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Summary 

The aim of this thesis was to gain a better understanding of the 

underlying mechanism and modulating factors that influence 

carsickness. I first attempted to bring to light the actual scope of the 

problem of carsickness, and subsequently examined the primary factors 

in a series of controlled experiments. These not only uncovered both 

fundamental knowledge on carsickness –specifically in autonomous 

vehicles–, but also shaped the outline for promising countermeasures. 

The principal results and implications per chapter are expanded on 

below. The findings in this thesis build on the existing literature on 

general motion sickness, but offer important nuances specific to 

carsickness. The knowledge gained throughout this thesis might 

potentially have societal relevance, as the expected development of 

autonomous vehicles in the coming decades demands a novel 

perspective on what it means to travel by car, and on how to do so 

comfortably.  

First, in chapter 2 we showed, using an extensive international 

survey study, that carsickness is still a problem which affects the 

majority of the population. Our findings replicated effects of age and 

gender that are well-known in the literature (e.g. Bos et al., 2007; 

Lawther & Griffin, 1986; Turner & Griffin, 1999a). An additional 

approach that we used in this survey was to map which factors were 

reported to be associated with carsickness. The main modulating factors 

we found were car accelerations, visual activities, and low air quality. 

Especially visual activities, such as reading or using a smartphone, were 

reported to lead to carsickness symptoms not only the most frequent, 

but also with the shortest onset. Notably, occupants of autonomous 

vehicles might typically be engaged visually, as being able to undertake 

non-driving tasks is one of such vehicle’s primary benefits (Steck et al., 

2017). The use of self-driving cars, we therefore conclude, is expected 

to increase to occurrence of carsickness. This chapter provided a basis 

to form subsequent research questions. For instance, the reported 

modulating factors could further be examined in controlled experiments 

to empirically verify whether they relate to motion sickness as 

anecdotally reported. And, conversely, factors reported to worsen 

carsickness might be shown to also have an antithetical case with a 



potential to reduce carsickness. For example, reading exacerbates 

carsickness, but increasing outside vision is beneficial. 

In chapter 3, we showed in a test track study that increased 

peripheral vision out of the vehicle can actually reduce motions sickness 

considerably during provocative motion – a slalom motion in this case. 

Even when engaged foveally, such as when using a display, peripheral 

vision is used for our orientation in space and estimation of motion, and 

has even been argued to be decisively so (Dichgans & Brandt, 1978). 

Thus, peripheral vision potentially offers relevant sensory information to 

reduce visual-vestibular incongruence. We indeed found that a head up 

display, allowing for peripheral vision, led to less carsickness compared 

to a head down display, offering limited peripheral vision. We theorized 

that this was the result of, respectively, either reduced or increased 

sensory conflict. This chapter shows that even under circumstances that 

are generally quite nauseating, i.e. a combination of limited (foveal) 

vision and provocative motion, a relatively simple change in the design 

of the vehicle interior (namely display location) can already have a 

significant impact on the occurrence of carsickness. Naturally, equipping 

a vehicle with windows and seating that allows for ample outside vision 

is an essential prerequisite of design that aims to minimize motion 

sickness. However, this principle does not appear to be a prominent 

design consideration found in today’s autonomous vehicle concepts (see 

e.g. Diels & Bos, 2016; Salter et al., 2019 who discuss this problem). 

What effect vision out the window and seating could furthermore have 

on carsickness will be discussed in a later section below. 

With the knowledge that a view of the outside world can reduce 

visual-vestibular conflict, and thereby mitigate motion sickness, the 

ensuing question might arise what other manipulations could be 

optimized in vehicles. Assuming display use by the passenger, 

increasing foveal visual information to reduce the sensory conflict seems 

incompatible, as the display moves in conjunction with the vehicle. 

Interestingly, it has been found that an earth-fixed reference frame 

even when presented using computer visuals can be beneficial (Feenstra 

et al., 2011). Small scale studies using a ‘see-through’ display during 

driving seemed promising in lowering carsickness when reading (Miksch 

et al., 2016). However, as we found in chapter 4, artificial visuals 

suggesting motion are highly complex as they can cause visually 



 

induced motion sickness on their own accord, and the mechanism 

behind this is currently not known precisely. Vection, the visually 

induced sense of self-motion, is nevertheless assumed to play a 

principal role in generation of motion (Keshavarz et al., 2015). In a 

study using constant optic flow, we found that vection is not 

experienced consistently, and subsequent motion sickness does not 

relate directly to experienced vection, nor in alterations in vection (as 

we theorized, similar to Nooij et al., 2017). We conclude that the 

relation between vection, resulting from artificial visuals suggesting 

motion, and subsequent motion sickness is not straightforward. In 

addition to vection, a plethora of aspects typical to artificial images can 

influence how optic flow can lead to visually induced motion sickness, 

such as frame information. In brief, using computer visuals to reduce 

visual-vestibular conflict in vehicles might produce more problems than 

it solves. These topics will also be further expanded on below. 

In contrast to on-road vehicle experiments, driving simulators 

offer an exceptionally safe research environment. Moreover, they also 

have the methodological advantage of a high degree of controllability 

and replicability of both motion and visual cues. In chapter 5, we 

investigated whether simulators are in fact viable research tools for the 

purpose of studying carsickness. We found that under very restrictive 

(visual) conditions, simulators with an adequate motion platform might 

be utilized for this purpose, provided they can recreate the low-

frequency accelerations principal to carsickness. The main limiting 

aspect of a simulator are the artificial visuals, as these can lead to 

simulator sickness, a phenomenon which has many similarities with the 

topic discussed in chapter 4. A potential, albeit highly limiting, solution 

to prevent simulator sickness would be to restrict all vision outside the 

simulator cabin, thus only using the motion base to recreate the 

relevant vehicle accelerations that incite motion sickness, analogous to 

carsickness. Furthermore, we find that another restriction of moving 

base simulators, the limited displacement range, might be compensated 

by considering the combination of motion intensity and frequency. As 

covered in later chapters, using a more unpredictable stimulus might 

also prove to be a method to maximize provocativeness assuming a 

limited moving base simulator. If these limitations can be overcome, 

simulators might prove a crucial research tool for carsickness studies, 



especially to investigate detrimental effects of illness on task 

performance with a safety aspect, as motion sickness might decrease 

driving capacity (Rolnick & Bles, 1989; Bos, 2004). This is especially 

important in situations of transfer of control, i.e. when the human driver 

of a self-driving vehicle has to take over control within a limited 

timeframe (SAE, 2014), where the occupant might have additional 

difficulty due to carsickness as a result from being a passenger in the 

period before. The combination of non-driving activities during 

provocative motion and subsequent safety aspects of driving after 

transfer of control could safely and accurately be studied using moving 

base driving simulators. Such scenarios would be challenging to study 

safely in conventional test vehicles. Therefore, self-driving carsickness 

has characteristics ideally suited to be studied in simulators.  

As outlined in chapter 1, a discrepancy between sensed and 

expected motion is believed to underlie motion sickness. This 

discrepancy can be the result of conflicting inter-sensory information, 

such as described in chapter 3. However, an arguably even more typical 

aspect facilitating carsickness is the inability to anticipate upcoming 

motion. Notably, there is comparatively limited literature on the relation 

between motion sickness and (cognitive) anticipation. The dominant 

mathematical modelling used to estimate and predict motion sickness 

even completely omits this aspect (ISO 2631-1, 1997). Therefore, in 

Chapter 6, we performed an experimental study to establish the role 

that anticipation plays in motion sickness, and the potential magnitude 

of its effect. We found, using a motion platform (a linear sled), that 

unpredictable motion, both in timing and direction, was considerably 

more provocative compared to predictable, repetitive motion. This was 

so even as the motion in all conditions was completely equal in terms of 

acceleration intensity and motion frequency. Namely, the motion 

conditions were composed of exactly the same repeated for-and-

backward displacement, varying only by virtue of a semi-random 

variance in either the length of the pauses between displacements, or in 

the direction of the displacements. Both unpredictable conditions were 

equally detrimental to participant well-being. As also found by other 

authors (Rolnick & Lubow, 1991; Feenstra et al., 2011), anticipation can 

play a decisive role in the extent to which a motion is provocative. Yet, 

despite its importance, anticipation often appears to be an afterthought 



 

in the discussion on what makes a motion provocative. Rather, the focus 

in much of the literature is primarily on exclusively the physical motion, 

occasionally expanded by considering visual factors. Typically, the visual 

factors are often considered only as being incongruent with the 

vestibular at a sensory level (e.g. reading when driving causing a visual-

vestibular conflict), rather than more broadly considering expectation 

and anticipation. (Griffin & Newman, 2004; Perrin et al., 2013 being 

notable exceptions, especially the latter giving credence to the 

importance of anticipation in carsickness.) I would argue that the 

cognitive effects of the human individual exposed to motion are equally 

essential in understanding and preventing motion sickness, and should 

be given more attention by researchers, engineers, and designers alike. 

Especially in autonomous vehicles, looking beyond singularly the 

physical motion can be of considerable importance to realize comfortable 

and future-proof vehicles. 

Building on the knowledge gained on the importance of 

anticipation in motion sickness, in chapter 7 we showed, using the 

same experimental setup, that individuals’ anticipation can also be 

facilitated by auditory cues, and that this can subsequently lower the 

occurrence of motion sickness. In one condition, sound clips informed 

participants of the timing and direction of the semi-random upcoming 

motion. In the control condition, similar auditory cues were present but 

not informative on direction nor timing of the upcoming motion. 

Participants reported significantly less illness in the condition that 

provided them with warning cues that were informative with regards to 

the imminent motion. To our knowledge, this is the first time it is shown 

that auditory information can be used and internalized by individuals to 

anticipate motion in a fashion that reduces how provocative exposure to 

physical motion is. The effect size that increasing anticipation in this 

manner had, was not as large as could be expected based on, e.g. 

chapter 6 and Feenstra et al. (2011). However, this effect could be 

considerably larger if, for instance, more than one axis of motion is 

used, as compared to the simple motion in our experiment. Findings of 

this chapter open the door for further research into countermeasures 

against motion sickness in autonomous vehicles. Using comparable 

cues, i.e. simple signals conveying a general direction and/or timing, 

might actually be excellently suited to the domain of road traffic, as the 



types of motion scenarios one can expect are generally discrete (e.g. 

lane changes, cornering, accelerations and decelerating to a halt). These 

issues and opportunities will be discussed more exhaustively below.  

Table 8.1. Overview of the principal findings per chapter 

Chapter Main research 

question 

Principal findings 

2 What is the current 

incidence and severity 
of carsickness? 

Carsickness is an issue still 

affecting the majority of 
people 

3 Does increased 
peripheral vision 

reduce carsickness 
during display use? 

Increased peripheral vision 
outside via display 

positioning can reduce 
carsickness  

4 Does vection or do 
alterations in vection 
cause visually induced 

motion sickness 
(VIMS)? 

VIMS occurred but was not 
predicted by vection, nor 

alternations in vection  

5 Can moving base 
driving simulators be 

used to study 
carsickness? 

Under restrictions 
pertaining to visuals and 

motion envelope, simulators 
can be used to study 

carsickness 

6 Is unpredictable 
motion more sickening 

than predictable 
motion? 

Unpredictable motion is 
significantly more 

provocative compared to 
predictable motion 

7 Can unpredictable 
motion be made less 

provocative with 
auditory cues? 

Anticipation to 
unpredictable motion can 

be aided by means of 
auditory cues, subsequently 

lowering motion sickness 



 

The studies covered in the aforementioned chapters reveal 

consistently that motion sickness is, foremost, a multifaceted problem. 

This makes getting a grasp on its underlying mechanism an ongoing 

scientific endeavour, but also has the practical advantage that a wide 

range of optimizations exist to potentially reduce carsickness to a 

minimum. In autonomous vehicles, an abundant variety of not just 

vehicle motion scenarios (e.g. rural versus city drives), but also 

occupant activities (e.g. reading versus sleeping) occur. This, in 

combination with unexplored inter-individual differences, suggest a 

kaleidoscopic image of potential causes whenever carsickness occurs, 

but also the associated opportunities to improve it. In the remainder of 

this discussion I will further explore how the knowledge gained in this 

thesis might fit in its domain of science, and what it entails specifically 

concerning autonomous vehicles. First, I will take a closer look at how 

the findings of chapter 2-7 fit within the theoretical framework we 

delineated in chapter 1. Subsequently, I will cover the relevance for 

future research into motion sickness, and potential practical implications 

for the study and applied design of (autonomous) vehicles.  

 


