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Abstract.

BACKGROUND: Motion sickness may reduce passenger comfort and crew performance. Countermeasures are dominated by
medication with specific and often undesirable side effects.

OBJECTIVE: To shown that sickness due to motion can be reduced by adding an inherent non-sickening vibration and by
mental distraction.

METHODS: Eighteen blindfolded subjects were exposed to 20 minutes of off-vertical axis rotation (OVAR). Vibration was
added by means of a head rest. Effects of OVAR and vibration were tested separately and in combination, while the subjects were
performing an audio letter memorising task. This task was absent to test the effect of mental distraction. Effects were quantified
by rating subjective misery and objective task performance.

RESULTS: Sixteen subjects completed the experiment and showed in mutual comparable conditions that head vibration reduced
the amount of sickness by 25%, the mental distraction did so by 19%, and the combined effect resulted in a reduction of 39%.
Their task performance decreased with increasing sickness.

CONCLUSION: Sickness due to low-frequency motion can be reduced by adding a high-frequency vibration and by mental
distraction. The effect of vibration can be understood by assuming an internal model used by the central nervous system to
optimise the control of body motion.

Keywords: Motion sickness, nausea, vibration, performance, mental distraction

1. Introduction Although medication has been proven to be ef-
fective in a large number of conditions [46l60] it is
not always the desired countermeasure due to a num-
ber of side effects such as a dry mouth and drowsi-
ness, the latter also affecting task performance. Apart
from synthetic drugs, ginger, not having the mentioned
side effects, seems to be effective too [28l45]. Al-
though cognitive and biofeedback methods, includ-
ing that using controlled breathing and listening to
(pleasant) music have also been shown to be effective

With varying susceptibility, most people suffer from
motion sickness in some way [54, pp. 38-54]. This
not only concerns physical motion in different envi-
ronments [17123130042-4462l63]], but also visual mo-
tion [20439]. People without organs of balance have
been shown to be insensitive to both physical [35/49]
as well as visual motion [[15[], although some sick-

ness in labyrinthine defective patients cannot be ruled against motion sickness, these methods require a form
out [36]. While motion sickness is mostly considered of training and/or attention during the motion expo-
a comfort issue, it also affects task performance [4/10} sure [18/37/38140/61164165]). Other incidental publica-
49|, thus not only being a luxury factor, but an eco- tions report on the beneficial effects of viewing an ar-
nomic factor as well. tificial horizon [S7], viewing a more complex artificial
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3D Earth-fixed frame of reference, possibly includ-
ing an anticipatory trajectory [22l33], applying stro-
boscopic vision [33], or lowering the environmental
temperature [47]. The effect of acupressure or elec-
trical acustimulation still remains doubtful [2]14]. In
conclusion there does not seem to be one countermea-
sure eliminating all symptoms of motion sickness, but
a combination of remedies may be satisfactory.

The current paper therefore presents a yet unre-
ported remedy by applying high-frequency vibration to
the head, the idea being threefold. By personal experi-
ence it appeared that while suffering from carsickness,
some comfort can be obtained by leaning the head
against a vibrating car or bus window. Another idea
uses the argument that motion sickness only occurs at
motion frequencies typically below 1 Hz, while higher
frequency vibration is not sickening [26/43/44/50].
Adding non-sickening high-frequency vibration to a
sickening low — (i.e., low-frequency) frequency motion
may then decrease the overall sensitivity of the sys-
tem, thus resulting in less sickness in effect. A more
advanced argument, lastly, is based on the hypothesis
that motion sickness is the result of a conflict between a
sense of verticality as determined by integrated sensory
information and an expectation thereof as determined
by an internal or observer model [3ISH7U9U51]. In this
theory, the conflict is dominated by a phase lag due to
a process making a distinction between gravitational
and inertial accelerations as sensed by the otoliths, and
this conflict can be attenuated by decreasing an in-
ternal feedback or Kalman [59] gain. The addition of
non-sickening random noise to the input of the sen-
sory signals may thus decrease the amount of sickness
caused by low-frequency motion. Irrespective its ex-
planation, the main hypothesis studied in this paper is
that the sickening effect of low-frequency motion, in
this case off-vertical axis rotation (OVAR), can be re-
duced by adding high-frequency vibration. This paper,
consequently, does not examine how vibration is trans-
ferred from seat to head or vice versa, and the conse-
quences thereof for application. Apart from a second
issue discussed below, it only examines whether or not
high-frequency vibration is capable of reducing sick-
ness induced by low-frequency motion.

The second assumption considered, concerns the ef-
fect of distraction by mental activity on sickness sever-
ity [1U31U58)], the most extensive review still given
in [54} pp. 26, 71-73, 240]. The latter assumed that
“motion sickness is less likely to occur when attention
is directed toward external events than when the sub-
jects are asked to turn the ‘mental eye’ inwards and re-

Table 1
Experimental conditions
Condition OVAR Head vibration Task
A — + +
B + - +
C + + +
D + — —

port upon their own feelings”. Data from the literature,
however, are ambiguous. In [29], for example, a pos-
itive effect of a visually guided problem solving task
was found as opposed to performing no task with the
eyes closed, whereas in [61] no differences were found
between the mean number of rotations achieved in a
Coriolis stress test performed with and without a cog-
nitive task. Within both studies, however, stimulus con-
ditions varied. By contrast, [16] observed that sickness
symptoms tended to increase when asking subjects to
concentrate upon the imposed motion. To reduce a pos-
sible variability in motion sickness severity due to a
variability in mental state, and to address the issue per
se, a demanding mental task with the additional advan-
tage of yielding a number of performance measures,
was therefore considered in the current study as well.

2. Methods
2.1. Experimental design

Three main factors were considered in this study:
OVAR, head vibration and a task performed. Eight tri-
als would consequently be required to realise a com-
plete factorial design. To prevent confounding effects
by sickness accumulation and habituation [54], each
condition should be realised on a separate day. In this
case that would be eight days per subject. Though not
impossible, that would yet be a rather impracticable
design. The experiment was therefore limited to four
conditions with and/or without the sub-factors OVAR,
head vibration, and a task, as listed Table 1. These con-
ditions were then applied in a fixed order, however, all
conditions having been applied first, second, third, and
last equally often as described further below. To avoid
possible interference and thus confounding by visual
cues, subjects completed all conditions blindfolded.

2.2. Off-vertical axis rotation
Off-vertical axis rotation (OVAR) was used in this

experiment to make people sick. The advantage of us-
ing OVAR is that subjects cannot withdraw from it
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Fig. 1. Modified Barany chair with head, foot, and hand rests, and a
subject wearing an eye mask (left). Laterally movable headrest with
rotation axis indicated by the arrow (right).

willingly or even reduce the effects thereof. The lat-
ter may happen by reducing head movements during
cross-coupled or Coriolis manoeuvres, for example.
Another advantage of using OVAR is its high level of
controllability by means of only two parameters: the
angle of the rotation axis with respect to Earth and the
rotation velocity. In this way, sickness severity and the
accumulation of sickness over time can be chosen ex-
perimentally. Based on work by [17], 10° of tilt and
60°/s angular velocity were assumed to elicit moder-
ate levels of sickness within a period of 20 minutes. A
moderate level was preferred because subjects were to
be exposed to the sickening stimulus three times (i.e.,
in conditions B, C, and D) within a few days and not to
withdraw due to excessive misery. An exposure time of
20 minutes was chosen to include the onset of sickness
as thought typical for carsickness.

A modified Barany chair was used for inducing this
OVAR stimulus as shown in Fig. 1. Subjects wore a
five-point safety belt and kept their head on axis by
means of an adjustable headrest (see below). Chair
rotation was started and stopped using an accelera-
tion and deceleration of 3°/s2, also in cases subjects
asked for a premature ending due to sickness. When
no OVAR was applied (condition A), the rotation chair
was deliberately positioned upright. Only then does
the average acceleration due to gravity in the trans-
verse plane equal zero, as it does during OVAR, a static
tilt resulting in a static asymmetric acceleration in that
plane, rather different from that experienced during
OVAR [32].

2.3. Head vibration

The Barany chair was equipped with a servo con-
trolled movable head rest, allowing head roll (cervi-
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Fig. 2. Individual record of lateral head vibration acceleration (top)
and the accompanying power spectral density (PSD, bottom).

cal lateral flexion) to the left and right about an axis
fixed to 24 cm below the apex of the head (see Fig. 1).
Two head restraints were used, consisting of circular
curved foam padded plates, 7 cm wide and extending
14 cm, one on top and one at the back of the head. To
mimic the vibration one may experience when leaning
the head against a car or coach window, white noise
was band pass filtered between 10 Hz and 30 Hz. The
amplitude of this signal was subsequently quasi ran-
domly modulated with a sum of sinuses with arbitrarily
chosen frequencies of 1/6 Hz, 1/7 Hz and 1/10 Hz to
enhance the “road feeling” of the signal. Actual head
tilt was limited to 1°. Using an accelerometer clenched
between the teeth of two test subjects, an estimate of
actual head vibration was obtained, showing lateral lin-
ear RMS accelerations of 0.37 m/s? and 0.57 m/s2.
These levels are about half the maximum allowable
value and about equal to the action value as mentioned
in [21]] when lasting for eight hours. They are about a
quarter of the caution level mentioned in [34]], which
is applicable to the lumbar spine and the connected
nervous system when it would last for 30 minutes. A
typical time trace and the corresponding power spec-
tral density are shown in Fig. 2. By adding this (rel-
atively) high-frequency motion to the low-frequency
OVAR motion, the two frequency contents being mutu-
ally exclusive, “more” motion here relates to the over-
all acceleration amplitude, the frequencies included,
and the degrees of motion freedom involved.

2.4. Sickness

Subjective misery was recorded by means of an 11-
point misery scale (MISC, Table 2, [12/13]]). The ad-
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Table 2
11-point Mlsery SCale (MISC)
Symptoms MISC
No problems 0
Some discomfort, but no specific symptoms 1
Dizziness, cold/warm, headache, Vague 2
stomach/throat awareness, sweating, Little 3
blurred vision, yawning, burping, Rather 4
tiredness, salivation, . ..but no nausea Severe 5
Little 6
Nausea Rather 7
Severe 8
Retching 9
Vomiting 10

vantage of using this scale is that it can be applied
repeatedly by asking for a single number while still
giving reference to a number of symptoms associ-
ated with sickness. In particular this scale exploits the
knowledge that nausea is generally preceded by other
symptoms like dizziness, headache, (cold) sweat and
stomach awareness [54], the latter symptoms varying
among people in order of appearance and severity. Us-
ing this MISC, also does not require subjects to vomit
as is required for rating the vomiting incidence. The
MISC was rated every two minutes during all condi-
tions. Whenever a MISC of seven or higher was scored,
the condition was stopped, and the participant could
return home after recovery (MISC < 2). In these cases,
missing data were amended with the last rating avail-
able.

To neutralise a possible aggravation of sickness
symptoms by only asking for sickness, pleasure was
rated in addition. These data, however, do not con-
tribute to the aim of this paper and are accordingly ig-
nored.

2.5. Mental distraction and task performance

A double task was included to study the effect of
mental distraction or cognitive workload on motion
sickness also allowing for rating task performance. Be-
cause subjects were blindfolded, the input for these
tasks was given aurally. To that end, each condition,
lasting 20 minutes, was divided into blocks of two min-
utes each. During the first 110 seconds of each block
subjects had to listen to a random sequence of 55 let-
ters, one letter every two seconds. One task was to push
a button each time a letter was equal to the one before.
Only three letters were included: “e”, “0”, and “u”, typ-
ically having equal phonetic characteristics and time-
spans (at least in Dutch), each letter thus occurring sev-
eral times. Only sequences were presented with ex-

actly 18 directly succeeding pairs of equal letters, each
block yet using another sequence. If the button was
pushed correctly within a window of 200 ms—800 ms,
the event was marked as a correct “Hit”. If the button
was pushed erroneously or outside the given time win-
dow, the event was marked as a “False” hit. If the but-
ton was not pushed at all, while it should have been, the
event was marked as “Missed”. Average reaction time
over the correct Hits within each block was calculated
and referred to by “RT”. The second task was to count
the number of hits within each block, irrespective right
or wrong. During the remaining 10 seconds completing
each block, subjects had to verbally report this count in
addition to their MISC rating. The absolute difference
between this count and the actual number was marked
as “ErrMem” (= count — Hits — False). Subjects did
not get any feedback on the result of their performance.
Ten blocks could consequently be completed per con-
dition. Different from the MISC, typically increasing
monotonously during each motion exposure, task per-
formance could get worse due to, e.g., sickness on the
one hand, or get better due to, e.g., learning on the
other. When a subject gave up prematurely due to sick-
ness, the remaining task parameters were consequently
treated as missing values.

2.6. Subjects and procedures

Approval by the Institutional Review Board on Ex-
periments with Humans was obtained in accordance
with the ethical standards laid down in the 1964 Dec-
laration of Helsinki. Then, 18 paid subjects were re-
cruited for this experiment, and their motion sickness
susceptibility was rated using a motion sickness sus-
ceptibility questionnaire (MSSQ), adapted from [24].
This questionnaire asks for previous sickness occur-
rences in various forms of transport and fun rides for
the age up to 12, as well as for the past 12 years, result-
ing in a single MSSQ rating ranging from 0 (no prob-
lems whatsoever) to 222 (severe problems in all con-
ditions). The 50th percentile of a normal population is
reached at MSSQ = 37. Candidate subjects with an
MSSQ = 0 were not considered for this experiment.
All subjects included were furthermore free of obvious
vestibular disorders (i.e., known by themselves), were
informed about the purpose and procedures of the ex-
periment but naive with respect to the stimulus used,
signed an informed consent prior to the first experi-
mental condition, and had not been drinking more than
two alcoholic beverages during 12 hours in advance of
each condition. One subject withdrew during the first
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condition due to nausea, and another withdrew just be-
cause he disliked the task. The remaining 16 subjects
further reported on, accomplished all four conditions
listed in Table 1 on four separate days, not more than
four days in between, each day at about the same time
to avoid possible diurnal effects. Eight of them were
female and eight male. Ages ranged from 20 years to
61 years with an average of 31.4 £+ 14.8. The average
MSSQ was 77.2 £ 38.6. Subjects were familiarized
with the MISC and task in advance of their first con-
dition. Apart from asking for the subjects’ MISC and
task ratings, there was no further communication dur-
ing each condition, except that subjects were instructed
to report any fast increase in sickness immediately to
prevent emesis. In case no task was performed, nothing
was mentioned with respect to their mental activity.

2.7. Statistical analysis

Statistical analysis of the current data is compli-
cated by three factors. First, the design with respect to
OVAR, head vibration, and the task performed was in-
complete for reasons mentioned in Section 2.1. Sec-
ondly, despite the MISC looking like a ratio scale, it
formally concerns an ordinal scale. Thirdly, task per-
formance data might (and did) have missing values.
To yet get an idea about the effects at issue, MISC-
data were first separately analysed as the dependent
variable by means of a parametric repeated measures
ANOVA with three factors included: condition, time
(or block) and subject as independent variables. This
analysis hence does assume a relative degree of dif-
ference between MISC levels, and ignores possible in-
teractions between the sub-factors OVAR, head vibra-
tion and the task performed. Subjects were included
as a random factor. Post-hoc tests were performed us-
ing Tukey’s criterion. The main interest regarding the
task performance data, secondly, concerned their over-
all relationship with misery. These data were therefore
analysed separately too, calculating (Pearson) correla-
tion and significance coefficients without further refer-
ence to condition, time, and subject. When comparing
means, effect sizes are calculated by their relative dif-
ference as well as the maximum likelihood estimator
of Cohen’s d.

3. Results

3.1. Sickness

Figure 3 shows the MISC data averaged over all sub-
jects as a function of time (block) for the different con-
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Fig. 3. MISC data averaged over all subjects per block (time interval)
for the four conditions as listed in Table 1, A = Dotted line with
circles (without OVAR, but with the task and head vibration), B =
Solid line with squares (with OVAR and task but without the head
vibration), C = Dashed line with diamonds (with OVAR, task, and
head vibration), and D = Dash-dot line with triangles (with OVAR
but without head vibration and task). Error bars represent standard
error of mean.

ditions. Due to a minor logistic problem, the MISC was
notrated at £ = 0.

(Highly) significant main effects were observed for
subject (F'(15,405) = 2.01, p = 0.04), condition
(F'(3,405)=5.64, p = 0.002), block (F'(9,405)=25.9,
p < 0.0001). The interactions were all highly signifi-
cant, i.e., subject x condition (£'(45,405) =33.4,p <
0.0001), subject x block (F'(135,405) = 1.62, p =
0.0002), and condition x block (F'(27,405) = 4.74,
p < 0.0001).

Post-hoc testing showed that all conditions differed
mutually highly significantly (i.e. A vs B to D, B vs
C to D, and C vs D at the 1% level). The effect of
time was further tested post-hoc, showing significant
MISC differences (at the 1%-level) between the first
block and the third and following blocks, between the
second and fourth and up, between the third and fifth
and up, between the fourth and seventh and up, and
the fifth and ninth and tenth blocks, thus signifying a
monotonous increase. The average last recorded MISC
values, i.e., at t = 20 min, were 3.69 (OVAR only),
3.00 (OVAR + task), 2.25 (OVAR + task + vibra-
tion), and 0.75 (head vibration only). Ignoring a possi-
ble nonlinearity of the MISC scale, this implies a 25%
reduction of sickness by adding a head vibration as
compared to an equal condition without vibration (d =
0.33), and a 19% reduction of sickness induced by per-
forming a mental distracting task as compared to an
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equal condition without that task (d = 0.27). As com-
pared to OVAR only, the combination of vibration and
the task reduced sickness by 39% (d = 0.61).

Although with each testing day a lower MISC might
have been anticipated on average due to habituation,
the current data did not show this effect. This (order)
factor has therefore been left out in the analyses given
above.

3.2. Task performance

None of the task performance measures showed the
same clear temporal dependency as the MISC did.
Moreover, about 18% of the task performance mea-
sures were missing due to premature ending of trials by
sickness and a minor technical problem early on during
the experiment. Table 3 shows that the MISC date cor-
relate positively with the number of missed hits and the
average reaction times, and negatively with the number
of correct hits. These correlations are supported by the
observation that all performance measures correlated
mutually. Although the effects identified are (highly)
significant, the explained variances were low.

4. Discussion
4.1. Main findings

All relevant effects shown in this study were highly
significant, i.e., p-values typically well below 0.01.
The shortcomings of the experimental design (its in-
completeness, the MISC not being a linear ratio scale,
though seemingly robust against these violations, the
use of OVAR, and low effect sizes observed) therefore
seem less critical with respect to the following gener-
alized conclusions. (1) Non-sickening high-frequency
vibration can reduce sickness severity when added to
a low-frequency sickening stimulus, (2) a mental dis-
traction task can reduce sickness as compared to free
thinking, (3) sickness can be reduced more by com-
bining countermeasures as compared to their individ-
ual effects, and (4) task performance can be reduced by
sickness. The remainder of this discussion will further
elaborate on these results from a methodological, the-
oretical, and a practical point of view, starting off with
some general remarks, and then working back towards
the main vibration hypothesis elaborated in this paper.

4.2. General remarks

To avoid ineffective trials, candidate subjects who
never experienced any sickness before were excluded.

As a result, the participants in this experiment were
more susceptible to motion sickness than normal, as
also indicated by the average MSSQ of 77.2 (& 38.6)
versus a median value of 37 for a normal population.
For this reason, the effect sizes shown here, may over-
estimate the effects at issue, although other reasons to
be discussed below may point in the opposite direction.

Contrary to other reports [12127], no clear effect
of habituation was found in the present study. This
may be ascribed to the fact that the majority of MISC
ratings were 5 or less, i.e., no nausea felt, although
one subject withdrew from the experiment due to nau-
sea. Although strictly speaking, “sickness” may intu-
itively overvalue the average symptoms observed in
this study, I will still use it for reasons of simplic-
ity, also because it is part of the motion sickness syn-
drome as a whole. Furthermore, in combination with
the observation that the MISC ratings were not satu-
rated on average within the 20 minute exposures used
here, it might be anticipated that with a stronger stim-
ulus and/or a longer exposure time, the effect of ha-
bituation would have become evident. Larger effect
sizes may, furthermore, be anticipated when using non-
blindfolded subjects. In [13], for example, the least
sickness was observed in blindfolded subjects exposed
to ship motion in a simulator as compared to viewing
both an Earth-fixed and a subject-fixed environment. A
larger effect of vibration per se may, lastly, be obtained
by omitting a mental distraction task, thus allowing the
subjects to “think freely”. May, for this effect was only
tested in conditions with a task (see further below).

Chair and headrest rotation in this experiment were
perpendicular, thus allowing additional sickening cro-
ss-coupled or Coriolis stimulation. Although the effect
thereof has likely been negligible due to the small vi-
bration amplitude and its high frequency, the positive
effect of head vibration as such would have even been
larger in the absence of the Coriolis effect, e.g., when
induced by mere linear acceleration.

The question whether the effect of vibration would
be bigger in case of stronger and/or longer sickness
provoking stimuli, lastly, may be countered by the pos-
sibility that the effect of vibration is limited to the ab-
solute maximum obtained in this experiment already.
‘With more severe sickness, the overall relative effect of
vibration would then be less. That, however, remains
to be seen, while possibilities to increase the effect of
vibration are discussed in the last section. Moreover,
it can also be assumed that even a small initial effect
may prevent further accumulation of symptoms, thus
resulting in a relatively large net effect at the end.
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Table 3

29

Correlation coefficients (r) and significance levels (p, p < 0.001 rounded down to zero) of the relations between the MISC and the task

performance measures and the task performance measures mutually

Hits Missed False RT ErrMem
T p T p r p T p r p
MISC —0.15 0.003 +0.15 0.003 n.s. +0.11 0.03 n.s.
Hits —0.67 0 —-0.79 0 —0.53 0 n.s.
Missed +0.1 0.03 +0.2 0 +0.18 0
False +0.54 0 —0.17 0.01
RT —0.17 0

4.3. Task performance

Over all conditions, task performance decreased
with observed misery ratings. The number of correctly
indicated appearances of two equal successive letters
decreased with increasing sickness, while the number
of missed combinations as well as the reaction time
required for the indications increased with increasing
misery. The task itself seemed to be appropriate in this
respect, the different indices all showing a (mutually)
consistent behaviour as shown by the data in Table 3.

Although the effects of misery on task performance
were significant, the sizes thereof were limited. Larger
effects may, however, be anticipated in cases of more
severe sickness than observed in the present experi-
ment. Moreover, mental distraction can then be antic-
ipated to have a larger positive effect on task perfor-
mance as well. Performing a task in sickening con-
ditions therefore seems to be an inherently effective
way of improving the performance thereof in sickening
conditions: the task leading to less sickness, which re-
duction in turn improves the performance of the task it-
self (although strictly speaking no improvementis pos-
sible is no task is performed).

4.4. Distraction

Distraction from contemplating on sickness did re-
duce the amount of sickness observed in this exper-
iment significantly. This is in accordance with data
presented by [29], but seems to oppose those found
by [60], the latter comparing autogenic feedback train-
ing with a “neutral” cognitive task. They, however, ap-
plied a between subjects comparison, a smaller sam-
ple size, and no information was given on the no-task
circumstances as opposed to playing blackjack as the
distracting task. Their data therefore not necessarily
need to contradict the current observations. The effect
of listening to (pleasant) music [39/63]], may further-
more be considered a matter of mental distraction as
well. Given the few experimental data available on this

topic, the current overall score is in favour of conclud-
ing that distraction from contemplating on sickness per
se is beneficial with respect to motion sickness.

The most practical consequence of performing a
task during sickening conditions has already been men-
tioned above, i.e., performing a task in sickening con-
ditions will lead to less sickness, which in turn im-
proves the performance of the task itself (although
strictly speaking no improvement is possible if no task
is performed). Paying too much parental attention to
children susceptible to car sickness, for example, there-
fore seems unwise. Even the act of supplying anti-
motion sickness drugs complemented with a phrase
like “you will probably get sick, so take your pill”,
could already dispose the victim to sickness before-
hand, possibly cancelling the positive effect of that
drug. Although [39] did not find an effect of prior ex-
pectations on subsequent motion sickness severity, this
idea yet seems to be supported by [65]. In military en-
vironments, furthermore, the social culture probably
already prevents those susceptible from focussing too
much on their sickness, which, in this particular case
thus seems to be a beneficial attitude. This, however,
does not imply that sickness should be ignored com-
pletely, for it is an issue regarding performance in gen-
eral [4/8/48], and treatment can be helpful in that re-
spect, which is why this paper also further studied a
novel possibility to do so.

4.5. Vibration

As stated in the introduction, functioning organs of
balance are essential in the genesis of motion sickness,
because people without, generally do not get sick from
motion [35/48]]. The vibration was therefore applied di-
rectly to the head in this experiment, and not to the seat
stimulating mainly the torso, for example. The obser-
vation that a vibration applied to the head did affect
sickness thus supports the idea that the organs of bal-
ance do play a role in the genesis of motion sickness.
It likewise questions the role of abdominal tissue in the
genesis of motion sickness, as suggested by [24]. Fur-
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thermore it nuances the assumption described in [55],
that postural instability is a necessary and sufficient
condition for getting sick from motion (see also [3]).
The subjects in the present experiment were not able
to counter the OVAR motion in any way, which is why
postural stability cannot have been the leading factor.

It was assumed in the introduction that high-frequ-
ency vibration per se is not sickening (i.e., above 1 Hz,
c.f. [5126/42/43/49]. Yet, the average MISC was not
zero in the control condition with the head vibration
only. However, this average did level off after some
10 minutes about a value of less than 1, which only im-
plies some discomfort according the definition given in
Table 2, not necessarily being related to sickness symp-
toms. It therefore seems reasonable to assume that the
vibration as used in this experiment, although slightly
uncomfortable, is not sickening as such.

In a literal sense, “less sickness with more motion”
has also been observed in [[19], where they observed
more head and torso motion and less sickness in sub-
jects actively driving a virtual vehicle than in subjects
watching equal motion passively. In that study, how-
ever, no distinction was made regarding motion fre-
quency, as is the crucial point in the current paper.
The motions experienced by the drivers in their ex-
periment could thus have been more sickening per se
than those experienced by their passengers. Moreover,
a fourfold(!) difference was observed in [22] between
passengers without an external view and those faced
with a trajectory to be followed, showing that anticipa-
tion seems to be an essential factor explaining the dif-
ference observed by [[19]. This explanation also nicely
fits the observer theory further elaborated in the next
section.

Although the parsimonious explanation that vibra-
tion may have served as a mere mental distractor can-
not be ruled out, it is just like the explanation that it
serves as an attractor. Moreover, a basic rational expla-
nation is at hand, as discussed below.

4.6. Theoretical implications

Although rather hypothetical, it may be predicted
that there is a limit to the reduction of low-frequency
induced sickness by the addition of a high-frequency
vibration. The assumption outlined in the introduction
states that motion sickness may be caused by a con-
flict between a sensed and a predicted estimate of ver-
ticality, and that this conflict is dominated by a phase
lag due to a process making a distinction between
gravitational and inertial accelerations [3U5H719]. The

conflict in this theory, and hence the amount of sick-
ness, can be attenuated by decreasing an internal feed-
back or Kalman [58] gain. A reduced gain, as stated
in the introduction, may in turn be caused by increas-
ing the noise and/or uncertainty of the sensory signals
by, e.g., adding a high-frequency non-sickening vibra-
tion. Even in the ultimate condition when the feed-
back gain, and hence the orientation of the predicted
estimate of verticality would be invariably upright, the
conflict would still be non-zero due to persistent varia-
tion of sensory signals. Here, a maximum conflict may
be assumed in case of a 180° phase difference between
the sensed and expected verticals, and a zero conflict
when the sensed and expected signals are equal. The
maximum theoretical reduction in the sickness caus-
ing conflict due to the elimination of the internal feed-
back gain would then be 50%, at least in a first order
approximation ignoring nonlinearities in the conflict to
sickness transformation and misery ratings. This as-
sumption seems to be substantiated by the observations
by [33]] and even more so by [22]. The latter presented
congruent visual information to subjects experiencing
low-frequency sickening physical motion in a visually
enclosed cabin, and were able to reduce sickness by
over a factor of four as compared to the condition with-
out visual information. Assuming that within the cen-
tral nervous system, visual and vestibular information
converge only after the low-pass filtering making the
distinction between gravity and inertia, and assuming
a non-zero Kalman gain in this case, the difference be-
tween the expected and sensed verticals may then theo-
retically approach zero. Although likely not attainable
in practice, a reduction of over a factor of two seems
possible in this case, as indeed was shown. Although
not proven, this reasoning does constitute a consistent
framework explaining the results observed, including
those presented in this paper.

An interesting thought concerns the validation of
the assumption that the time constant of the so called
velocity storage mechanism is reduced by adding vi-
bration too. Here, velocity storage refers to the neural
mechanism extending the time constant of the decay
of angular motion perception and eye movements af-
ter a change in angular motion [52]. It has been shown
that this time constant is longer in aviators suscepti-
ble to motion sickness [|8]]. Moreover, [47] have shown
that velocity storage can be explained by an equal ob-
server model as discussed above, and that the time con-
stant thereof increases with an increase of the inter-
nal feedback gain. Combining these observations, it
may be concluded that a reduction of the feedback gain
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induced by, e.g., vibration, would indeed result in a
shorter time constant of the velocity storage mecha-
nism, and hence in less sickness as observed. To fur-
ther validate this hypothesis, the same vibration as de-
scribed here might therefore be applied in an exper-
iment rotating subjects about an Earth vertical axis
with a fast acceleration and deceleration, measuring
the time constant of the vestibulo-ocular reflex (the
main parameter as studied by [47]), and/or the per-
ception of angular self-motion. If a reduction of the
time constant by added vibration then is observed, this
would favour the observer theoretical explanation of
the phenomena at issue here.

If, furthermore, the observer model explanation of
motion sickness and the reduction thereof by vibration
were right, this could imply an increase of the positive
main effect found here at longer exposure times. By
“learning” that the input signal is degraded by noise,
the Kalman gain may be further optimised continu-
ally, in this case decreased, to decrease the error sig-
nal leading to sickness. Another example of the pos-
sible variability of the Kalman gain may be given by
the (personal) observation that within the same individ-
ual small motions not sickening aboard a ship where
motion is anticipated with the consequence of a low
gain, may be sickening in a tall building where no
motion is anticipated with the consequence of a high
gain. Although this hypothesis awaits further valida-
tion, again it adds to the attractiveness of the frame-
work as a whole to explain the phenomena at issue.

A last comment on the observer model referred to
above concerns its possible use of cognitive inputs, ex-
plaining the effect of distraction in addition. In the ex-
periment described in this paper, the task related cogni-
tive inputs were not related to the motion at issue in any
way, thus being unable to optimise the predicted sense
of verticality. The effect of mental distraction therefore
seems to be less likely caused by an altered feedback
and ensuing conflict, but more likely by, e.g., an in-
creased threshold in the vegetative (gastro-intestinal)
symptoms driven by that conflict. Such a post-conflict
pathway has been suggested before, explaining for ex-
ample the accumulation and gradual decrease of symp-
toms during and after a pulse wise modulated stimu-
lus [6J7U50051].

4.7. Application
Irrespective of these explanations, the observation

that the addition of a high-frequency vibration to a low-
frequency sickening stimulus reduces the amount of

sickness as such, may yet have several practical conse-
quences. One consequence is that this observation nu-
ances the general pursuit for reducing vehicle vibra-
tion to the technical possible minimum, while from a
perceptual point of view some vibration may be ben-
eficial. This may be exemplified by the said sickness
provoking nature of some cars, especially those with a
reputation on smooth (air) suspension. In ships, lastly,
it has been shown that seasickness is the number one
cause of discomfort [11], and engine vibration might
thus increase the comfort. Yet, not all people do always
suffer from sickness, which is why in most cases, com-
fort in general will probably still be higher with less
vibration.

Returning to my personal experience, the most obvi-
ous consequence probably concerns the simple advise
to lean the head against a (not too vigorously) vibrat-
ing car or bus window when feeling sick. A vibrating
device attached to the head, possibly provided with a
frequency and amplitude adjustable to the user’s own
preference, may give an alternative for medication,
also in conditions lacking such a vibrating vehicle-
fixed structure. In that case, the question also becomes
relevant whether an optimisation of the effect is pos-
sible by using different vibration characteristics, both
with respect to frequency and amplitude, and the way
of application. In this experiment, for example, the
force by which the subjects pushed their heads into the
head rest was not controlled, and the true variability
of RMS accelerations may have been different from
those reported. This variability may thus also explain
part of the variability in the reduction of misery in this
experiment. A more tight connection between a vibrat-
ing unit and the skull (or teeth, although physically
optimal, probably not preferable with respect to com-
fort), may therefore also be considered. In addition it
may be considered to only apply the vibration intermit-
tently and/or on demand. The latter may also be desir-
able when performing a visual task possibly affected
by a reduced visual acuity induced by the vibration. In
all cases, health risks should, of course, be taken into
account. Although explicit limit values for head vibra-
tion are not given by [34], the limits mentioned in the
Methods section may serve this purpose.

A very last remark concerns the statement in the
Introduction that there does not seem to be one sin-
gle countermeasure eliminating all symptoms of mo-
tion sickness, but a combination of remedies may be
satisfactory. Here it is shown that vibration and men-
tal distraction reduce sickness by 25 and 19%, respec-
tively as such, and reduce sickness by 39% when com-
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bined, thus showing that the alleviating effects of mul-
tiple remedies against motion sickness can be mutu-
ally strengthening. The here described novel method
of applying vibration therefore adds to the battery of
existing remedies that, although possibly causing a
marginal effect by themselves, may give a significant
reduction of sickness and improvement of performance
when combined.
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