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INTRODUCTION 
 
 
The report was funded by Yanfeng to assist them in the design and evaluation of future 
vehicle interiors for self-driving vehicles as well as to guide research to support that 
activity.  Motion sickness is a potential concern because (1) the driver is no longer in 
control, (2) they may not face forward, and (3) they may engage in motion sickness 
inducing tasks, where motion sickness could increase, thus leading to decreased 
benefits of self-driving vehicles. 
 
The contract calls for addressing 3 specific issues as well as possibly others.  Those 
core issues are: 

 
1.  What causes motion sickness? 
2.  What type of people are more susceptible to motion sickness? 
3.  What could be implemented or improved in vehicle interior design to alleviate  
     motion sickness? 

 
As part of the process of reviewing the literature, it became apparent that the topics of 
quantifying the measurement of motion sickness, screening for susceptibility, and 
predicting motion sickness needed to be included to support moving forward, as well as 
quantitative models.  Accordingly, this report addresses the following questions: 
 

1. What is motion sickness? 
2. What causes motion sickness? 
3. How is motion sickness quantified? 
4. How can motion sickness susceptibility be assessed? 
5. Who is more susceptible to motion sickness? 
6. How likely is motion sickness in cars? 
7. What are some potential design countermeasures? 
8. What are some quantitative models for predicting motion sickness? 

 
Quite frankly, at this point, the extent to which motion sickness will occur is a guess as 
what riders will do and the expected effectiveness of countermeasures to counteract 
motion sickness, should it occur, is unknown. 
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METHOD 
 
For the most part, Google Scholar was used to identify relevant literature.   
 
The first step was to identify overviews of the literature, searching using the terms 
“motion sickness” and “motion sickness review.”  Those articles were read and key 
topics were identified.   
 
The second step involved searching for research that dealt with specific applications 
(e.g., “seasickness,” “car sickness,”), concerns (e.g., “motion sickness susceptibility,” 
“motion sickness individual differences”), standards (e.g., ISO 2641), models, and 
authors that have been major contributors (e.g., Robert Kennedy, Michael Griffin, 
Anthony Lawther, Ben Lawson, Jelte Bos). 
 
The third step involved taking the most highly cited papers and other papers of 
particular interest and seeing who cited them (and whom they cited).  This provided for 
going both forward and backward in time to find relevant research. 
 
The final step involved skimming the numerous articles identified, sorting them into 
categories, and then carefully reading a subset of those in each category, and focusing 
on those pertaining to the questions identified.   
 
Given the schedule and resources available to this project, this review is not exhaustive. 
 
 
 
  



 

 4 

  



 

 5 

WHAT IS MOTION SICKNESS? 
 
Motion sickness is nausea caused by motion, especially when traveling in a vehicle 
(https://www.google.com/#q=what+is+motion+sickness, retrieved May 20, 2016).   
Other symptoms include vomiting, headaches, sweating, increased salivation, 
drowsiness, dizziness, and warmth/flushing.  Individuals with motion sickness also 
exhibit pallor (loss of skin color).  Sometimes this term is more specifically identified 
(carsickness, seasickness, airsickness, space sickness, simulator sickness, or virtual 
reality sickness).  Lawson (2015), reviewing the work of others, notes that a more 
technically correct term is motion maladaptation syndrome.   
 
Table 1, a modification of a table in Golding (2006), categorizes the situations in which 
motion sickness may occur. 
 

Table 1.  Situations Which May Cause Motion Sickness 

 

Context Examples of Provocative Stimuli 

Land Cars, buses, trains, subways, skiing, camels, elephants, carnival rides 

Sea Ships, boats, ferries, survival rafts, diver’s lines undersea 

Air Small and large airplanes, helicopters, hovercraft, parabolic flight 

Space Shuttle, spacelab 

Optokinetic Wide-screen cinemas, centrifuge, microscopes, microfiche-readers, 
flight, driving and other simulators, virtual reality systems of all types, 
head-mounted displays, rotating visual drums or spheres, pseudo-
Coriolis, reversing prism spectacles 

Adapted from: Golding (2006), page 68. 
 
Kennedy and Frank (1981), adapting information from Nicogossian and Parker (1982), 
provide a thorough listing of the physiological manifestations of motion sickness (Table 
2).  What is important is that there is no strict order to these symptoms.  Usually, the 
end state is vomiting, but what people experience and the order in which symptoms are 
experienced is specific to the individual.  However, invariably there is some sense of “I 
don’t feel so well” before vomiting occurs. 
 

https://www.google.com/#q=what+is+motion+sickness
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Table 2.  Physiological Manifestations of Motion Sickness 

 

Physiological 

System 

Manifestations 

Cardiovascular changes in pulse rate and/or blood pressure 

↑tone of arterial portion of capillaries in the fingernail bed 

↓diameter of retinal vessels 

↓peripheral circulation, especially in the skin of the head 

↑muscle blood flow 

Respiratory alterations in respiration rate 

sighing or yawning 

air swallowing 

Gastrointestinal inhibition of gastric intestinal tone and secretions. 

salivation 

gas or belching 

epigastric discomfort or awareness 

sudden relief from symptoms after vomiting 

Body Fluids changes in Lactic Dehydrogenase concentrations 

Blood ↑hemoglobin concentration 

↑pH and ↓paCO2 levels in arterial blood, presumably  
  from hyperventilation 

↓concentration of eosinophils 

↑17-hydroxycorticosteroids 

↑plasma proteins 

↑ADH 

↓Glucose utilization 

Urine ↑17-hydroxycorticosteroids 

↑catecholamines 

Temperature ↓body temperature 

coldness of extremities 

Visual System ocular imbalance 

dilated pupils during emesis  

small pupils 

nystagmus 

          Adapted from: Kennedy and Frank (1982), page 11. 
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WHAT CAUSES MOTION SICKNESS? 
 
Usually, understanding the theory behind how and why something happens has some 
practical benefit.  For example, an understanding of mechanics (e.g., Torque = force x 
distance) can be applied to biomechanics to estimate the load a person can pick up.  
This load that can be lifted can be similarly computed using the distance of the load 
from the body at which it is lifted, the distance of the attachment points of the muscles 
from the center of rotation, and the forces the muscles can generate.  
 
For those interested in summaries of the theories explaining motion sickness, see 
Reason and Brand’s (1975) classic text on motion sickness, the Kennedy and Frank 
(1985) review report, Lawson’s chapter on symptoms and origins of motion sickness in 
the Hale and Stanney 2015 (2nd edition) of the Handbook of Virtual Environments, the 
Keshavarz et al. chapter on Causes, Characteristics, and Countermeasures in the same 
book, and the Davis, Nesbitt and Nalivaiko (2014) review of cybersickness, and most 
recently, a paper by Bertolini and Straumann (2016).  See also Stoffregen and Riccio 
(1991).  Those interested in details of the neuropharmacology should see Takeda, 
Morita, Hasegawa, Horii, Kubo, and Matsunaga (1993). 
 
Motion sickness occurs when spatial orientation – in which direction the body is pointed, 
in which direction it is moving, and about which axes it is rotating – is disrupted.  Motion 
is sensed by the brain through 3 different pathways of the nervous system, (1) the inner 
ear (sensing motion, acceleration, and gravity), (2) the eyes (vision), and (3) the deeper 
tissues of the body surface (proprioceptors).  Feedback from the muscle and joint 
sensory receptors can also be important.  Feedback from the inner ear is critical 
because people without those motion-sensing organs do not get motion sickness.  
Visual input seems to be less important (but it still is important) as the blind still can get 
motion sickness.  Motion sickness is more likely when movements are slow and involve 
multiple simultaneous movements along or about movement axes (Kraft, 2015). 
 
Theories of motion sickness are based upon the notion that there is sensory conflict or 
sensory mismatch between visual and nonvisual (vestibular and kinesthetic) information 
(the observed scene and the motion felt or lack of it).  Also potential sources are intra-
vestibular conflicts between rotational accelerations (sensed by the semi-circular 
canals) and linear-translational accelerations, including gravitational acceleration 
(sensed by the otoliths) (Golding, 2006).   
 
Stott (1986) identified 3 core rules, which if violated, could result in motion sickness. 
 

Rule 1. Visual–vestibular: motion of the head in one direction must result in motion 
of the external visual scene in the opposite direction; 
 
Rule 2. Canal–otolith: rotation of the head, other than in the horizontal plane, must 
be accompanied by appropriate angular change in the direction of the gravity vector; 
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Rule 3. Utricle–saccule: any sustained linear acceleration is due to gravity, has an 
intensity of 1 g and defines “downwards.” 

 
Although there is agreement as to the mechanisms that lead to motion sickness, there 
is some disagreement as to why it occurs.  One widely accepted explanation is called 
the Treisman’s hypothesis, which is also known as poison theory, toxin detector 
hypothesis, and by other names (Lawson, 2015).   According to poison theory, motion 
sickness occurs when there is a conflict between what one sees and what one feels, as 
in all explanations.  So for example, in a driving simulator, if the scene moves but the 
driver is fixed (in a non-moving base simulator), then there is a disconnect.  Thus, what 
the visual system provides as output and what the vestibular/kinesthetic system 
provides as output are inconsistent, a sensory conflict.  However, according to this 
explanation, the body interprets this inconsistency as a central nervous system 
malfunction, which it believes is due to a toxin.  As a protective mechanism, vomiting 
occurs to remove the toxin.  This mechanism occurs in other animals and is more 
common in people more sensitive to various types of toxins.  (See Golding, 2006.) 
 
A second explanation is the postural instability theory and the importance of the 
vestibular system in maintaining a stable posture and minimizing swaying.  When the 
environment changes in ways unrelated to normal movement, this leads to problems of 
maintaining a stable posture.  Although understanding the causes of motion sickness is 
helpful in understanding the big picture, practical implications of alternative hypotheses 
are limited.  Explanations of how this occurs are less apparent than those for poison 
theory. 
 
There appear to be other theories as well.  Most importantly, these theories have limited 
predictive power and limited practical implications (Davis, Nesbitt, and Nalivaiko, 2014), 
and they are mentioned here primarily for the sake of completeness. 
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HOW IS MOTION SICKNESS QUANTIFIED? 

 
This section concerns determining how motion sick a person is, as opposed to how 
likely a person will become motion sick in a particular context.  The likelihood question 
is addressed later.  This section has been included because one of the core questions 
this report is to address is how much various factors will influence motion sickness in 
vehicles, and studies for that purpose need to be comparable.  As will be shown in this 
section, motion sickness is a multidimensional quality, and although the number of ways 
in which motion sickness is quantified is limited, there is some variety, which makes 
comparing studies difficult.  Short of vomiting, determining the extent of motion sickness 
is not easy.  As was noted previously, this is because there is considerable variation as 
to which symptoms are exhibited in an individual and in what order.   
 
The definitive document on quantifying motion sickness is Lawson’s chapter (chapter 
24) on motion sickness scaling in the Handbook of Virtual Environments (Hale and 
Stanney, 2014), though the highly cited Kennedy, Lane, Berbaum, and Lilienthal (1993) 
paper was also important.   
 
The focus of many of the initial studies was not to develop a single motion scale, but to 
identify the attributes of motion sickness.  Kennedy, Lane, Berbaum, and Lilienthal 
(1993) attributed the initial development of motion sickness scales to the research of 
Alexander, Cotzin, Klee, & Wendt (1947) and Hemingway (1942), with the Alexander, 
et al. article being one in a long and somewhat forgotten series of studies on motion 
sickness.  Alexander et al., page 442, used 3 criteria in their studies, listed below. 
 

Criterion 1 = frequency of vomiting;  
 
Criterion 2 = frequency of vomiting, plus frequency of lesser sickness as indicated 
by unequivocal reports of nausea and/or profuse sweating (rolling drops) on the 
face;  
 
Criterion 3 = vomiting weighted 2, plus nausea and/or sweating (as above) which 
involves using the number of cases meeting each criterion in an experiment.   
 

From those criteria, they developed a Sickness Index = (Criterion 3 x 100) x number of 
cases.  However, in the tables in that paper, they appear to have used Criterion 3 as the 
unweighted sum of criteria 1 and 2.   
 
Most contemporary checklists trace their origins to research done at the Pensacola 
Naval Air Station in the 1960s involving Graybiel, Kennedy, and others (Lawson, 2015).  
They began with a checklist of items (nausea, vomiting, dizziness, etc.) that became a 
list of symptoms on a 0 to 3 scale (Graybiel and Johnson, 1963, per Kennedy, Lane, 
Berbaum, and Lilienthal (1993)).  Those symptoms are typically assessed every 5 
minutes.  One of the more commonly cited variations of these diagnostic criteria 
appeared in Miller and Graybiel (1970).  Interestingly, over time, these criteria have 
been referred to by many names including the Pensacola Diagnostic Criteria (PDC), the 
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Pensacola Diagnostic Index, the Pensacola Diagnostic Categorization, the Pensacola 
Diagnostic Rating Scale, the Graybiel Scale, and the Miller and Graybiel Diagnostic 
Criteria (Table 3).   
 

Table 3.  The Pensacola Diagnostic Report Scale (PDRS) 

 

Malaise level Points VMT TMP DIZ HAC DRZ SWT PAL SAL NSA ED EA 

Pathognomonic 16 I           

Major 8     III III III III II,III   

Minor 4     II II II II I   

Minimal 2     I I I I  I  

AQS 1  I,II I,II I       I 

Adapted from: Stout and Cowings, 1993, page 3. 
 
VMT = vomiting, TMP = increased warmth, DIZ = dizziness, HAC = headache, DRZ = 
drowsiness, SWT = sweating, PAL = pallor, NSA = nausea, ED = epigastric discomfort, 
EA = epigastric awareness, AQS = Also qualifying symptoms. 
 
As an example of how the total score is computed, if the subject reported headache 
(HAC-1 point in the AQS row), moderate-severe drowsiness (DRZ-4 points), and severe 
sweating (SWT-8 points), then the total score would be 13 points.  Motion sickness 
scores of 1 to 4 points represent mild malaise; scores of 5 to 7 represent moderate 
malaise; scores of 8 to 15 represent severe malaise.  Scores greater than or equal to 16 
points represent “frank” sickness. 

 

Over time, as a consequence of several studies, this questionnaire became formalized 
as the Pensacola Motion Sickness Questionnaire (MSQ), expanding from 20 items to 33 
items.  Shorter lists were produced for some purposes, all described in detail later, are 
discussed later in this section.  Developed by Kennedy and his colleagues (Kellogg, 
Kennedy, & Graybiel, 1965; Kennedy, Tolhurst, & Graybiel, 1965), this scale was used 
for some time.   Note that the final outcome was expected to be vomiting (medically 
known as emesis), a common occurrence in studies run when use of the scale was 
widespread.  
 
Over time, there has been a shift in the user population from military personnel being 
pushed to their physical limits to ordinary citizens as well as a shift from physical 
systems to virtual systems (driving simulators, games, and using VR applications in 
general).  That shift has to led an emphasis on less severe conditions and to the 
development of the Simulator Sickness Questionnaire (SSQ).  The paper describing its 
development, Kennedy, Lane, Berbaum, and Lilienthal (1993), may be the most highly 
cited paper concerning quantifying motion sickness.  Although the scale was intended to 
be specific to simulator sickness, it has been used more generally for all types of motion 
sickness.  This questionnaire was based on the Pensacola Motion Sickness 
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Questionnaire, which was partitioned into 3 clusters (subscales) using factor analysis.   
Those clusters were (1) Oculomotor (O; eyestrain, difficulty focusing, blurred vision, 
headache), (2)) Disorientation (D; dizziness, vertigo), and (3) Nausea (N; nausea, 
stomach awareness, increased salivation, burping).  Table 4 shows the elements in the 
MSQ and SSQ.   
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Table 4.  Comparison of the Motion Sickness Questionnaire and the Simulator 
Sickness Questionnaire 

 

MSQ Symptom 
Retained 
for SSQ 

Eliminated 
for SSQ 

General Discomfort X  

Fatigue X  

Boredom  X 

Drowsiness  X 

Headache X  

Eyestrain X  

Difficulty focusing X  

Increased salivation X  

Decreased salivation  X 

Sweating X  

Nausea X  

Difficulty concentrating X  

Depression  X 

Fullness of head X  

Blurred vision X  

Dizziness (eyes open) X  

Dizziness (eyes closed) X  

Vertigo X  

Visual flashbacks  X 

Faintness  X 

Awareness of breathing  X 

Stomach awareness X  

Decreased appetite  X 

Increased appetite  X 

Desire to move bowels  X 

Confusion  X 

Burping X  

Vomiting  X 

Source: Kennedy, Lane, Berbaum, and Lilienthal (1993), page 206. 
 
SSQ scores (Table 5) are computed by first scoring each symptom on a 0 to 3 scale 
(0=none, 1=slight, 2=moderate, 3=severe).  (See Table 6 for the data collection form.)  
Next, the symptoms pertaining to each of the 3 subscales (each column in Table 5) are 
summed.   The column totals are computed and then the total score is determined using 
the weighted subscale scores.  The SSQ was validated using simulators for a variety of 
U.S. Navy fixed wing aircraft and helicopters.   
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Table 5.  SSQ Weights for the 3 Subscales 

 

 Weight 

SSQ Symptom N O D 

General discomfort 1 1  

Fatigue  1  

Headache  1  

Eyestrain  1  

Difficulty focusing  1 1 

Increased salivation 1   

Sweating 1   

Nausea 1  1 

Difficulty concentrating 1 1  

Fullness of head   1 

Blurred vision  1 1 

Dizzy (eyes open)   1 

Dizzy (eyes closed)   1 

Vertigo   1 

Stomach awareness 1   

Burping 1   

Total Score [1] [2] [3] 

Adapted from: Kennedy, Lane, Berbaum, and Lilienthal (1993), page 212. 
 
Subscale Scores: N = [1] x 9.54, O = [2] x 7.58, D = [3] x 13.92 
Total Score = [1] + [2] + [3] x 3.74 
The sum is obtained by adding the symptom scores.  Omitted scores are zero.  
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Table 6.  Simulator Sickness Questionnaire 

 

 
Instructions: Circle how much each symptom below is affecting you right now. 
 
1. General discomfort 
 

None Slight Moderate Severe 

2. Fatigue 
 

None Slight Moderate Severe 

3. Headache 
 

None Slight Moderate Severe 

4. Eye strain 
 

None Slight Moderate Severe 

5. Difficulty focusing 
 

None Slight Moderate Severe 

6. Salivation increasing 
 

None Slight Moderate Severe 

7. Sweating 
 

None Slight Moderate Severe 

8. Nausea 
 

None Slight Moderate Severe 

9. Difficulty concentrating 
 

None Slight Moderate Severe 

10. “Fullness of the Head” 
 

None Slight Moderate Severe 

11. Blurred vision 
 

None Slight Moderate Severe 

12. Dizziness with eyes open 
 

None Slight Moderate Severe 

13. Dizziness with eyes  
      closed 
 

None Slight Moderate Severe 

14. *Vertigo 
 

None Slight Moderate Severe 

15. **Stomach awareness 
 

None Slight Moderate Severe 

16. Burping None Slight Moderate Severe 
 

Source: Kennedy, Lane, Berbaum, & Lilienthal (1993) 
 
*    Vertigo is experienced as loss of orientation with respect to vertical upright. 
**  Stomach awareness is usually used to indicate a feeling of discomfort  

that is just short of nausea. 
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After the SSQ was published, there were further developments of the Pensacola 
criteria, leading to the Modified Pensacola Diagnostic Criteria (MPDC, Table 7).  The 
form for this scale is simpler than its predecessors.  The table shown here is a 
modification of the original table to make it clearer what information is requested.  For 
retching or vomiting, it appears the desired information is the duration of each event and 
a count of the number of events. 
 

Table 7.  Modified Pensacola Diagnostic Criteria 

 

Stomach Awareness or Discomfort No Yes 

 None Minimal Moderate Major 

If yes,  

then score 
these criteria 

Nausea 0 1 2 3 

Increased salivation 0 1 2 3 

Cold sweating 0 1 2 3 

Pallor 0 1 2 3 

Drowsiness 0 1 2 3 

Headache 0 1 2 3 

Flushing/warmth 0 1 2 3 

Dizziness – eyes closed  0 1 2 3 

Dizziness – eyes open  0 1 2 3 

Retching or vomiting? Tally of discrete events  
and their clock times: 

Number of minutes of stimulation tolerated (termination time): 

Adapted from: Lawson (2015), page 605 
 
Although research on this topic has been extensive, research continues, with the focus 
being on improved diagnosticity, applications to virtual environments, and reducing the 
number of data elements, so the data can be collected more quickly.  One example of 
such is the Motion Sickness Assessment Questionnaire (MSAQ) that has 4 scales for 
that purpose: gastrointestinal, central, peripheral, and sopite-related (drowsiness) 
(Gianaros, Muth, Mordkoff, Levine, and Stern, 2001, Table 8). 
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Table 8.  Motion Sickness Assessment Questionnaire (MSAQ) 
 

           Not at all                                                               Severely  
            1-------2-------3-------4-------5-------6-------7-------8-------9 

 

 
1. I felt sick to my stomach (G) 
 
2. I felt faint-like (C) 
 
3. I felt annoyed/irritated (S) 
 
4. I felt sweaty (P) 
 
5. I felt queasy (G) 
 
6. I felt lightheaded (C) 
 
7. I felt drowsy (S) 
 
8. I felt clammy/cold sweat (P)  

 
9. I felt disoriented (C) 
 
10. I felt tired/fatigued (S) 
 
11. I felt nauseated (G) 
 
12. I felt hot/warm (P) 
 
13. I felt dizzy (C) 
 
14. I felt like I was spinning (C) 
 
15. I felt as if I may vomit (G) 
 
16. I felt uneasy (S) 

          Source: Gianaros, Muth, Mordkoff, Levine, and Stern, 2001 
 
*    Note: G: Gastrointestinal; C: Central, P: Peripheral; SR: Sopite-related.  
**  The original article as being associated with a factor Q, which is not defined.  

Reviewing the original article indicates the appropriate factor is C. 
*** The overall motion sickness score is obtained by calculating the percentage of total 

points scored: (sum of points from all items/144) x 100. Subscale scores are 
obtained by calculating the percentage of points scored within each factor: (sum of 
gastrointestinal items/36) x 100; (sum of central items/45) x 100; (sum of peripheral 
items/27) x 100; (sum of sopite-related items/36) x 100.  

 
Another example is the Virtual Reality Symptom Questionnaire (VRSQ) developed by 
Wolffsohn, McBrien and Ames (2005).  Symptoms are scored on a 0 to 6 scale.   That 
1-page questionnaire is in Appendix A. 
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Finally, in addition to using combinations of criteria to quantify motion sickness, there 
have been a number of recent efforts to develop single value estimates independent of 
the criteria, primarily for ease of application.  These scales are most useful when 
pinpointing the motion sickness at a specific time, often because the stimulus situation 
is changing quickly and so is the level of motion sickness.  For example, if ratings are 
collected once per minute, there is not enough time to ask about fatigue, headache, 
eyestrain, etc.   
 
One important consideration is if the underlying scale is a ratio (a 2 is twice as 
uncomfortable as a 1, and a ½ is half as uncomfortable) or interval, with ratio scales 
being of particular interest.  One complicating factor is that the time for the course of 
events matters.   Stress accumulates and declines in response to the application and 
removal of stressful stimuli.  Those changes can be graduate or rapid, may be 
nonlinear, and these effects may be specific to particular discomfort types or levels 
(Bock and Oman, 1982).   
 
One example of an earlier scale is described in the Reason and Brand (1975) text, the 
“Well-Being” scale (Figure 1).  There are some inconsistencies in the measurement in 
that the scale is called “well-being,” but in fact the rating is of how “unwell” someone is.  
Furthermore, increases in the scale value go down the page.   However, these 
inconsistencies should be easily ignored.  



 

 18 

 
Figure 1.  Well-Being Scale 

 
Source: Reason and Brand (1975), page 77. 

Note: The arrows on the scale indicate where the median ratings associated  
with each phenomenon appear.   

 
One example of a simplified rating system adapted to assess motion sickness is the 
Misery Scale (MISC) developed by Wertheim, Bos and Krul (2001) as described by 
Lawson (2015) (Table 9).  This scale has the advantage of being usable under a wide 
range of motion sickness conditions.  However, implicit in this scale is a particular order 
in which motion sickness occurs, which may not always be the case.   
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Table 9.  Misery Scale 

 

Symptom Degree Score 

No problems  0 

Uneasiness  
(no typical symptoms) 

 1 

Dizziness, warmth, 
headache, stomach 
awareness, sweating 

Vague 

Slight 

Fairly 

Severe 

2 

3 

4 

5 

Nausea 

Slight 

Fairly 

Severe 

Retching 

6 

7 

8 

9 

Vomiting  10 

Source: Van Emmerik, M.L. (2010), page 518. 

 
One of the two final examples of a simple motion sickness rating scale is that developed 
by Griffin and Newman (2004) that has initially been applied to rating motion sickness in 
cars and is intended for studies where severe nausea and vomiting may occur (Table 
10).  As pointed out by Lawson (2015), one of the issues with this scale is that reports of 
dizziness, headache, and stomach awareness are scaled to reflect less sickness even 
though that may not be true for some people. 
 

Table 10.  Griffin and Newman (2004) Scale 

 

Scale 
Value 

Symptom 

0 No symptoms 

1 Any symptoms, however slight 

2 Mild symptoms, for example, stomach awareness but no nausea 

3 Mild nausea 

4 Mild to moderate nausea 

5 Moderate nausea but can continue 

6 Moderate nausea and want to stop 

          Source: Griffin and Newman (2004) 
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Probably the simplest of the simple motion sickness rating system is the fast motion 
sickness scale (Keshavarz and Hecht, 2011).  That scale is just a single rating with a 
range of 0 (no sickness at all) to 20 (frank sickness—a translation of the German anchor 
into English). 
 
Given what is known, what should an evaluator use when motion sickness needs to be 
quantified? 
 
If the motion situation is severe, the Pensacola scale, with its vast literature, is 
appropriate.  If motion is less severe and it involves a simulator, then the Simulator 
Sickness Scale is appropriate.  If time to collect the data is limited, then the Well-Being 
or Misery Scales are appropriate. 
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HOW CAN MOTION SICKNESS SUSCEPTABILITY  
BE ASSESSED? 

 
Motion sickness susceptibility is important for research related to motion sickness for 
two reasons.  First, repeating and understanding research results depends upon who 
the subjects were, and some means to identify the susceptibility of those serving as 
subjects is therefore important.  Second, there is often a desire to screen out subjects 
who are particularly susceptible because getting people sick is sometimes a 
consequence to be avoided. This topic has been included here because some follow-on 
studies of motion sickness could occur, so providing advice on how to evaluate 
susceptibility is important. 
 
The original standard questionnaire for this purpose is the Reason and Brand (1975) 
Motion Sickness Susceptibility Questionnaire (MSSQ).  That questionnaire, shown in 
Appendix B, is fairly long, and as a consequence, takes some time to complete.  The 
first page of the questionnaire has the instructions and 4 basic questions, followed by 2 
pages with 3 large tables each.  The first set of questions concern sickness as a child, 
while the second concern motion sickness as an adult.  There is also a page concerning 
scoring. 
 
Golding (1998) describes research to improve that standard questionnaire, but only 
found moderate correlations between MSSQ scores with sickness tolerance to 
laboratory motion devices (r=0.45).  
 
Golding (2006) examined individual differences using a short version of the Motion 
Sickness Susceptibility Questionnaire (Table 11).  The short form was developed by 
removing items with low sickness prevalence such as wide screen movies and virtual 
reality. It was found to be a reliable and valid alternative to the long form.  That research 
is consistent with what colleagues have reported: it provides an indication of 
susceptibility, but it is far from perfect.  The author’s impression is that given the small 
differences, and the time savings of the short form, which is what most researchers use 
now, the short form is recommended.  In fact, as a practical matter, even the short form 
can be too long, so sometimes only the second part of the short form (the last 10 years) 
is used to screen out susceptible subjects for driving simulator studies where motion 
sickness could occur. 
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Table 11.  Short Version of Motion Sickness Susceptibility Questionnaire 
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WHO IS MORE SUSCEPTIBLE TO MOTION SICKNESS? 
 
The key factors of interest are age, gender, ethnicity, and physical condition, in that 
order.  The generally reported finding, according to WebMD, is that “Children from 5 to 
12 years old, women, and older adults get motion sickness more than others do. It is 
rare in children younger than 2” (http://www.webmd.com/cold-and-flu/ear-
infection/tc/motion-sickness-topic-overview, retrieved May 20, 2016).  Even though 
many report this as being their experience, the literature suggests otherwise. 
 
One of the better studies to address age and gender differences is Turner and Griffin 
(1999) who surveyed 3,256 bus riders.  Most were infrequent travelers.  They reported 
an Illness Rating based on the following 4-point scale:  
 

0 = I felt all right 
1 = I felt slightly unwell 
2 = I felt quite ill  
3 = I felt absolutely dreadful.    

 
For the purposes of this report, the most important result is shown in Figure 2.  The 
Symptom Score (SS) was the weighted mean of 8 symptoms (nausea, dizziness, 
vomiting, pallor, headache, increased salivation, feeling hot/sweating, drowsiness).  The 
weights were the percentage of the sample who vomited who also experienced each 
symptom divided by 10.  Thus, vomiting had a score of 10 as 100% of the sample 
vomited.   
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Figure 2.  Various Measures of Motion Sickness as a Function of Age. 

 
Source: Turner and Griffin (1999), page 452. 

 
Note the general trends of all 3 measures are similar—a steady decrease with 
increasing age for individuals 9 years old or more.  These declines are in conflict with 
the increases due to age reported by others.  In terms of gender, women had lower 
illness ratings (0.43 vs 0.31), but higher symptom scores (6.31 vs. 4.76) and vomited 
more often (2.5% vs. 0.8%).  Details of the age by gender interaction are not provided.   
 
Probably the best-known study that examined the effects of age is summarized in three 
overlapping papers (Lawther and Griffin, 1986, 1988a, 1988b).  They collected motion 
sickness data on 6 ships, 2 hovercraft, and 1 hydrofoil from 20,029 passengers on 114 
voyages during which 370 hours of triaxial and rotational accelerometer data was 
collected.  This is a very substantial data set.  Overall, 70% of the passengers vomited 
at some time during a voyage.  Lawther and Griffin (1988a) provide the best age data, 
shown in Table 12, which was adjusted for exposure as each age and gender subgroup 
was not equally represented on all vessels.  This is important because there were 
differences in the size of the vessels, where they sailed, and voyage duration.  These 
data show that women were significantly more likely to vomit than men, but there was a 
decline with age.  Keep in mind that there were other factors influencing these results 



 

 27 

such as what they ate, if they had taken motion sickness medications, how many trips 
they had taken previously, etc. 
 

Table 12.  Percentage of Subjects that Vomited by Age and Gender 

 

Gender Statistic 
Age 

<15 15-39 40-60 >60 

Males  
n 634 3302 2648 1580 

Vomiting (%) 13.8 5.2 3.5 3.9 

Females 
n 744 3805 3399 1971 

Vomiting (%) 13.7 9.5 8.1 7.5 

        Modified from: Lawther and Griffin(1988a), page 405. 
 
There have been a few studies concerning motion sickness and ethnicity. As an 
example, Klosterhalfen, Kellermann, Pan, Stockhorst, Hall, and Enck (2005) induced 
motion sickness in 227 healthy Caucasian and 82 Chinese subjects in a rotating chair.  
The primary dependent measure was the time they could tolerate the rotation.  The 
Chinese subjects had a statistically significantly greater tolerance (163 vs 111 s).  The 
report tolerance to rotation was predicted using the Motion-Sickness Susceptibility 
Questionnaire (MSSQ) but Klosterhalfen et al. did not provide a predictive equation.  It 
is uncertain if the differences were social (to not report discomfort) or genetic or both.  
However, they do report the need to adjust MSSQ scales, “at least for Asian subjects” 
(Klosterhalfen, Kellermann, Pan, Stockhorst, Hall, and Enck, 2005, page 1,054). 
 
Dobie et al. (2001) examined the experience of motion sickness of children (9–18) in 13 
forms of transport using surveys.  Unfortunately, they do not present any data on the 
year-by-year changes in motion susceptibility, possibly because the number of subjects 
per age group was 16–70.   They do, however, provide comparisons of various 
transport modes (Table 13).  Figure 3 shows the vomiting frequency from the first 
survey. 
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Table 13.  Forms of Transport Surveyed in Three Surveys 

 

Survey 1 Survey 2 Survey 3 

1.    Automobiles 

2.    Buses 

3.    Trains 

4.    Airplanes in  

       Bumpy Weather 

5.    Small Boats 

6.    Cruise Ships 

7.    Swings 

8.    Merry-go-rounds 

9.    Roller Coasters 

10.  Elevators 

11.  Escalators 

12.  Bicycles 

13.  Wide Screen Movies 

1.    Jogging/Track 

2.    Football 

3.    Cheerleading 

4.    Wrestling 

5.    Ice Skating 

6.    Snow Skiing 

7.    Water Skiing 

8.    Dancing 

9.    Basketball 

10.  Video Games 

11.  Baseball/Softball 

12.  Soccer 

13.  Tennis 

14.  Rollerblading 

15.  Volleyball 

16.  Swimming 

17.  Martial Arts 

1.   Airplanes 

2.   Ships and Boats 

3.   Elevators 

4.   Automobiles 

5.   Buses 

6.   Trains 

7.   Carnival Rides 

8.   Bicycles 

9.   Wide Screen Movies 

10.  Escalators 

11.  Swings 

Source:  Dobie et al. (2001), page 16 
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Figure 3.  Frequency of Vomiting vs. Mode of Transport 
 

Source: Dobie et al. (2001), page 16 
Note:  See the previous table, column 1 for the device names. 

 
There is a great deal more in the literature on individual susceptibility with factors such 
as what one ate recently, when that occurred, what one drank, the consumption of anti-
motion sickness medications, and numerous other factors influencing susceptibility to 
motion sickness.  Review of that additional material is beyond the scope of this report. 
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HOW LIKELY IS MOTION SICKNESS  
IN SELF-DRIVING CARS? 

 

Several authors have attempted to predict the likely causes of motion sickness in 
automated vehicles and in some cases, the probability it will occur.  A current thorough 
review is that of Diels and Bos (2016), with other publications (Diels and Bos, 2015a, b) 
containing summaries.  Diels and Bos (2015) identify the key characteristics as being 
the motion profile of the vehicle, the ability of a driver to anticipate/control the motion 
(which reduces sickness), the posture of the driver, and the support of non-driving 
tasks.  Their review identified the relevant research involved and only at a very general 
level mentions some of the design solutions, such as maximizing window surface 
areas/increasing day light openings (including using augmented reality as a 
supplement), and not having occupants face rearward.  They also expressed concerns 
about the possible effects of in-vehicle tasks.  They do not provide any estimates of the 
extent to which various factors may contribute to motion sickness in automated 
vehicles. 
 
There are a number of ways in which those effect sizes could be determined, and they 
are described in the sections that follow.  They include (1) asking drivers what they think 
may occur, (2) examining what has occurred in self-driving car studies, and (3) 
extrapolating from other forms of transportation.  What is uncertain is how ridesharing, 
which some predict will predominate in the future, will completely change the riding 
experience so that much of what is known now will not be applicable. 
 
Following the ideas of Diels and Bos, the key factors influencing the probability of being 
motion sick are: (1) the duration of the trip, (2) how likely the driver is to perform each 
particular task (sleeping, eating, talking on the phone, etc.), (3) the extent to which each 
task induces motion sickness, and (4) the environmental context (the motion intensity-
frequency distributions along all axes, the direction in which the person is facing, what 
they can see externally, especially the horizon).   
 

Ask People What They Think May Occur 
 
In an interesting approach, Schoettle and Sivak (2015) attempted to predict the 
probability that the adults riding in self-driving vehicles will experience motion sickness.   
They provide a useful summary of some of the factors involved (Table 14).   
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Table 14.  Self-Driving Vehicle Characteristics That Influence Motion Sickness 

 

Contributing 
Aspect 

Critical factor 

Conflict between 
vestibular and visual 

inputs 

Ability to anticipate the 
direction of movement 

Control over 
the direction 
of movement 

Extent of visual 
input 

 narrow or small 
windows (-) 

 opaque or reduced-
visibility windows (-) 

 no conflict when 
having the eyes 
closed or sleeping (+) 

 narrow or small 
windows (-) 

 opaque or reduced-
visibility windows (-) 

Not relevant for 
passengers 

Direction of 
gaze 

 non-forward gaze (-)  non-forward gaze (-) 
Not relevant for 
passengers 

Posture 
 side or rear facing (-) 

 supine (+) 
 side or rear facing (-) 

Not relevant for 
passengers 

Source: Schoettle and Sivak (2015), page 2. 
 
+ = decreases motion sickness 
-  = increases motion sickness 
 
Also included in that report are data adapted from Schoettle and Sivak (2014) involving 
a survey of 3,255 adults, a significant sample, asking them what they would do in a self-
driving vehicle if not driving (question 11).  As shown in Table 15, the responses differed 
by country.  Schoettle and Sivak (2014) also provide the marginal statistics with the 
non-riders removed.  
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Table 15.  Activities (%) That Subjects Would Perform in a Self-Driving Vehicle  
 

Response 
Country 

U.S. China India Japan U.K. Australia 

I would not ride in a self-driving vehicle 23.0 3.1 7.8 33.0 23.0 21.2 

Watch the road even though  

I would not be driving 
35.5 36.1 30.7 33.2 44.0 43.4 

Read 10.8 10.5 10.2 5.6 7.6 6.5 

Text or talk with friends/family 9.8 20.8 15.0 7.4 5.5 7.9 

Sleep 6.8 10.8 4.7 12.6 7.2 7.1 

Watch movies/TV 6.0 11.3 12.3 6.2 4.2 5.7 

Work 4.8 5.4 16.3 0.7 4.9 5.1 

Play games 2.0 1.3 2.1 1.2 1.9 2.0 

Other 1.4 0.7 0.8 0.2 1.7 1.0 

Source: Schoettle and Sivak (2014) 
 
To estimate how likely riders will become motion sick, they used data from a prior study 
(Schoettle and Sivak, 2009) examining in-vehicle video systems and reading involving 
UMTRI employees and their family members (136 adults, 32 children).   They asked 
respondents how frequently they experienced motion sickness from watching in-vehicle 
video (never, rarely, sometimes, often, usually, always) as well as for reading, and how 
severe the episodes were (none, mild, moderate, severe).   
 
For the next step in their analysis, they pooled the often, usually, and always frequency 
data and the moderate and severe severity data.  Using the pooled responses, they 
estimate the consequent motion sickness levels (Table 16).   
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Table 16.  “Percentages of adult passengers in fully self-driving vehicles who are 
expected to participate in motion-sickness-related activities, and the resultant 

percentages of adult passengers expected to experience motion sickness.” 

 

Aspect 
Country 

U.S. China India Japan U.K. Australia 

Expected to be involved 
in activities that 
increase the frequency 
and severity of motion 
sickness 

37.0% 40.3% 52.7% 25.9% 27.8% 29.7% 

Would often, usually, or 
always experience 
some level of motion 
sickness 

6-10% 6-10% 8-14% 4-7% 4-7% 4-8% 

Would experience 
moderate or severe 
motion sickness at 
some time 

6-12% 6-13% 8-17% 4-8% 4-9% 4-10% 

Source: Schoettle and Sivak (2015), page 7. 
 
Their approach is a reasonable one given the information available.  However, there is 
one significant concern about these estimates.  As there were no self-driving vehicles in 
production at the time these studies were conducted and there was no evidence 
presented asking if subjects had driven in them, except for the video watching and 
reading data, subjects’ responses are beyond their experience.  From this evidence, it is 
uncertain what people will actually do in self-driving cars.  The literature indicates that 
the estimates that people make are poor about what tasks they will perform or product 
features they will want when they are beyond their experience.   
 
Two famous quotes illustrate this point.  Henry Ford is falsely alleged to have said, “If I 
had asked people what they wanted, they would have said faster horses.”   Although 
incorrectly attributed to Thomas Watson (the President of IBM) in 1943, many believed 
the quote following to be true: “I think there is a world market for maybe five computers.” 
(https://en.wikipedia.org/wiki/Thomas_J._Watson, retrieved May 31, 2016).  In Green, 
Flynn, Vanderhagen, Ziomek, Ullman, and Mayer (2001), senior automotive managers 
were asked what functions and features would appear in vehicles of the early 21st 
century.  For example, they predicted that by 2006, 10% of all luxury vehicles would 
have dual 42/12 volt systems and drowsy driver detection systems.  In another study 
conducted in the past, the author found that cell phones were not predicted to be in 
future motor vehicles.   

 

https://en.wikipedia.org/wiki/Thomas_J._Watson
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What We Know from Self-Driving Car Studies 
 
In fact, there are some, but very limited data, on what riders in self-driving vehicles 
actually do, all of which appeared after the Schoettle and Sivak reports.  At the current 
time, there appears to be only 1 published experiment that examined what drivers in 
highly automated vehicles may do and how they may sit.  Ive, Sirkin, Miller, Li, and Ju 
(2015) had 17 students (2 of whom were not licensed drivers) sit in the left front seat of 
a vehicle with right-hand drive, entering from the left side as they would in a vehicle in 
the U.S.  They were asked to close their eyes and visualize (imagine) 3 hypothetical 
trips of 1, 25 and 400 miles.  Although the engine was running, there was not actual 
driving.  Subjects only demonstrated the activities they would perform.  Obviously, the 
results would be more compelling if the sample size was larger, the subjects spanned a 
larger age range, and the vehicle was actually driven. 
 
Ive et al. only provide a brief text summary of the results.  They state (page 53) that 
other than interacting with passengers, “the most common passenger activity reported 
was phone usage, often for reading.  Unlike reading a book, reading on a phone was 
reported by participants to not cause motion sickness, which was a problem identified 
by half the participants.  Phone usage was also popular because individuals had data 
plans that enabled them to access the Internet, which they could not do on a laptop. 
Only 2 of 13 individuals reported frequent tablet usage as passengers, 2 of the 14 
reported frequent laptop usage, and 2 of 11 reported frequently reading a book. 
Individuals also commented on their ability and willingness to sleep in a non-
autonomous car as a passenger, which varied due to physical comfort and trust of the 
driver and other drivers.” 
 
Interestingly, subjects demonstrated a wide variety of postures other than the current 
upright position that current automotive seating does not support including “sprawled 
outward,” and various fetal postures (Figure 4).  However, given that the tasks that 
riders perform in vehicles may change, seat design may need to be reconsidered.  
However, keep in mind that the issues of crash risk remain, and seats need to be 
designed to constrain the occupants and minimize injury risk. 
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Figure 4.  Postures Observed In a Simulated Self-Driving Car 

Source: Ive, Sirkin, Miller, Li, and Ju (2015), page 53. 
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Consistent with these reports, Green (2016) conducted an on-road experiment with a 
simulated automated vehicle examining when subjects made discretionary lane 
changes during a 2-hour expressway drive.  The study was small, only 8 subjects.  Of 
the 171 opportunities to make changes, for 17 of them subjects were asleep.  Subjects 
were not encouraged to use their phones or perform other tasks they otherwise may do.  
 

Extrapolating from Other Forms of Transportation 
 
One possibility is to consider what people do in other vehicles in which they are 
passengers, such as planes, trains, subways, buses, and taxis.  One could also 
consider boat and ship motions, but their motions are far more extensive and some may 
consider them to be too dissimilar from the automotive situation to be insightful, at least 
from the task perspective.  The closest analog is ferry journeys. 
 
Those other vehicles have a number of differing characteristics that make them 
imperfect analogs.  Planes tend to have long journeys.  Also, trips are split into 3 
phases (takeoff, flight, and landing) and passenger activities during takeoff and landing 
are restricted (turn off your laptop).  Also, amenities are provided.  (Food is served.  
There are bathrooms.  There is inflight entertainment.)  The windows on aircraft are 
small.  Airsick bags are provided.  There are periods when aircraft encounter rough air, 
and the motion spectra more closely resemble those of a ship than a car.  When rough 
air occurs, passenger stress can be considerable.  (Are we going to crash?)  In an 
airplane, all passengers face forward, though some of the crew, especially the cabin 
crew, may not. 
 
Trains and subways tend to have a significant amount of side-to-side motion and 
journeys are of varying durations.  Commuter rail and subway journeys can be from 5 to 
30 minutes and journeys may involve a significant amount of longitudinal acceleration.  
The windows for rail cars tend to be large, but are much smaller than those of 
passenger vehicles.  For subways, for some or all of the journey, one sometimes cannot 
see very much outside, because it is too dark.  Railway coach seats may face forward 
or backward, though some commuter lines have bench seats whose seat backs can be 
flipped so everyone can face forward.  On subways, there are forward, rear, and side 
facing seats, and some people stand. 
 
On long haul buses, all of the seats face forward, but on local buses there are usually 
some seats (over the wheels) that face sideways.  Of the vehicles listed so far, its 
motion more closely resembles a passenger car, but its longer wheelbase, greater 
suspension travel, and suspension tuning leads to a smoother ride.  Its lower 
horsepower-to-weight ratio leads to less aggressive acceleration.  Long-haul buses may 
have individual armrests. 
 
Taxis are passenger cars driven by human operators, so in some sense they closely 
resemble self-driving cars.  However, some taxi drivers attempt to maximize revenue by 
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minimizing driving time, which they do by driving aggressively.  Also, with taxis, the first 
few passengers sit in the back seat, where motion sickness is more common. 
 
Even though these other modes of transportation are imperfect analogs for self-driving 
cars, seeing what passengers do can provide insight as to what may occur in self-
driving cars.  Russell, Price, Signal, Stanley, Gerring, and Cumming (2011) summarize 
a number of prior studies.  Table 17 shows the wide variety of tasks catalog in prior 
studies, unfortunately not all using the same observation method.  Russell et al. focused 
on riders on a 2-hour train trip between cities in New Zealand and city buses. 
 

Table 17.  Passenger Activities on Buses and Trains  
in Japan, U.S., U.K., Norway, and New Zealand 

 

Passenger Activity 
Categories 

Ohmori 
& 

Harata 
(2008) 

Timmermans 
& Vander 
Waerden 

(2008) 

Lyons 
et al. 

(2007) 

Gripsrud & 
Hjorthol 
(2009) 

Thomas 
(2009) 

Russell et 
al. 

(present 
study) 

Reading for 
leisure, 
newspaper, 
book/etc. 

* * * * * * 

Talking to other 
passengers 
socially 

* * * * * * 

Sleeping/snoozing * * * * * * 
Listening to 
music/radio * * * * * * 
Window 
gazing/watching 
people, 
advertisements, 
scenery 

*  * *  * 

Working/studying   * *   
Talking on phone * * * * * * 
Text messaging * * * * * * 
Nothing/staring 
ahead  *     

Personal care  *     
Work computer  *   * * 
Game (various)  * *    
Romancing  *     
Eating/drinking *  *   * 
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Smoking 
cigarettes *      

Singing songs *      
Thinking *  * *   
Using PC/PDA 
playing video 
games, watching 
video 

*  * *   

Care of children   * *   
Knitting, 
needlework     *  

Writing     * * 
Handling wallet, 
equipment, etc.      * 

Being bored   * *   
Being anxious 
about the journey   * *   
Planning onward 
or return journey   * *   

Other (describe)      * 
Source: Russell et al. (2011), page 7. 
 
As shown in Table 18, what is most interesting is that most people appeared to be doing 
nothing, with the percentage being lower for the train (which is a more stable ride and 
longer journey).  The other major difference was that riders were much more likely to be 
reading on the train.   Although these data are fairly recent, as market penetration of cell 
phones increases, so too is the expected frequency of associated tasks.  This is likely to 
be the case for the Lyons, Jain, and Holley (2007) study, which occurred when cell 
phone market penetration was much lower. 
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Table 18.  Observed Activities on a Bus and Train 

 

Activities 

Bus Train Total 

Number 
% of 
Total 

Sample 
Number 

% of 
Total 

Sample 
Number 

% of 
Total 

Sample 

Looking 
ahead/out 
window 

270 76.5 260 56.6 530 65.3 

Reading 44 12.5 132 28.8 176 21.7 

Headphones in 60 17 96 20.9 156 19.2 

Talking 48 13.6 77 16.8 125 15.4 

Texting 29 8.2 46 10 75 9.2 

Sleeping/eyes 
closed 

15 4.2 57 12.4 72 8.9 

Handling 
wallet, etc. 

16 4.5 42 9.2 58 7.1 

Other 15 4.2 28 6.1 43 5.3 

Eating/drinking 13 3.7 25 5.4 38 4.7 

Using 
computer 

1 0.3 34 7.4 35 4.3 

Writing 4 1.1 22 4.8 26 3.2 

On phone 6 1.7 6 1.3 12 1.5 

Source: Russell et al. (2011), page 135.  
 
There are some concerns about using these data to predict what people actually do as 
the market penetration of cell phones has increased and so is their expected use.  For 
example, in the U.S., smartphone penetration was 20% in 2010, increasing to almost 
60% in 2015 (http://www.statista.com/statistics/201183/forecast-of-smartphone-
penetration-in-the-us/, retrieved June 7, 2016).  The point here is that what people do 
will depend, in part, on what they have available. 
 

Will Ridesharing Change the Rider Experience  
and the Tasks Riders Do? 
 
How and when automated vehicles will be automated is unknown. One version of the 
future is that not only will vehicles be automated, but that they will be shared.  Of 
specific importance could be real-time ridesharing (also known as instant 
ridesharing, dynamic ridesharing, ad-hoc ridesharing, on-demand ridesharing, and 
dynamic carpooling), services that arrange one-time shared rides on very short notice 
(https://en.wikipedia.org/wiki/Real-time_ridesharing, retrieved June 14, 2016).  The 

http://www.statista.com/statistics/201183/forecast-of-smartphone-penetration-in-the-us/
http://www.statista.com/statistics/201183/forecast-of-smartphone-penetration-in-the-us/
https://en.wikipedia.org/wiki/Carpool
https://en.wikipedia.org/wiki/Real-time_ridesharing
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better known real-time ridesharing services in the U.S. include Uber and Lyft, as well as 
Sidecar and many others (https://www.quora.com/Ride-Sharing-Company-
Comparisons-Which-is-better-and-why-Lyft-Uber-or-SideCar, retrieved June 7, 2016).  
In China, the largest firm is Didi Chuxing. 
 
If ridesharing becomes pervasive, how could vehicles and what people do in them 
change? 
 
If the use is shared, how many occupants will there be and where will they sit?  This is 
important because as is shown later, the experience of motion sickness depends on 
seating position.  However, the implications included are more generally the nature of 
the social interaction (or possible lack of it) between vehicle occupants.  The current 
situation for owned passenger cars (excluding taxis and limousines), is that the 
occupants know each other.  Riders are family members and friends and have a basis 
for social interaction as they share acquaintances and activities.  That is not the case for 
a ridesharing service, so there is less of a basis for interaction.  Thus, if anything, there 
may be a desire for individuals to have their own personal space rather than turn their 
seating towards each other and interact.  If anything, the personal space could 
resemble that of an airplane where each occupant has a designated seat, seats are 
separated by armrests, every seat has access to an entertainment system with a visual 
display, and there may be charges for such.  In fact, there is no reason why each seat 
could not be its own compartment, with each seat having its own local climate control 
(at least for air flow) and food and water is available.  The extent to which the airline or 
bus model holds depends upon the trip duration and other factors.  If anything, maybe 
the model is the luxury, first-class seating on a large transatlantic aircraft, a mini cabin. 
 
This is important because if riders are isolated either acoustically and/or visually, then 
the frequency of tasks in which riders engage could be quite different from the current 
situation.  If vehicles are highly unlikely to crash, then there will be less incentive for 
what is normally the front seat passenger to serve as a crash warning system, or to 
provide backup navigation. However, if the vehicle is serving more like a shuttle with a 
different destination each trip, then that role may become more important.   (Exactly 
where would you like to be dropped off?)  Quite frankly, it is unknown what passengers 
will do if they are not talking to each other.  Will they (1) listen to music, (2) use their 
laptop for email, texting, or other purposes, (3) use their smartphones for similar 
purposes, or (4) use services provided by the car (or sleep or do nothing).   Because the 
riders do not know each other, to avoid negotiation, each rider may want their own 
music (via headphones or earbuds).

Commented [KL1]: Importance of this? 
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POTENTIAL DESIGN COUNTERMEASURES 
 

Increase Field of View and Change Seating Position 
 
Display size can refer to two display issues, the size of the forward view (road scene 
display) and the size of a secondary display, such as a smartphone, tablet, or laptop 
computer. 
 
Turner and Griffin (1999a, b) describe a survey involving 3256 bus passengers.   
Passengers reported if they experienced any motion sickness symptoms (nausea, 
vomiting, dizziness, drowsiness, mouth watering, pallor, headaches, or feeling hot).  
They also provided an Illness Rating on a 4-point scale (0=all right, 1=slightly unwell, 
2=quite ill, 3=absolutely dreadful).  Splitting the Illness Rating data into 2 categories (0, 
>=1), logistic regression was use to predict those ratings, which is an interesting 
approach.  Notice in Table 19, the order in which parameters entered the model, is 
indicative of the size of the effect accounted by each factor.  How much something 
matters depends upon the levels selected, but in this case, the levels were the natural 
ranges for real buses, so the order entry has practical significance.  In this case, in 
terms of design factors, the entry sequence was lateral motion (a matter of road type 
and suspension design), longitudinal seat position, forward visibility, and lateral seat 
position, followed by fore and aft motion.  If one uses the Chi-square value as an effect 
size measure, which is not statistically correct, and the fore and aft motion as the 
baseline, the factor sizes are lateral seat position 2.6, forward visibility and longitudinal 
seat position 3.2, and lateral motion 11.9. 
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Table 19.  Order 
in Which Factors 

Entered a 
Regression 

Prediction of 
DiscomfortVariable 

Step 
entered 

-2 Log 
LR (𝝌2) 

d.f. Signif. R Category N 
Probability 
of illness 

Previous susceptibility 1 231.33 1 p < 0.001 .22 

Never felt ill 
during 
travel 

1361 .16 

Previously 
felt ill during 
travel 

1895 .53 

Regularity of travel 2 93.94 2 p < 0.001 
-

.16 

2 or fewer 
journeys 
per year 

1282 .32 

3 to 6 
journeys 
per year 

1061 .29 

More than 6 
journeys 
per year 

913 .03 

Lateral motion 3 77.25 3 p < 0.001 .09 

Below 12 
ms-1.5 

815 .15 

12—14 ms-

1.5 819 .16 

14—16 ms-

1.5 813 .20 

Above 16 
ms-1.5 809 .77 

Age group 4 69.59 1 p < 0.001 
-

.13 

Under 15 1473 .48 

15 or over 1783 .11 

Seat position 5 20.86 2 p < 0.001 .06 

Front of 
vehicle 

928 .16 

Middle of 
vehicle 

1329 .22 

Rear of 
vehicle 

999 .38 

Forward visibility 6 20.58 2 p < 0.001 
-

.06 

No view of 
road ahead 

944 .25 

Poor view 
of road 
ahead 

1102 .24 

Good view 
of road 
ahead 

1210 .10 

Seat type 7 16.59 1 p < 0.001 
-

.06 

Aisle seat 1505 .24 

Window 
seat 

1751 .16 

Gender 8 4.36 1 p = .04 .03 
Male 1594 .19 

Female 1662 .24 
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Fore-and-aft motion - 6.48 3 p = .09 - 

Below 9 
ms-1.5 

825 - 

9—11 ms-

1.5 809 - 

11—13 ms-

1.5 782 - 

Above 13 
ms-1.5 

840 - 

Time of departure - 1.84 1 p = .17 - 
a.m. 2273 - 

p.m. 983 - 

Air temperature - 0.43 1 p = .51 - 

21°C or 
below 

1447 - 

Above 21°C 1908 - 

Source: Turner and Griffin (1999b), page 524. 
 
 
Griffin and Newman (2004) provide one of the more recent and comprehensive studies 
of the effects of the visual field based on a series of 30-minute drives in a minivan.  In 
computing a mean illness rating, the following categories were used: 
 

0 = No symptoms;  
1 = Any symptoms, however slight;  
2 = Mild symptoms, e.g. stomach awareness but no nausea;  
3 = Mild nausea;  
4 = Mild to moderate nausea;  
5 = Moderate nausea but can continue;  
6 = Moderate nausea and want to stop. 

 
Table 20 shows the approximate mean Illness Ratings from Griffin and Newman 
determined by eye from Figure 5 in their paper.   Notice that in terms of the range of the 
effect seating position appears to matter most because it has the largest range.  
However, that assumes the baseline should be minimum for each experiment.  Using 
normal as the baseline, the ratios are quite different, with the order   of conditions in 
terms of decreasing sickness ratings being: video of road (3.9), view in car (3.0), 
foreground and forward view (2.8) and seating in car (2.3).  Thus, this suggests that the 
view is more important than seating position, but in a passenger car, the 2 factors are 
confounded.  That is less so in a minivan. 
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Table 20.  Summary of Results from Griffin and Newman 

 

Condition 

1 2 3 4 

View in 
Car 

Seating 
in car 

Video of 
road 

Foreground 
& forward 

view 

stationary 
 

0.2 
  

normal 0.4    

narrow FOV 0.55 
   

minivan 2nd row behind 
driver  

0.7 
  

minivan 1st row behind 
driver  

0.7 
  

car rear center 
 

0.8 
  

car behind driver headrest 
 

0.8 
  

no foreground 
 

0.8 
  

car behind driver 
   

0.85 

no forward view  
 

0.9 
  

no forward view  1.0 
   

no external view 
   

1.1 

blindfold 
  

1.2 
 

no outside view 1.2 
   

video view 1.2 
   

ratio (max:min) 3.0 4.5 1.3 1.3 

ratio (max: normal=0.4) 3.0 2.3 3.0 2.8 

Source: Adapted from Griffin and Newman (2004), page 746. 
 
To provide a sense of the data, Table 21 shows the number of subjects reporting each 
illness condition for one of the cars in the first experiment. 
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Table 21.  Motion Sickness Symptoms Reported by Viewing Condition 
 

Illness rating 

Condition 

1. Normal 
2. 

Blindfold 

3. No  
Outside  

View 

4. No  
Forward  

View 

5. 
Narrow 
Forward  

View 

No symptoms 20 20 20 20 20 

Any symptoms,  
however slight 

15 19 16 18 18 

Mild symptoms, e.g. 
stomach awareness  
but no nausea 

4 13 14 12 10 

Mild nausea 0 4 5 3 0 

Mild to moderate 
nausea 

0 3 4 2 0 

Moderate nausea  
but can continue 

0 1 1 0 0 

Moderate nausea  
and want to stop 

0 1 1 0 0 

Source: Griffin and Newman (2004), page 741. 
 
External FOV (visual angle occupied by presentation) matters more than what it 
represents (internal FOV); difference also matters and sickness decreases with greater 
difference. 
 
Bos, deVries, van Emmerick, and Groen (2010) conducted an experiment that may offer 
some insights into the situation where an artificial external display is provided.   They 
varied the external field of view, the field of view subtended by the display relative to the 
observer’s eye, and the internal field of view, what is shown on the display.   The 
primary factor by far affecting motion sickness was the size of the external field of view. 
 

Stabilize the In-Vehicle Task 
 
One of the underlying issues is how the design of in-vehicle tasks such as reading, 
texting, talking on the phone, and editing on a laptop are affected by riding in an 
automated vehicle.  One main source is the Schoettle and Sivak (2009) survey of 
motion sickness related to in-vehicle video.  As a reminder, that study involved 136 
adults and 32 children who completed a survey.  A few key points are in order.  First, 
the most common mounting location for these video systems was in the “interior roof,” a 
common choice for systems in minivans (Table 22). 
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Table 22.  Summary of Video Installations 

 

Question Percentage 

Have video technology currently installed in vehicle 14 

Location 

Interior roof  79 

Seat back  11 

Back of headrest 5 

Other 5 

Size 

Less than 4 inches 5 

4 inches to less than 7 inches 37 

7 inches to 10 inches 53 

More than 10 inches 5 

              Source: Schoettle and Sivak (2009).  

 
Table 23 shows the experience of motion sickness, with the data suggesting that larger 
screens lead to more motion sickness as one would suspect. 
 

Table 23.  Experiences of Motion Sickness 

 

Question Adults Children 

Ever became motion sick from in-vehicle video 24 12 

Frequency of 
motion 
sickness 

Never 76 88 

Rarely 0 4 

Sometimes 9 4 

Often 7 4 

Usually 4 0 

Always 4 0 

Severity of  
motion 
sickness 

None 76 88 

Mild 9 4 

Moderate 11 8 

Severe 4 0 

Screen size 
when motion 
sick 

Less than 4 inches 0 0 

4 inches to less than 7 inches 53 25 

7 inches to 10 inches 29 50 

More than 10 inches 18 25 

            Source: Schoettle and Sivak (2009), page 9. 
 
Finally, in Tables 24 and 25, note that some people never get motion sick from reading 
and video displays and some always do.  What is needed is an equation that links the 
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task the user performs, the exposure duration, the display size, the size of the external 
view (in particular the horizon), and the excitation motion to the probability that motion 
sickness of some extent occurs. 
 

Table 24.  Motion Sickness Experienced While Reading (%) 

 

Question Adults Children 

Frequency of 
motion sickness 
when reading 

Never 43 69 

Rarely 15 9 

Sometimes 17 9 

Often 9 3 

Usually 8 6 

Always 9 3 

Severity of  

motion sickness 
when reading 

None 43 69 

Mild 25 22 

Moderate 22 3 

Severe 10 6 

                Source: Schoettle and Sivak (2009), page 10. 
 

Table 25.  Motion Sickness Experienced While Watching Video (%) 
 

Question Adults Children 

Frequency of 
motion sickness 
when not reading 
or viewing video 

Never 61 72 

Rarely 23 13 

Sometimes 12 6 

Often 2 6 

Usually 3 3 

Always 0 0 

Severity of motion 
sickness when 
not reading or 
viewing video 

None 61 72 

Mild 29 22 

Moderate 7 6 

Severe 2 0 

                  Source: Schoettle and Sivak (2009), page 11. 
 
If anything, making precise predictions of how much various design changes to a 
vehicle interior are likely to change the probability that various symptoms related to 
motion sickness or some degree of motion sickness will occur is not possible given the 
existing data.  However, some considerations follow, listed from most to least important 
(Table 26). 
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Table 26.  Interior Design Considerations That Influence the Likelihood of Motion 
Sickness.  

 

Factor Comment 

Controllability  People are much less likely to get carsick when they are driving than 
when they are a passenger.  However, in a self-driving car, they are 
not driving. 

Outside view The most important aspect is being able to see the horizon.  The 
size of the view matters, and the data from buses suggests that 
sitting in the front row and seeing outward through a side window 
leads to more motion sickness.  However, it is unlikely that small 
differences, such as width of the A-pillar matters much.  In the 
future, should photochromic windows see broad application, then 
transparency would need to be considered. 

In-vehicle task This is the largest unknown.  It is very unclear what people in self-
driving vehicles will actually do and how the task will vary with trip 
duration.  Will they sleep, talk on the phone, text, watch TV or 
movies, edit documents, read, or just look at the window (if there is 
one)? That will depend on the computer device support provided in 
the vehicle and a host of unknowns.  Clearly, stabilizing the display 
and providing it closer to the horizon could help.  So too could 
increasing text size (so there is less strain in reading the document). 

Seating 
orientation 

This is a complex factor because the row in which one sits also has 
an effect in that it alters how much a person can see.  How much 
small angular changes (rotation in the z-plane) affect motion 
sickness is not known at the current time, but the effect size should 
be computable using the models in the next section.  It is well known 
that some people do not like to ride backwards (as is the case on 
some trains). 

Seating posture This is a factor that has not been examined.  When people get 
motion sick, they want to lie down and as described earlier, people 
may select more recumbent positions if they do not need to drive.  
However, if they do so (or they chose a rotated seating orientation), 
implementing crash restraints becomes much more complex. 

Climate control The author does not know of any data on the benefits of ventilation 
or room temperature, but based on practical experience with driving 
simulation, keeping the room cool (which can counteract body 
temperature rise) and having cool air blow on the subjects seems to 
reduce the extent of motion sickness. 

 
To reiterate, there is a sense of the factors that matter, but exact estimations of the 
likelihood of motion sickness goes beyond current data.  However, as has been 
indicated so far, there is a good sense of what to measure and how, and the next 
section presents information that is needed to model the effects. 
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MODELING MOTION SICKNESS 
 
In many ways, the literature on motion sickness is rigorous.  There are a number of 
scales that can be used to measure it, some of which have wide spread use.  
Unfortunately, these scales are interval scales that are used as ratio scales.  The 
symptoms are well identified though they commonly are subjective.  There are tools for 
screening individuals susceptible to motion sickness.  However, they are only mildly 
predictive.  The factors that affect motion sickness are well known.  As will be shown in 
this section, there are very good models for predicting motion sickness, but they have 
largely been developed to predict sea sickness and do not consider task characteristics, 
a consideration necessary for the problem of interest. 
 
This section has been included, because the research needed to examine the open 
questions on this topic needs to rigorously model the effects of interest if it is truly to be 
useful for applications. 
 
Motion sickness models address 2 questions: (1) how much debilitating motion has the 
subject experienced as a function of the exposure duration and the amplitude-frequency 
distribution, and (2) how are the mechanisms that contribute to motion sickness 
characterized?  The first approach is less theoretical. 
 

How Much Debilitating Motion Has Someone Experienced? 
 
The literature relevant to this topic has been standardized as British Standard 6841 and 
ISO Standard 2631, summarized here.  That standard is based on a significant body of 
research.  Though not cited in ISO 2631, readers may find McCauley, Royal, Wylie, 
O’Hanlon and Mackie (1976) to be informative.  This standard pertains to motions 
transmitted to the whole human body when they are standing, seated or recumbent.  
The frequency ranges considered are: 

 
- 0.5 Hz to 80 Hz for health, comfort and perception and  
- 0.1 Hz to 0.5 Hz for motion sickness. 

 
The focus is on vertical motions and is suboptimal for horizontal motions, which are 
important in driving.  The data were originally collected in the context of sea sickness. 
 
More specifically, of practical importance are: ISO 2631-1:1997 (Mechanical vibration 
and shock -- Evaluation of human exposure to whole-body vibration -- Part 1: General 
requirements) and ISO 2631-4:2001 (Mechanical vibration and shock -- Evaluation of 
human exposure to whole-body vibration -- Part 4: Guidelines for the evaluation of the 
effects of vibration and rotational motion on passenger and crew comfort in fixed-
guideway transport systems).  Fixed guideway systems generally refer to rail.  For 
related information, see the work program of ISO/TC 108/SC 4 - Human exposure to 
mechanical vibration and shock. 
 

http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=7612
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=32178
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ISO 2631-1 predicts human comfort ratings as a function of the motion to which a 
person is exposed to as determined by the duration of exposure and the amplitude as a 
function of frequency (measured in Hz).  The standard provides the best predictions 
when the vibrations are primarily vertical.   
 
As discomfort is specific to the direction of the imposed vibration and its frequency, ISO 
2631 requires use of a frequency specific weighting function as shown in Table 27.  To 
provide context, the coordinate system in this case is x is positive forward, y is positive 
left, and z is positive up. 
 

Table 27.  Frequency and Comfort 

 

Frequency 
weighting 

Health 
(see 

clause 7) 

Comfort 
(see clause 8) 

Perception 
(see clause 8) 

Motion 
sickness 

(see 
clause 9) 

Wk z-axis, 
seat 
surface 

z-axis, seat surface 

z-axis, standing 

 

vertical recumbent 
(except head) 

 

x-, y-, z-axes, feet 
(sitting) 

z-axis, seat surface 

z-axis, standing 

 

vertical recumbent  

(except head) 

---- 

Wd x-axis, 
seat 
surface 

y-axis, 
seat 
surface 

x-axis, seat surface 

y-axis, seat surface 

 

x-, y-axes, standing 
horizontal recumbent 

 

y-, z-axes, seat-back 

x-axis, seat surface 

y-axis, seat surface 

 

x-, y-axes, standing 

horizontal recumbent 

---- 

Wf ---- ---- ---- vertical 

Source: ISO 2631-1 page 2. 
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Source: ISO 2631-1 page 11 
 

Figure 5.  Frequency and Frequency Weightings 

 
Following the procedures in ISO 2631, several important measures can be computed.  
(See Colwell (1989); Cepowski (2012); and Altpeter (2013) for an explanation).  The first 
is the Motion Sickness Incidence Index (MSI), used to assess the possible occurrence 
of sickness defined as follows: 
 

MSI= 100[0.5±erf (
±log10

av
g

±μMSI

0.4
)       (1)                                                                                                 

 
 
where: 

erf - error function; 
av – mean value of vertical accelerations at a selected point; 
μMSI – parameter calculated from this equation: 

 
μMSI = -0.819 + 2.32(log10ωE)2                                                             (2) 

 
The weighting function We has a peak at 0.167 Hz. 
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In addition, ISO 2631 specifies the computation of the motion sickness dose value 
(MSDV), the percentage of people who have motion sickness symptoms, in particular 
the percentage of subjects who will vomit when exposed to 2 hours of constant 
sinusoidal vertical acceleration.  If measurements are performed over a short exposure 
period, MSDV is expressed as follows: 
 
                                      MSDV = āvT0

1/2                                          (3)                    
where: 

           āv – mean value of vertical acceleration; 
           T0 – time of exposure recording; 
            
If measurements are performed over a long period of exposure, MSDV is expressed as 
follows: 
 

                         MSDV = √∫ (av(t))2dt
T

0
                          (4)  

 
where: 
 av – vertical acceleration referred to a given frequency,  
                  accounting for the weight [3] 
 T – exposure period.  
 
 
According to Altpeter (2013), the vomiting index (VI) = 1/3 * MSDV (a cumulative 
function) and the Illness Rating (IR) =1/50 * MSDV, where the Illness Rating is on a 0 
(all right) to 3 (absolutely dreadful) scale. 
 

Example of a Contemporary Motion Sickness Model 
 
Modeling of motion sickness has continued well beyond what is in the ISO standard, 
and a thorough discussion of such is well beyond the scope of this report.  However, 
one example is presented to indicate the current models and their sophistication.  One 
example, the 6 degree of freedom subjective vertical conflict model (6DOF-SVC), is 
described in Wada, Kamiji, and Doi (2015), as shown in Figure 6.   
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Figure 6.  Example of a Motion Sickness Model 

 
Where : 
 
f is the input vector to the otolith (OTO), which includes the inertial acceleration a and 
the angular velocity vector ω, so f = a + g, where g is gravitational acceleration. 
 
SCC refers to the semicircular canals, which has the transfer function 
 

𝜔𝑖
s =

 𝜏𝑑𝜏𝑎𝑠2

( 𝜏𝑑𝑠+1)( 𝜏𝑎𝑠+1)
𝜔𝑖  (𝑖 = 𝑥, 𝑦, 𝑧)  where τa and τd are time constants.  

 
LP is the sensed vertical direction, determined as follows: 
 
𝑑𝑣s

𝑑𝑡
=

1

𝜏
(𝑓 − 𝑣s) − 𝜔s ∗ 𝑣s ,  

 

where vs and 𝜔s  are the sensed vertical vector and angular velocity of the head. 

 
There is much more to the model than is described here, and readers are encouraged 
to see Wada, Kamiji, and Doi (2015) for details. 
 
Note: All vectors are from the head-fixed coordinate system. 
 
For additional information, see Kamiji, Kurata, Wada, and Doi, 2007 and Bos, Bles, and 
Groen, 2008. 
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CONCLUSIONS 

 
 
1. What is motion sickness? 

 
Motion sickness is the nausea caused by motion, especially when traveling in a vehicle.  
Other symptoms include vomiting, headaches, sweating, increased salivation, 
drowsiness, dizziness, warmth/flushing, and pallor (loss of skin color).  Sometimes this 
term is more specifically identified (carsickness, seasickness, airsickness, space 
sickness, simulator sickness, or virtual reality sickness).  Motion sickness may be 
experienced in cars, trains, buses, ships, planes, driving simulators, amusement rides 
such as a roller coaster, and even when riding camels or elephants.  Some refer to 
motion sickness as motion maladaptation syndrome. 

 
2. What causes motion sickness? 

 
Motion sickness is caused by a mismatch between visual and nonvisual (vestibular and 
kinesthetic) information, the observed scene and the motion felt or lack of it.  For 
example, in a fixed-base driving simulator, the scene moves but the person does not, 
leading to a sensory conflict.  In the case of seasickness, the visual representation is of 
a stable world whereas other signals indicate movement.  This experience of sensory 
systems not agreeing is similar to that when a person is poisoned, so an innate 
defensive mechanism is activated that would help eliminate some of the poison yet to 
be digested, namely vomiting. 
 
A second theory is that the conflicting information leads to problems in maintaining a 
stable posture.  As a consequence, the body’s posture-maintenance system “rebels” — 
along with the stomach. 
 
3. How is motion sickness quantified? 

 
Motion sickness can be quantified by identifying the symptoms presented, weighting 
them based on their impact on motion sickness to compute a total score, or just using a 
single number to quantify the experience, usually on an interval scale. 
 
Probably the most popular scale is the simulator sickness scale (SSQ) that was shown 
earlier and is repeated here (Table 28).  As a reminder, there are 3 subscales (nausea, 
oculomotor, disorientation) and each symptom is scored 0 to 3 (0=none, 1=slight, 
2=moderate, 3=severe).  The total score is a weighted total of the 3 subscales. 

 

Commented [CG2]: Is this page break supposed to be 
three pages long as opposed to the one page in other 
sections? 
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Table 28.  SSQ Weights for the 3 Subscales 

 

 Weight 

SSQ Symptom N O D 

General discomfort 1 1  

Fatigue  1  

Headache  1  

Eyestrain  1  

Difficulty focusing  1 1 

Increased salivation 1   

Sweating 1   

Nausea 1  1 

Difficulty concentrating 1 1  

Fullness of head   1 

Blurred vision  1 1 

Dizzy (eyes open)   1 

Dizzy (eyes closed)   1 

Vertigo   1 

Stomach awareness 1   

Burping 1   

Total Score [1] [2] [3] 

Adapted from: Kennedy, Lane, Berbaum, and Lilienthal (1993), page 212. 
 
Subscale Scores: N = [1] x 9.54, O = [2] x 7.58, D = [3] x 13.92,  
Total Score = [1] + [2] + [3] x 3.74 
The sum is obtained by adding the symptom scores.  Omitted scores are zero.  

 
In terms of single scales, there is the well being scale (Figure 7), the misery scale 
(Table 29), various illness rating scales as follows and the percentage of subjects who 
vomit. 
 

0 = I felt all right 
1 = I felt slightly unwell 
2 = I felt quite ill  
3 = I felt absolutely dreadful.    
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Figure 7.  Well Being Scale 

 
Table 29.  Misery Scale 

 

Symptom Degree Score 

No problems  0 

Uneasiness  
(no typical symptoms) 

 1 

Dizziness, warmth, 
headache, stomach 
awareness, sweating 

Vague 

Slight 

Fairly 

Severe 

2 

3 

4 

5 

Nausea 

Slight 

Fairly 

Severe 

Retching 

6 

7 

8 

9 

Vomiting  10 
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4. How can motion sickness susceptibility be assessed? 

 
The most common method for assessing motion susceptibility is the Motion Sickness 
Susceptibility Questionnaire, in particular the short version (MSSQ).  Figure 8 shows the 
core parts of it.  Often, to save time, the childhood data is not collected. 

 

 
Figure 8.  Motion Sickness Susceptibility Questionnaire-Short (Abbreviated) 
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5. Who is more susceptible to motion sickness? 
 

The common description of who is susceptible is captured in this quote from WebMD, 
“Children from 5 to 12 years old, women, and older adults get motion sickness more 
than others do. It is rare in children younger than 2” (http://www.webmd.com/cold-and-
flu/ear-infection/tc/motion-sickness-topic-overview, retrieved May 20, 2016).  Other data 
cited in this report suggests that motion sickness declines with age, though most of that 
data concern seasickness, and it could be that grouping all types of motion sickness 
together may not be appropriate.  The author’s personal experience with simulator 
sickness is that people over age 65 are more susceptible. 

 
6. How likely is motion sickness in cars? 

 
The answer is unknown at this time.  Schoettle and Sivak (2014) asked subjects if they 
would ride in a self-driving vehicle and if they did, what they would do.  Using data from 
prior studies concerning the relationship between motion sickness and tasks that people 
do (in particular, watching videos and reading), estimates of the fraction of riders that 
would experience motion sickness are offered.  Their approach is an interesting attempt 
to use available data to make projects.  Unfortunately, there was no evidence these 
subjects had ever driven in a self-driving car, and people are not very good in making 
projections beyond their experience about what they would do or what they would like.   
 
For example, the first cell phone call was about 40 years ago.  Yet at the time, most 
people thought there would never be a significant market for mobile phones.  After all, 
phones were widespread in the developed world in offices, homes, and elsewhere (pay 
phones), provided excellent voice quality, were highly reliable, and the calls that people 
made, mostly local, were inexpensive.   People didn’t see why they would ever need to 
carry a phone with them.  But once introduced mobile phones, became ubiquitous. 
People found unexpected convenience in having a phone with them.  Secondary 
features like texting and email grew to be wildly more popular than expected. Time and 
again customers were shown to be dreadfully poor predictors of how technology would 
be used. 
 
Data on use comes from 2 studies. In Ive, Sirkin, Miller, Li, and Ju (2015), subjects sat 
in what resembled a self-driving vehicle and imagined they were driving.  They found 
that the most common activity was phone usage, mostly reading, which could lead to 
motion sickness in a manner identified by Schoettle and Sivak (2014). 
 
In a small study conducted by the author (Green, 2016), one of the noteworthy tasks 
was that subjects fell asleep.  They were not encouraged to perform other tasks, such 
as use their phones, so what other tasks users would perform, at least based on this 
data, is speculation. 
 
Some inferences about motion sickness could be made based on other forms of 
transportation, namely ship, air, rail, and bus.  There are all sorts of differences between 
those situation and self-driving cars that will affect motion sickness.  They include the 

Commented [CG3]: This example didn’t really work 
before because it felt like it was talking about 
technological change rather than people predicting 
technology. I rewrote the last half to make message of 
poor prediction more explicit 



 

 61 

(1) journey duration and time (longer journeys. journeys at night, and subdued lighting 
are more likely to lead to sleeping), the amount of personal space available, (2) the 
support for phone and computer tasks (wireless internet, power), (3) amenities provided 
(food, water, bathroom), and (4) the motion spectrum experienced.   
 
A major unknown is how ride sharing (Uber, Lyft, Didi Chuxing, etc.) will change the 
ownership of vehicles and the nature of social interaction among riders.  Currently, most 
automobile trips with multiple passengers involve people who know each other – family 
members and friends.  Obviously, taxis and ride sharing are exceptions.  What will 
happen if ride sharing becomes more widespread? Will the social context change and 
strangers interact more?  Will vehicles change to provide more privacy, if that is what 
riders want?  Will each rider have their own compartment?  What will that compartment 
be like?  What tasks will be supported?  In which direction will seats face and will riders 
be able to see the horizon?  These questions each will have an impact on motion 
sickness and the answers will all depend on how these services and their technologies 
develop. 
 
7. What are some potential design countermeasures? 

 
If motion sickness becomes an issue, what can be done to counteract it.?  The 
countermeasures are well known and summarized in Table 30.  What remains unknown 
is exactly how effective these countermeasures are.  In the table that follows, they are 
listed from most to least effective. 
 

Table 30.  Motion Sickness Design Countermeasures 

 
Factor Comment 

Controllability   Drivers are less like to get car sick than passengers. 

 By definition, all riders in self-driving cars are passengers. There 
are no drivers. 

Outside view  Seeing the horizon matters most. 

 Large windows mean the horizon is more visible.  So too is the 
case if the windows are tinted or photochromic.  In the U.S., tinted 
windows are more common in the southern states and tinting is 
applied primarily to windows aft of the b-pillar. 

 Restricted view is an issue for those not in the front seat.  Reducing 
headrest size increases the field of view (but increases the risk to 
the seat occupant in a crash). 

 The equation linking how much one can see due to motion sickness 
has not been developed (but could be developed). 
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In-vehicle task  This is the largest unknown.  What people will do in self-driving 
vehicles of the future is unknown.  Will they sleep, talk on the 
phone, text, watch TV or movies, edit documents, read, or just look 
at the window (if there is one)? 

 Providing methods to stabilize the movement of devices they could 
use (smartphones, tablets, laptops, etc.) and position them so the 
horizon is in sight (peripherally) could help. 

Seating 
orientation 

 Facing forward is associated with low levels of motions sickness. 

 How much slight rotations around the z-axis will increase motion 
sickness is unknown, but it will complicate occupant protection in 
the event of a crash. 

Seating 
posture 

 More supine positions tend to reduce motion sickness, at least 
when a person is stationary, but again that may complicate 
occupant protection in the event of a crash. 

Climate 
Control 

 Providing each rider with their own temperature and air flow control, 
especially if they can feel the air blowing on their face, could be 
beneficial. 

 
8. What are some quantitative models for predicting motion sickness? 

 
Probably the best known quantitative model is that in ISO 2641.  That model predicts 
the Motion Sickness Index, here for vertical accelerations using a spectral weighting 
function as described below.  In addition, there are also predictions for the motion 
sickness dose value for short exposures.  
 

MSI= 100[0.5±erf (
±log

10

av

g
±μ

MSI

0.4
)         (1)         

 
where: 

MSI – motion sickness incidence index; 
erf – error function; 
av – mean value of vertical accelerations at a selected point; 
μMSI – parameter calculated from this equation: 

 
                      μMSI = -0.819 + 2.32(log10ωE)2                (2) 

 
The weighting function We has a peak at 0.167 Hz. 
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In addition, ISO 2631 specifies the computation of the motion sickness dose value 
(MSDV), the percentage of people who have motion sickness symptoms, in particular 
the percentage of subjects who will vomit when exposed to 2 hours of constant 
sinusoidal vertical acceleration.  If measurements are performed over a short exposure 
period, MSDV is expressed as follows: 
 
      MSDV = āvT0

1/2                                                         (3)  

 
where: 

           āv – mean value of vertical acceleration; 
           T0 – time of exposure recording; 
            
If measurements are performed over a long period of exposure, MSDV is expressed as 
follows: 
 

                         MSDV = √∫ (av(t))2dt
T

0
              (4)  

 
where: 
 av – vertical acceleration referred to a given frequency,  
                  accounting for the weight [3] 
 T – exposure period.  
 
 
According to Altpeter (2013), the vomiting index (VI) = 1/3 * MSDV (a cumulative 
function) and the Illness Rating (IR) =1/50 * MSDV, where the Illness Rating is on a 0 
(all right) to 3 (absolutely dreadful) scale. 
 
Modeling of motion sickness has continued well beyond what is in the ISO standard. 
One example, the 6 degree of freedom subjective vertical conflict model (6DOF-SVC), 
is described in Wada, Kamiji, and Doi (2015), as shown in Figure 9.   
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Figure 9.  Example of a Motion Sickness Model 

 
 
This model contains transfer functions for the otolith (OTO), for the semicircular canals 
(SCC), the sensed vertical direction (LP).  Readers are directed to the results for details.  
This model is important because it provides a basis for considering all of the 
characteristics that contribute to motion sickness and then making predictions about the 
outcome.   What remains unspecified (and should be added to the model) are 
characteristics relating to the secondary task.  Nonetheless, this and other models 
provide a valuable starting point. 
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APPENDIX A. VIRTUAL REALITY SYMPTOM QUESTIONNAIRE 
 

Subject Code……….        Correction:                        CL                            Specs                           None 

Date………………… 

 None Slight Moderate Severe None Slight Moderate Severe None Slight Moderate Severe 

General Body  

Symptoms 

General 

discomfort 

0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Fatigue 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Boredom 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Drowsiness 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Headache 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Dizziness 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Difficulty 

concentrating 

0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Nausea 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Eye-Related 

Symptoms 

            

Tired eyes 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Sore/aching eyes 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Eyestrain 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Blurred vision 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

Difficulty focusing 0 1  2 3  4 5  6 0 1  2 3  4 5  6 0 1  2 3  4 5  6 

             

Other 

symptoms/feelings 

   

Adapted from: Ames (2005), page 168. Originally from: Gaginella (1995). 
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APPENDIX B: MOTION SICKNESS SUSCEPTIBILITY 
QUESTIONNAIRE 
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Source: Golding, J.D. (1999), pages 514-516. 
 
 

 


