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The development of autonomous vehicles is rapidly moving forward through significant 

efforts from the automotive industry and researchers. The design and the usage of the 

vehicles can drastically change, leading to a transformation of the vehicle-transport 

system. One key enabler for the complete success of autonomous vehicles is to design 

and control the vehicle so that the passengers do not become motion sick. There is 

therefore a need to investigate what causes motion sickness and how motion sickness can 

be evaluated. This includes the medical understanding of what is causing motion sickness 

to understand the human aspects of a range of motion-related parameters such as 

accelerations, vibrations, etc. Furthermore, with the help of modelling detect and predict 

motion sickness. There exist today different models to predict and evaluate motion 

sickness, but they are often rather limited and not directly usable as tools in the vehicle 

development process. There are both empirical and theoretical approaches used in the 

modelling of motion sickness, which have different advantages and disadvantages to each 

other. In this paper, the causes of motion sickness and some existing motion sickness 

models will be discussed. With the help of identified motion sickness prediction models, 

new technical innovations needed within vehicle dynamics control and motion planning 

control can be developed to minimise the risk of motion sickness in autonomous vehicles. 

Motion sickness prediction models are important tools in the early design stage of 

development on how to control and design autonomous vehicles so that the functional 

conflict between safety, comfort and performance is handled for the complete success of 

autonomous vehicles when it comes to economic and social benefits.  
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1. Introduction 

The development of autonomous vehicles is rapidly moving forward through significant efforts from 

the automotive industry and researchers. The design and the usage of the vehicles can drastically 

change, leading to a transformation of the vehicle-transport system. One key enabler for the complete 

success of autonomous vehicles is to design and control the vehicle so that the passengers do not 

become motion sick. Potentially motion sickness in autonomous vehicles can be a problem which has 

been highlighted in for example “Will autonomous cars make us sick?” by Diels [1] and “From car 

sickness to autonomous car sickness” by Iskander et al. [2]. It is quite seldom that drivers become 
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motion sick, but in autonomous vehicles, all people in the vehicle become passengers which has 

shown to have an increased tendency to become motion sick. Factors that contribute to motion 

sickness, but which are different when you are a driver and a passenger, are controllability, perceived 

control, activity, visual information, and predictability [3]. Since comfort is one of the main drivers 

for autonomous driving (AD), an important factor that affects the acceptance of autonomous vehicles 

is the capability of passengers to perform non-driving tasks like reading, relaxing, and/or socialising 

in a comfortable style with no or limited motion sickness symptoms. So the overall research question 

is how shall autonomous vehicles be built and controlled in order to reduce or avoid motion sickness? 

One example of previous activities in the field is the University of Michigan Transportation 

Research Institute (UMTRI) that has published some interesting reports regarding motion sickness in 

self-driving vehicles [4]. Furthermore, OEMs like Daimler has developed measures to predict and 

prevent car sickness with a laying seat [5], JLR promotes a system that mitigates the feeling of motion 

sickness by adapting the driving style of future autonomous vehicles [6], Citroën has presented 

SEETROËN, the glasses to eliminate motion sickness [7] and suppliers like ZF [8] and Ricardo [9] 

are also working on minimising motion sickness in autonomous vehicles. It can be concluded that it 

is still not well known how to control the vehicle in order to minimise the risk of motion sickness. 

The first step towards answering the above research question is to investigate what causes motion 

sickness and how motion sickness can be evaluated. To be able to predict motion sickness and identify 

important human and vehicle parameters affecting motion sickness, the first task is to investigate 

theories in the literature about what causes motion sickness and the current state-of-the-art regarding 

the usage of human biomedical-based mathematical models to predict motion sickness. The second 

task is to investigate how different vehicle motion control strategies such as active suspension, active 

anti-roll bars, rear-wheel steering, etc. could be developed and combined to minimise motion sickness 

and maintain driving stability. The final task is to identify how self-driving vehicles shall be 

controlled (steering, braking, and acceleration) to reduce or avoid motion sickness. This includes the 

development of trajectory planning and tracking algorithms that minimise motion sickness. In the 

final choice, any influential conflicts with performance and safety need to be taken into account. The 

three tasks that have been identified to answer the research question are illustrated in Figure 1.  

 

  

Figure 1. Identified tasks to assess and mitigate motion sickness in autonomous vehicles. 

The paper is organised by starting with an introductory section which is stating the motion 

sickness problem in general and potential negative effects on autonomous driving. In Section 2 

existing motion sickness severity prediction models are discussed briefly. This is followed by Section 

3.1 that reviews vehicle chassis control techniques to minimise motion sickness for AD platforms and 

Section 3.2 focuses on recent research on trajectory planning and tracking for autonomous cars to 

minimise motion sickness. Finally, the paper ends with a concluding section. 
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2. Motion sickness 

Motion sickness, based on the Cambridge dictionary, is “a feeling of being ill, especially of needing 

to vomit, that some people get in a moving vehicle”. The “feeling of being ill” can in other words be 

called “nausea” and “dizziness”. The referred “moving vehicle” can be a car, plane, train, etc. Motion 

sickness is a very old problem dating back to BC and was initially referred to as “seasickness” by 

ancient Greeks and Romans [10]. Intensive historical research has been done by Huppert et al. [10] 

showing the chronological overview of the knowledge about the problem. However, motion sickness 

has been stated as a more complex problem than just nausea and vomiting and is not completely 

understood yet [11].   

In this part of the paper, the focus is on understanding the human aspects of a range of motion-

related parameters such as accelerations, vibrations, etc., and giving an outlook on motion sickness 

models in the literature. Human biomedical modelling techniques can be used to identify the comfort 

zone for AD, i.e. to understand the customer expectations and draw the limits of the motion comfort 

and sickness. To evaluate motion sickness both objective methods (based on measurements) and 

subjective methods (for example based on personal feelings) are used, which are further described in 

the two following sections. 

2.1 Objective methods 

There exist today different models to assess motion sickness, but they are often somewhat limited 

and not always directly usable as tools in the vehicle development process. Here research is needed 

to develop or combine the models. Objective methods for motion sickness have historically been 

researched and many motion sickness scales are available in the literature [12] like the Motion 

Sickness Dose Value (MSDV) from ISO 2631-1 [13]. There are both empirical and theoretical 

approaches used in the modelling of human motion sickness, which have different advantages and 

disadvantages to each other [14]. The HFR model (1974) from Human Factors Research (HFR) Inc. 

California, USA is an experimental-based model that predicts the Motion Sickness Incidence (MSI) 

which is given in percentage. In Figure 2 the HFR model for the vertical direction (z) has been re-

generated in MATLAB. 

The ISO 2631-1 standard provides the limited weighting filters for the calculation of motion dose 

values for the assessment of motion comfort and sickness. Figure 3 shows the ISO 2631-1 weighting 

filters for comfort assessment (𝑊𝑘 is for the z-axis and 𝑊𝑑 is for the x and y-axis) and the weighting 

filter for motion sickness assessment (𝑊𝑓 for the z-axis). Moreover, a lateral frequency weighting 

filter (𝑊𝑓 for the y-axis) for motion sickness evaluation proposed by Donohew and Griffin [15] has 

also been added in Figure 3.  

 

 

 
  

Figure 2. HFR (Human Factors Research) Model Figure 3. Weighting filters for comfort 

and motion sickness assessment 
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The Motion Sickness Dose Value (MSDV) is defined in ISO 2631-1 as: 

𝑀𝑆𝐷𝑉 = {∫ [𝑎𝑤(𝑡)]
2𝑇

0
𝑑𝑡}

1

2
 ms-1.5 (1) 

where 𝑎𝑤(𝑡) is the frequency weighted acceleration. The ISO 2631-1 standard needs to be re-visited 

to enhance the models for AD and may also be extended for a more accurate 3D dimensional model 

which can be run in real-time.  

A widely recognised theory is that motion sickness is caused by a signal mismatch between the 

internal model in the brain and received signals from the vestibular system and visual stimuli. The 

sensory conflict theory-based models are focused on the mechanism of motion sickness and motion 

sickness adaptation which uses a modelled vestibular system and Central Neural System (CNS). The 

neural mismatch model was proposed by Reason [16] and after that modelled mathematically by 

Oman [17]. Oman’s proposed model is based on sensory conflict theory using two parallel (slow and 

fast averaging dynamics) filters that take the conflict as input and predict motion sickness incidence. 

Bos and Bles [18] extended Oman’s model and proposed the Subjective Vertical Conflict (SVC) 

theory model called 1D-SVC. This is a promising theoretical model which is based on the sensory 

conflict theory developed by Bos and Bles and validated by using the HFR model. Braccesi and 

Cianetti [19] proposed an extended version of the 1D-SVC model to a 3D-SVC model called 

vestibular 3D model (UNIPG) and visual-vestibular models (UNIPGSeMo) which are experimentally 

validated and expanded with a 6-DOF motion model proposed by Wada et al. [20]. Recently, the 6-

DOF mathematical model of motion sickness severity prediction has been extended by considering 

visual inputs by Wada et al. [21].  

2.2 Subjective methods 

Motion sickness can change constantly and individually depending on the movements but also due to 

non-motion causes. Therefore the level of motion sickness is alternating during the drive which makes 

it difficult to assess objectively. In addition to objective methods, there are also different 

questionnaires (measuring scales) available to evaluate motion sickness before, during and/or after 

the experiment. Subjective questionnaires can also be used for validating the developed motion 

sickness prediction models (objective evaluation methods). These benefits make motion sickness 

questionnaires a useful tool to assess and evaluate motion sickness during the development process 

of autonomous vehicles. Some of the differently structured (based on the susceptibility, assessment, 

or type of usage) motion sickness questionnaires in the literature are presented as follows. One of the 

early examples of motion sickness questionnaires is the Pensacola Motion Sickness Questionnaire 

(MSQ) proposed by Kennedy and Graybiel [22] in 1965. Then, the Simulator Sickness Questionnaire 

(SSQ) was developed and derived from the MSQ in 1993 by Kennedy et al. [23] to measure simulator 

sickness (visually induced motion sickness).  

To understand how susceptible a participant is to motion sickness, the Motion Sickness 

Susceptibility Questionnaire (MSSQ) was created and developed by Reason and Brand in 1975, 

which was revised in 1998 by Golding [24] to improve the relationship of sickness from other non-

motion causes (migraine, chemotherapy, etc.). The MSSQ can be used to detect individual differences 

and gives an advantage of the participant selection process for motion sickness experiments (different 

motion types e.g boats, cars, planes, trains). Then a shorter version of the questionnaire was developed 

by Golding [25] in 2006 which maintains the accuracy and is more time-efficient.  

To assess overall (using total scores) and multiple dimensions (using GI: Gastrointestinal; C: 

Central; P: Peripheral; SR: Sopite-related subscale scores) of motion sickness, Gianaros et al. [26] 

have developed the Motion Sickness Assessment Questionnaire (MSAQ) in 2001. The Misery Scale 

(MISC) was developed by Bos et al. in 2005 [27] and it is characterised by its simplified rating system 

for evaluating motion sickness level. The MISC is one of the most commonly used methods during 

experiments by directly asking the participant for a rating (from score 0: no problem to score 10: 

vomiting) [27]. Similarly, the Fast Motion Sickness Scale (FMS) is a verbal rating (from 0 to 20) to 
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grade the participant’s motion sickness feeling and was developed by Keshavarz and Hecht [28] in 

2011. The main advantage of the scale is to provide a fast and valid classification method for assessing 

motion sickness during the experiments.  

3. Solutions for mitigating motion sickness 

Technological innovations in the vehicle development process such as vehicle chassis control and 

motion planning could be used for mitigating motion sickness which will be addressed in this section.  

3.1 Vehicle chassis control strategies/techniques to improve ride comfort 

Active chassis control systems provide great opportunities for enhancing the comfort of autonomous 

vehicle platforms. Some examples of techniques that could potentially be used to improve comfort 

and minimising motion sickness are: 

• Torque vectoring. The ability to individually control the drive/brake torque of each wheel or 

axle of the vehicle enables the customisation of the handling/comfort response of the vehicle 

according to the subjective preferences of different passengers. 

• Rear-wheel steering. The rear-wheel steering system can reduce the turning radius and is used 

for vehicles moving in narrow spaces at low speeds. At high speeds, the rear wheels normally 

steer in the same direction as the front wheels. This can help the vehicle movement in the 

lateral direction with or without reduced yaw motion.  

• Active suspensions. The main aim of the active suspension system is to eliminate the vehicle's 

body motion due to road disturbances. The active suspension system can also affect the roll 

motion during cornering and the pitch motion during accelerating or braking.  

• Active anti-roll bars. An active anti-roll bar is designed to reduce the roll motion of the vehicle 

body during cornering, and it can change the load transfer behaviour between left and right 

wheels and create a suitable steering characteristic. The main aim of active anti-roll bar 

systems is to improve the ride comfort, handling, and performance of the vehicle. 

There already are a few studies [29], [30], [31] and [32] that have shown that vehicle/chassis control 

strategies/techniques (torque vectoring, rear-wheel steering, active suspension, active anti-roll bars, 

etc.) can help to improve motion comfort and have a potential to mitigate motion sickness for AD 

platforms.  

Tavernini et al. [29] have proposed a Model Predictive Control (MPC)-based control algorithm 

to control and minimise the pitch angle of a vehicle by actively varying the brake force distribution 

during braking events. Simulation results showed that the proposed optimal distribution of brake 

forces between the front and rear axles has proved a smooth stop of the vehicle to improve driver 

comfort without affecting the braking distance. The acceleration peaks at the driver’s head are shown 

to be reduced that can help to improve the driver's comfort feeling during braking which indicates 

that this research can potentially also be extended to reduce motion sickness.  

Utbult [30] has developed feedforward and feedback control algorithms for rear-wheel steering 

systems and evaluated the controller performance under sinus steer and overtaking scenarios for 

comfort and motion sickness during highway driving in a simulation environment. It was shown that 

rear-wheel steering systems can improve comfort and reduce motion sickness. Furthermore, rear-

wheel steering can improve maneuverability in low-speeds and improve safety by improving yaw 

stability.  

DiZio et al. [31] experimentally showed that using an active suspension system vibrations from 

0.8 to 8 Hz can be reduced for mitigating motion sickness when the passengers were performing a 

reading activity. 

Agrawal and Gustafsson [32] have developed sliding mode, feedforward and PI-based combined 

control strategies for active anti-roll bars to increase roll damping and reducing the effect of low-

frequency road disturbances. Simulation results show that active anti-roll bar systems have a 



Resource Efficient Vehicles Conference – rev2021 

  

  

  

significant ability to improve both ride and handling performance (changing the understeer 

characteristic and thereby improve the stability) of the vehicle compared to passive anti-roll bars. 

The combination of different chassis control strategies can be called integrated chassis control 

which can help to enhance safety and comfort by providing high dimensional possibilities to control 

the vehicle. A short review about integrated chassis control has been given by Lopez et al. [33] which 

points out how researchers combine the different control systems to improve multi-conflicting 

objectives such as safety, comfort and performance. Developing active chassis control strategies and 

algorithms and evaluate them for different test scenarios will help to evaluate the comfort 

enhancement for future AD vehicle platforms. 

3.2 Trajectory planning and tracking algorithms considering ride comfort 

Trajectory (motion) planning is one of the challenging and critical functional layers for autonomous 

vehicles [34]. The trajectory planning and tracking of autonomous vehicles can create subjectively 

aggressive driving that might deteriorate passenger ride comfort. Therefore, planning the motion of 

the vehicle plays an important role to provide a pleasant autonomous driving experience. Previous 

studies like Claussmann et al. [35] and Gonzalez et al. [36] have pointed out the importance of 

trajectory planning and tracking algorithm development for ride comfort in AD. 

The optimisation problem for trajectory planning can be designed to minimise the motion sickness 

level as an objective function, subject to vehicle dynamics, path, time, distance bounds, energy 

efficiency, CO2 emissions, power characteristics, torque, speed, steering limit boundaries, etc. 

Therefore, the research question could be similarly designed as a trajectory optimisation problem as 

proposed by Htike et al. [37], where they have evaluated different cost functions considering both 

motion sickness and journey time and tested their performance under different driving scenarios in a 

simulation environment. The results show that there is a tradeoff between motion sickness level and 

journey time. To enhance the autonomous driving experience, the solution to the designed 

optimisation problem should provide a safe and pleasant journey within preferred spent time while 

minimising motion sickness. 

The study of Bae et al. [38] proposed an optimal velocity planning method for public transport 

vehicles while keeping the acceleration and jerk limits within the acceleration comfort envelope in a 

given reference path while solving the nonlinear optimisation problem. Certosini et al. [39] have 

proposed Non-linear Model Predictive Control (NMPC) based speed planning algorithms by 

integrating the 3-D extension of the Bos and Bles model called UNIPG model to reduce motion 

sickness incidence. 

Recent publications focusing on finding the optimal solution of path tracking algorithms to 

minimise motion sickness are for example [40], [41] and [42]. Zengin et al. [40] have proposed an 

augmented road-vehicle model with a vestibular system model to investigate the effect of look-ahead 

distance for path tracking algorithms. Sever et al. [41] proposed to tune a gain-scheduled LQR based 

path following controller to reduce the motion sickness dose value defined in ISO 2631-1 also 

integrating the dynamics of the human vestibular system similar to Zengin et al. [40]. A fuzzy-PID 

based path tracking algorithm is proposed by Saruchi et al. [43] that is controlling the wheel angle to 

reduce the lateral acceleration and the roll angle of the head of the driver and the passengers aiming 

for reducing motion sickness incidence which is calculated with the help of using the 6-DOF SVC 

model. 

A further review of the design of advanced trajectory planning and tracking algorithms 

considering comfort metrics (ISO standards, sensory-conflict theory models etc.) is needed. Literature 

shows that optimisation based advanced control methods could be beneficial to achieve a low 

discomfort level. There is also a need to take into account that trajectory planning and tracking 

algorithms are required to be run in real-time for autonomous vehicles to minimise motion sickness.  
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4. Conclusions 

Motion sickness in autonomous vehicles is a very multidisciplinary question and could cover many 

research fields. This paper has briefly investigated the potential risk of the motion sickness problem 

for autonomous vehicles, assessment methods of the motion sickness problem, and ways of 

integrating motion sickness models in the autonomous vehicle development process. Furthermore, it 

has provided an outlook on motion sickness mitigation strategies that focus on increasing passenger 

comfort. The motion sickness prediction methods can be used to develop and tune technical 

innovations to minimise the risk of motion sickness in autonomous vehicles and optimise vehicle 

control tactics. These are important tools in the early design stage of autonomous vehicles so that the 

functional conflict between safety, comfort, and performance is handled for the complete success of 

autonomous vehicles when it comes to economic and social benefits. For future studies, there is still 

a need to further investigate objective methods and models to assess motion sickness accurately to be 

able to develop and integrate motion sickness mitigation strategies for autonomous vehicles. 
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