conducted with an aeroplane travelling a supposed route on the ground uplifted in

the air. The conclusion from Sussman et al (1994) is that an estimated 5% of

potential passengers would hesitate to ride again if the bank angle is greater than

37° and the roll rate is greater than 9°/s for a single turn. For vertical accelerations

the limit for 5% dissatisfied passengers is estimated to +0.3g (3 m/s") and -0.2g (-

2 m/s"). Results concerning the nauseogenic effects for a series of curves for the

different proposed lines are being processed (Sussman 1996).

6.5 Other modes of transport

Motion sickness at sea (sea sickness) and in the air has been studied by many

authors (Irwin 1881, Alexander et al 1947, Stark 1980, Lawther and Griffin 1986,

1987, 1888a, 1988b, Lawther 1988, Griffin 1991b, AGARD 1991). There is

strong support that vertical accelerations in a frequency range of 0.1 - 0.5 Hz are

provocative for motion sickness (Griffin 1990, ISO 1995). Angular motion is of

less importance for provoking motion sickness (Griffin 1990).

Space travel is characterised by microgravity and there is nothing that resembles

up and down. Space travel can be highly provocative with an MSI of 30 % in the

Apollo programme, and 50 - 60% in the Skylab and Shuttle programmes. The

Soviet space programme has also reached an MSI of 40 - 60% (Reschke 1990,

Benson 1988, Crampton 1990).

 

!2 APT = Advanced Passenger Train. A test tilting train with a maximum speed of 250 km/h.
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6.6 Conclusion

Many modes of transport have varying problems with motion sickness. Train

travel seems to have had very few cases of nausea in the past. The survey by

Kaplan (1964), on the Baltimore and Ohio Railroad, had documented cases of

nausea in 485 passengers among a total of 371 261 passengers (0.13%). Of these

485 cases, 327 were women even though they were a minority of the passengers.

The highest rates of incidence occurred between 1 - 4 h from the start of the

journey.

Tilting trains may have raised this very low level of incidence of motion sickness,

but compared with other modes of transport it is still relatively low.
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7 Discussion

Many of the studies concerning motion sickness conducted so far have consisted

of experiments with a motion sickness incidence in the range 20 - 60% (O'Hanlon

and McCauley 1973, McCauley et al 1976). Also many of the studies have

evaluated the influence of vertical accelerations on MSI (Alexander et al 1947,

McCauley et al 1976, Lawther 1988, Lawther and Griffin 1987). The

mathematical models for predictions of MSI (McCauley et al 1976, Lawther and

Griffin 1987, ISO 1995) so far deal only with vertical accelerations and the

assumption that angular motions may have some influence (ISO 1995). Some of

these studies have typically had less than twenty test subjects. Most of the test

subjects have been healthy young males, which is far from the average population

travelling in trains, buses, cars and aeroplanes.

From a ground transportation point of view, these studies are of moderate interest.

The motion environments are characterised by much lower vertical accelerations

in the low frequency region, together with moderate or high levels of horizontal

(lateral and longitudinal) accelerations. Excessive levels of lateral accelerations

can be reduced by tilting the carbody or banking the vehicle. High levels of

angular roll velocity may cause comfort disturbances as well as high levels of

lateral acceleration and jerks (Andersson and Nilstam 1984, Harborough 1986a, b,

Sussman et al 1994). However, there is also evidence that high levels of roll

velocity and roll acceleration may cause nausea in motion sickness prone

passengers (Forstberg 1996, Forstberg et al 1996).

Studies by Guedry et al (1982, 1990) clearly show that low angular motions of

very low and low frequencies are capable of provoking motion sickness. The first

study by Guedry et al also shows that visual tasks in slow angular oscillations are

highly provocative. The positive influence of a visual reference and possibilities of

controlling the motion environment are pointed out by Rolnik and Lubow (1991)

and Rolnik and Bles (1989).

In tilting train motion environments, there may be a sensory conflict when

entering or leaving a full curve, i.e. on the transition curve. Normally when a

standing individual feels an angular roll and pitch motion, to control the posture it

may be necessary to take a step in the direction of falling. But instead, because of

a growing lateral acceleration in the opposite direction, a step may be required to

uphold the posture in the opposite direction of the first step. The visual clues

(when looking around inside the car body) do not support any of this opposite

posture information, which may lead to disparities. All of this may be confusing

and constitutes a possible sensory conflict, which may provoke symptoms of

motion sickness. There are also other possible explanations of stimuli and sensory

conflict provoking motion sickness symptoms in trains.

Future research in these fields will have to deal with much lower levels of

provoking stimuli to be able to establish models predicting motion sickness

symptoms for these transportation modes.
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Appendix A. Notations and general definitions

Adtranz

Afferent

AR

BR

BRR

BSI

CEN

CNS

Car body tilt

ABB Daimler-Benz Transportation, A global supplier of railway

equipment. In this report, Adtranz is the Swedish train

manufacturer, Adtranz Sweden, Viasteras.

Nervous pulses transmitted from a sensory organ to the CNS.

Amplitude ratio.

British Rail, London.

British Rail Research, Derby.

British Standards Institution, London.

European Committee for Standardization, Brussels.

Central nervous system.

See tilt

Circularvection See Vection.

Coriolis cross-coupled stimulus

dB, (db)

DIS

Efferent

Endolymph

ISO

Jerk, jolt

KFB

Kinetosis

KTH

Linearvection

After 60 s of whole-body rotation, head movements in pitch or

roll will produce a sensation of moving the head in the

perpendicular direction.

Decibel. The ratio between a signal power Ps, in relation to a

reference level Psp. dB = 20 log(Ps3; / P50).

Draft International Standard. A draft standard issued by ISO

and valid for two years.

Nervous pulses transmitted from the CNS to muscles or other

acting organs.

The fluid inside the semicircular canals and the otolith organs.

International Organization for Standardization, Geneva.

Jerk is the rate of change in lateral acceleration. In train

environment, jerk is associated with the change of lateral

acceleration in transition curves. Jolt is a sudden motion caused

by passing a switch or some track alignment fault, causing

comfort disturbances to the passengers. Both jerk and jolt are

filtered by a low-pass filter (typically 0.3 - 0.6 Hz) before

evaluation. Jerk is measured in [m/s®] and jolt in peak to peak

[m/sz] over a certain period of time (normally 2 s).

Swedish Transport and Communications Research Board,

Stockholm.

Motion sickness.

Kungliga Tekniska Higskolan. The Royal Institute of

Technology, Stockholm.

See Vection.

59 KTH TRITA-FKT report 1996:39
VTI Meddelande 802A



Discomfort caused by low-frequency motions

MSI (VIT)

RTRI

SJ

SS

Tilt

Transition curve

Motion Sickness Incidence (Vomiting Incidence). The

percentage of subjects vomiting in a particular circumstance.

Root mean square. A measure of signal power.

Railway Technical Research Institute, Tokyo.

Swedish State Railways, Stockholm.

Symptoms Score. SS = % (hot*1) + (headache*1) + (pallor*2) +

(salivation*2) + (drowsiness*2) + (dizziness*2) + (nausea*3) +

(vomiting*4). Turner (1993).

The concept of banking the car body in order to reduce the

experienced lateral acceleration in while travelling through a

curve.

The part of the railway track situated between the Tangent track

and the Full Curve with a constant radius.

Vection When moving visual fields induce a sensation of self-motion.

Visual self-motion sensation is roughly proportional to the

velocity of the peripheral visual field up to a saturation level.

The effectiveness of the stimulus is related to the spatial

frequency, contrast and resolution of visual field. The

circularvection and linearvection saturation levels are probably

dependent on the characteristics of the visual field but have been

estimated to be about 60 °/s and 1 m/s, respectively (Borah et al

1989).

VOR Vestibulo - Ocular Reflex. The interaction between the vestibular

system and eyes, where vestibular information directs the eyes

by means of a reflex. Enables stable vision in spite of

movements of the head.

VTI Swedish National Road and Transport Research Institute,

Linkoping.

Notations

f Frequency [Hz]

g Acceleration due to gravity, g = 9.81 [m/s*]

S Laplace variable

& Angular frequency [rad/s]
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Appendix B. A model for adaptation of the

semicircular canals to rotation
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Figure 28 Model for semicircular canal response to rotation. From Young

and Oman (1970).

According to Young and Oman (1970) the following model of semicircular

response can be proposed. The following notations are used:

&
L

q
a

-
<
.
m

-
<

J
n
Q

|

angular acceleration stimulus [rad/s*]

= position of endolymph (see Figure 28) [rad]

angle of cupula (see Figure 28) [rad]

= angular velocity of endolymph with respect to the skull [rad/s]

angular velocity of cupula [rad/s]

unit viscous damping torque, primarily, to cupula hydrodynamic drag

= stiffness torque moment of the cupula

moment of inertia of endolymph

the following equation can then be proposed

E+(x/0)E+(A/0)E = a(t)

The acceleration of endolymph is a second order response of the input angular

acceleration. The relation between the deflection of the cupula and rotation of the

endolymph is almost unity (Rr°/B)) = 1.0. See Figure 28. If R(t) is the response to

angular acceleration and W(?) is the cupula position at time 1, then

R = w(t) -(1/ mfg R(Ddt,

where t, is the time constant of adaptation.

For subjective adaptation, the following time constants can be used: T, = t, = 30 s.
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For a unit step of angular velocity (1 °/s) the difference between the subjective

estimation of angular velocity and cupula deflection is clearly seen in Figure 29.

Note that the subjective angular velocity is negative after about 22-23 seconds.

Experimental proof of this is shown in Figure 30.

 

 

 

 

 
 

 

p ar e o r r r rr r rre
1.2 |- o =

- [LO sec Velocity-Step Stimulus -

1.0 e

p- f 6 «--<
w Subjective Angular
g 0.8 |- Velocity (deg/sec) -

E |- -

~ o.6|- *
~
& - Cupulo Oeflection p(t) ed

rad (Second-Order Response)
6 0.4 _-
aU f- -
@
& 0.2 |- Nystagmus __

|__ Slow-Phase _
Velocity

o Secondary Nystagmus -~
wen

p p p p p p pp g L | 1 pO p f g f | N 1 1 1
ol 4 8 12 16 20 24 28 32 36 40 44 48

Time (sec)

   

Figure 29 Velocity step response of the model to a unit velocity step

(1 degree/s). Note the difference between cupula deflection and

subjective angular velocity. From Young and Oman (1970).
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Figure 30 Comparison of the adaptation model with experimental data for an

angular acceleration step of 1.5 degree/52. From Young and Oman

(1970).
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Appendix C. Frequency responses of the vestibular

system

Frequency response of the otoliths
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Figure 31 Transfer function from lateral acceleration to perceived lateral

acceleration or tilt angle according to Young and Meiry (1968).

In the revised linear model the

otoliths will act approximately as a

velocity transducer over a mid-

frequency range (0.2 < @ < 1.5 rad/s

or 0.03 < f < 0.24 Hz). The static

sensitivity is 0.4 for a lateral

acceleration (as stimulus) to a

perceived tilt angle (Young and

Meiry 1968, source for counterrolling

data was Kellogg 1967), see Figure

31.

The non-linear model assumed an

absolute threshold of approximately

0.005g (0.05 m/s), which fits the

data well (Young and Meiry 1968),

see Figure 32.
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Figure 32 Time for perception of a constant
linear acceleration for model and
experimental data. (Young and
Meiry 1968).
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Frequency response of the semicircular canals

 
 

Frequency response of the semicircular canals

Model by Fernandez

and Goldberg (1971)

adapted to man.
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Figure 33 Frequency response of semicircular canals according to Fernandez

and Goldberg (1971) and adapted to man. Simple model is without

adaptation and high frequency gain terms. From Mayne (1974).

The simplified model for the semicircular canals treats the response as a torsion

pendulum with a limit frequency determined by the dimension of surrounding

elements, the damping properties of the endolymph (Mayne 1974). See Figure 33.

The transfer functions for both the semicircular canals and the otoliths seem to be

non-linear and to contain phase delays. It is somewhat remarkable that the posture

system can cope with this information and still guide us so well without problems.
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Appendix D. Prediction of motion sickness due to

vertical motion

The latest draft of the international standard ISO 2631-1.2 (1995) Mechanical

vibration and shock - Evaluation of human exposure to whole-body vibration,

uses the motion dose concept from Griffin and Lawther (1987) under the name of

Motion Sickness Dose Value (MSDV,).

The definition of MSDV, (ISO 1995) is:

p 1/,

2 |.5
MSDVV =z {gawmmjl , [m/s ~]

where a,(t) is the frequency weighted vertical acceleration. The filtering

weighting curve w; is shown in Figure 34, T is the total time (in seconds) of

exposure.

The percentage of persons who may vomit = K,, * MSDV, [%)]

where K,, is a constant which may vary according to the exposed population.

However, for a mixed population of unadapted male and female adults, K,, =

1/3. These relationships are based on exposures to motion lasting from about

20 min to about 6 hours with a prevalence of vomiting varying up to about

70%.

Note: In some cases the percentage of persons who may vomit becomes

greater than indicated in the above formula when the weighted acceleration

exceeds 0.5 m/s" (ISO 2631-3,1995).

Lawther and Griffin (1987) also proposed a formula for predicting the average

well-being, i.e. the rating of feeling ill relative to a four-grade scale:

Illness rating = k * MSDV.,

where k = 1/50.

The illness rating has the following reference points:

0 = "I felt all right"

1 = "I felt slightly unwell"

2 = "I felt quite ill"

3 = "I felt absolutely dreadful"

(Griffin 1990, Lawther and Griffin 1987).
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Appendix F. Description of Figures and Tables

Figures

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

A conceptual model of factors possibly causing motion sickness. From Griffin

(1990).

The optic, vestibular and proprioceptive systems provide postural information

for central integration. A disturbance of any system at any level may cause

imbalance and dizziness. Modified from Henriksson et al (1972) and

Henriksson (1974).

The inner ear, showing the semicircular canals and otolith organs (utricle and

saccule). Inset figures illustrate planes of the semicircular canals and the x, y

and z head axes. Modified from Guedry (199 1a).

Angular acceleration, angular velocity and expected deflection of the cupula

during four stimulus patterns. Note the different time scales (Guedry 1974).

Frequency response of a semicircular canal. From Mayne (1974), based on

the model by Fernandez and Goldberg (1971).

Revised non-linear otolith model after Young and Meiry (1968).

Bode plot of transfer function for human otolith organs after Grant and Best

(1987). Upper curves show the response from the peripheral sensory cells and

lower curves show the response from the striolar cells.

Balancing a stick. Input is acceleration (u) and output is angle (v) of the stick.

Definition of a system S with an input signal u, noise added to the output n,

and an output signal y. After Oman (1982).

A principle schematic of an observer K, which estimates the state of the

system. After Oman (1982).

Multi-sensory model using a steady state Kalman filter to represent neural

central processing. After Borah et al (1989).

Model response to rotation of the subject and the visual background. The

model predictions show a build-up of circularvection (CV), decay of velocity

sensation in the dark (RD) or with a subject-fixed stationary field (RFF) and

maintained motion perception for rotation in the light with an earth-fixed field

(RL). After Borah et al (1989).

Tilt illusion after onset of 0.34 g (3.3 m/s*) lateral acceleration. The Graybiel

(1966) data is taken from the centrifuge experiment in which subjects were

required to maintain a target line in what they felt to be a horizontal position.

After Borah et al (1989).

Diagrammatic representation of the model of motion control, motion

detection and motion sickness according to the sensory conflict hypothesis.

From Benson (1988).

Example of adaptation of a severe change in the motion pattern of the body.

The atypical motion can be a sea voyage. From Benson (1988).

Engineering use of an observer to control vehicle orientation. Solid arrows

represent multi-dimensional vector quantities. From Oman (1988).

A mathematical model for the sensory conflict and movement control based

on observer theory from Oman (1982, 1988).

Schematic figure ofrevised model for nausea path symptom dynamics. From

Oman (1988). (CTZ = chemical trigger zone, GI = gastrointestinal).

Factors in individual susceptibility to motion sickness with specific motion

stimuli. From Guedry (1991b).
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Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Tables

Table 1

Table 2

Table 3

Table 4

Incidence of motion sickness (MSI) as a function of exposure to various

magnitudes and frequencies of vertical oscillation according to both the

model and experimental data (2h exposures to vertical sinusoidal motion). On

the x-axis frequency (0 - 0.7 Hz) is shown, on the y-axis vertical acceleration

(0 - 0.555 g rms) and on the z-axis MSI (0 - 80%). From McCauley et al

(1976).

Relation between the vertical motion dose and MSI calculated from the

laboratory experiments by Alexander et al (1947), McCauley et al (1976) and

the sea trials by Lawther and Griffin (1986). From Griffin (1990).

MSI predictions for exposures of 60 min at 1 m/s" using the models of (A)

McCauley et al (1976) and (B) Lawther and Griffin (1987).

MSI predictions for exposures of 60 min at 0.2 Hz using the models of (¥)

McCauley et al (1976) and (B) Lawther and Griffin (1987).

MSI predictions for exposures of 1 m/s" rms at 0.2 Hz using the models of

(A) McCauley et al (1976) and (B) Lawther and Griffin (1987).

Cumulative mean symptom rating as a function of exposure duration to

complex vertical oscillations, with a score of 6 assigned after vomiting.

Observe the logarithmic time scale. From Guignard and McCauley (1982).

Time to reach Malaise IIA (MIIA) for the position off-vertical of the

rotational axis at 17.5 rpm (105 °/s). Note the logarithmic scale on axis

position. From Miller and Graybiel (1973).

Figures illustrating the different conditions.

Model for semicircular canal response to rotation. From Young and Oman

(1970).

Velocity step response of the model to a unit velocity step (1 degree/s). Note

the difference between cupula deflection and subjective angular velocity.

From Young and Oman (1970).

Comparison of the adaptation model with experimental data for an angular

acceleration step of 1.5 degree/52. From Young and Oman (1970).

Transfer function from lateral acceleration to perceived lateral acceleration or
tilt angle according to Young and Meiry (1968).

Time for perception of a constant linear acceleration for model and
experimental data. (Young and Meiry 1968).

Frequency response of semicircular canals according to Fernandez and

Goldberg (1971) and adapted to man. Simple model 1s without adaptation and

high frequency gain terms. From Mayne (1974).

Weighting curves for evaluating ride comfort and predicting MSDV, (ISO

1995).

Examples of environments, activities or devices which can cause motion

sickness, according to Griffin (1990).

Findings from different reports concerning symptoms of motion sickness from

different modes oftransportation are put together. Note that sources differ in

definition of categories and subjects. The values are given in different

contexts and cannot be simply compared. They are shown here for a brief
estimation of the variation of motion sickness severity.

Classification of sensory conflicts. Adapted from Benson (1988) and Guedry
(199 1a).

Diagnostic categorisation of different levels of the severity of acute motion

sickness, as defined by Graybiel et al (1968).
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Table 5 Levels of severity of acute motion sickness as defined by Graybiel et al

(1968). 31

Table 6 Susceptibility to motion sickness caused by different factors, from Kennedy

and Frank (1986). 34

Table 7 Anatomical structures related to motion sickness, from Kennedy and Frank

(1986). 34

Table 8 Design parameter values of the five motion conditions, predicted MSI

associated with each sine wave independently and MSI results. From

Guignard and McCauley (1982). 41

Table 9 Mean motion sickness ratings, percentage aborting the tests and percentage

free of symptoms. From Guedry et al (1990). 46

Table 10 Summary of nausea and motion sickness experienced by subjects in the

moving room. From Irwin and Goto (1984). 67
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