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Abstract 

The objective of this thesis is to investigate methods to mitigate carsickness using preemptive 

interventions and their effects on passengers performing tasks. Autonomous, connected, electric, 

and shared (ACES) technologies promise a transportation future with several benefits including 

fewer road accidents and fatalities, reduced traffic congestion, lower energy consumption & 

environmental footprint, reclaimed productivity during commutes, and an equitable access to 

transportation. But a high incidence of motion sickness among passengers remains a major 

impediment to widespread adoption of these promising technologies. It includes symptoms such 

as sweating, nausea, and retching, and it adversely influences the individual’s situational 

awareness, cognitive and motor abilities. It is theorized (e.g., Subjective Vertical Conflict Theory) 

that motion sickness is caused by a conflict in the sensed and perceived motion of an individual. 

Therefore, to reduce or eliminate motion sickness the mismatch in sensed and perceived motion 

of the individual must be minimized. 

It is also well-known that, in a traditional vehicle, the non-driving passengers experience greater 

motion sickness compared to the driver. While the driver anticipates the inertial consequences of 

their own driving actions, and accordingly makes subtle preemptive corrections (e.g., tighten core 

muscles, adjust torso or neck), the passenger lacks this anticipation and ends ups passively reacting 

to the inertial forces. This leads to far greater incidence of motion sickness in passengers of 

traditional vehicles compared to the driver.  

The objective of this research is to recreate this anticipation and preemption for an autonomous 

vehicle passenger using mechatronic hardware and software. Prior research on preemptive 
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interventions of mechatronic systems to mitigate motion sickness is limited, and many intellectual 

gaps remain unanswered. This research proposes two strategies to mitigate motion sickness in car 

passengers performing tasks. The first strategy is to use preemptive sensory stimuli (a haptic 

stimuli) to inform the passenger of upcoming vehicle motion (just like a driver who can anticipate 

the upcoming vehicle motion). The second strategy is to use preemptive motion of a tilting seat to 

move the passenger in anticipation of upcoming vehicle motion (just like a driver making 

preemptive adjustments to their posture compatible with anticipated vehicle motion). This research 

further investigates the effects (if any) of these motion sickness mitigation strategies on the quality 

and quantity of task performance of the passengers. 

There are four key contributions of this thesis. First, a refined model of motion sickness in 

vehicle passengers was developed. Unlike prior models in the literature, the proposed model 

combines the subjective vertical conflict (SVC) theory and human motion perception models to 

accurately predict passenger motion sickness. The proposed model integrated visual and vestibular 

sensory 6 degree of freedom (DoF) motion signals in an enhanced architecture to predict motion 

sickness. This model’s prediction was compared to experimentally measured motion sickness data 

from motion simulators as well as on-road vehicle testing, yielding accurate results in both cases. 

This model can be used to predict motion sickness of passengers in multiple realistic driving 

conditions. 

Second, an experimental vehicle platform (based on a Ram ProMaster Van) was developed to 

evaluate the efficacy of motion sickness mitigation systems in realistic driving conditions. The 

vehicle was suitably modified to include instrumentation such as inertial measurement units, 

sEMG, cameras, GPS, and other sensors to monitor the response of the passenger to vehicle 

motion, and to track the motion of the vehicle itself. A driving path on the Mcity track was designed 
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to recreate realistic driving conditions in a safe and controlled environment to ensure high 

repeatability. Over nearly 200 drives, the mean peak lateral position error was limited to less than 

4m (or less than 2x width of the vehicle) and the mean peak variation in lateral and longitudinal 

acceleration was less than 0.6 m/s2. 

Third, a human participant’s experiment using a preemptively triggered haptic active passenger 

stimulation (h-APS) system was conducted. In addition, the experiment included a non-driving 

related task (NDRT). The NDRT was designed to mimic the cognitive burdens associated with 

common everyday tasks such as reading, watching videos, and texting. The experiment consisted 

of three test conditions. Over thirty participants were recruited as part of this IRB approved study 

(HUM00199425, Motion Sickness Response in vehicles when using Preemptive Interventions via 

Active Systems). Twenty-four participants completed their participation in the study (i.e., 

participated in all three test conditions of the study). The experimental results demonstrated that 

the h-APS does reduce motion sickness while having no negative effects on the passenger’s task 

performance ability. The data indicated a 15% reduction in the rate of motion sickness 

accumulation when the haptic stimulation system was operational, even when the participant was 

performing a NDRT. Also, nearly 75% of the participants indicated a positive preference for the 

haptic stimuli system. 

Fourth, a human participant’s experiment using a preemptively triggered tilting active seat 

system (AST) was conducted. Over forty participants were recruited as part of this IRB approved 

study (HUM00199425). In addition, this experiment also included a NDRT that was designed to 

mimic cognitive burdens associated with everyday tasks. Twenty-nine participants completed their 

participation in the study. The experimental results demonstrated that the AST reduces motion 

sickness for some of the participants. The data indicated that across all participants, the tilting seat 
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system reduced the rate of motion sickness accumulation by nearly 10%. Also, when the data was 

further assessed by gender, the data indicated a 50% reduction in the rate of motion sickness 

accumulation for the male participants but had no effect on the motion sickness response of female 

participants. The results also showed that the AST had no negative effects on the passenger’s task 

performance ability. This is the first research of its kind to demonstrate the efficacy of mitigation 

systems when triggered precisely and preemptively, under realistic driving conditions.  
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Chapter 1 Introduction and Background 

1.1 Introduction and Motivation 

Autonomous vehicles or automated vehicles (AVs) are poised to revolutionize transportation 

of persons and goods in the coming decades [1], [2]. Among the many touted benefits of AVs, 

AVs are expected to significantly reduce the number of car accidents and associated injuries and 

deaths by as much as 90% since most accidents are caused by human error [3], [4]. AVs are also 

expected to have a positive influence on public health and environment by reducing environmental 

pollution and improving air quality [5], [6]. Another key benefit of AVs is to free up time spent 

commuting; this time can be spent improving the productivity of the vehicle occupants [7] with 

some estimates claiming a $500 billion gain to the economy due to productivity gains from AVs 

allowing repurposing commute times [8]. However, there are many challenges to the widespread 

adoption of AVs. These include challenges in vehicle sensors and perception [9], control of the 

vehicle [10], interaction of AVs and pedestrians [11], and trust of AV users in automation [12]. In 

addition, a key human factors impediment to the widespread adoption of AVs is motion sickness 

[13], [14], [15], [16], [17]. 

Motion sickness (MS) is an age old ailment [18], commonly defined as an illness caused in 

certain susceptible individuals when exposed to certain types of motion (e.g. motion of ships, 

camels, cars, airplanes, etc.) [19]. Motion sickness is a common ailment, with some estimates 

suggesting that anywhere between one in two to one in three persons suffer from motion sickness 

[15]. Motion sickness is associated with many varied symptoms such as nausea, headache, 

drowsiness, changes in mood, and cold sweats [20], [21], [22]. Motion sickness has a detrimental 



2 
 

effect on a person’s motor control and cognitive performance [23], [24], [25], [26], [27]. Motion 

sickness can be caused by motion associated with cars, airplanes, ships, and even rockets to space 

[28], [29]. In addition, motion sickness can also occur when using virtual reality and augmented 

reality systems [30], [31]. This research is limited to motion sickness in cars, also often referred to 

as carsickness (motion sickness and carsickness are used interchangeably in this thesis). It has been 

proposed that motion sickness (or carsickness or CS) in a moving vehicle is the consequence of 

the action of inertial forces associated with frequent accelerations (e.g., speeding, braking, turning) 

and the resulting postural instability and sensory conflict that is created [28], [32], [33], [34], [35]. 

However, no single theory has adequately explained the physical manifestation of motion sickness, 

and this remains an open area of research inquiry.  

Currently, the most common method to mitigate carsickness is the use of pharmacological drugs 

[36], [37], [38], [39]. These include antihistamines such as dimenhydrinate (e.g., Dramamine), 

antimuscarinic such as scopolamine (e.g., Scopace), and sympathomimetic (e.g., prescription 

amphetamines). While there are numerous studies proving the efficacy of these drugs in mitigating 

the symptoms of motion sickness (including carsickness), those same studies have highlighted 

significant short- and long-term adverse side effects associated with the use of these drugs. These 

side effects include drowsiness, light-headedness, dizziness, blurred vision, headaches, and 

diarrhea [40], [41]. Not only do these side effects adversely affect the individual’s well-being, but 

they also prevent the individual from engaging in any NDRT.  

In addition to side effects, studies have shown that drugs like dimenhydrinate can be abused for 

recreational purposes [42], [43]. To avoid undesirable side effects and potential for abuse, 

alternative remedies that rely on acupressure or natural ingredients (e.g., ginger root) have been 

developed [44]. However, there are conflicting results on the efficacy of natural ingredients like 
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ginger root [45], [46] and no evidence to support that acupressure bands prevented motion sickness 

[47]. Therefore, there remains a need for a viable motion sickness mitigation solution that is both 

effective and does not have significant side effects that negatively impact the passenger’s ability 

to perform tasks and overall quality of life. 

Current insights into the motion sickness response of vehicle occupants can be leveraged to 

identify new motion sickness mitigation strategies for vehicle occupants. It is well-known that in 

a traditional (i.e., human driven) vehicle, the driver rarely gets motion sick because they anticipate 

the inertial consequences of their own driving actions and accordingly makes subtle preemptive 

corrections (e.g., adjust torso or neck, tighten core muscles, etc.) [48], [49], [50], [51]. On the other 

hand, the passenger lacks the benefit of anticipation and ends up passively reacting to the inertial 

forces associated with driving actions. For example, if a vehicle is taking a right turn the vehicle 

driver preemptively leans into the turn as they are aware of when they will initiate the turn and can 

prepare for the inertial consequences of a right turn (Fig 1-1). The response of the driver by leaning 

into the turn aligns the driver’s head and torso with the direction of gravito-intertial acceleration 

(i.e., the direction of the combined acceleration due to motion of vehicle and acceleration due to 

gravity). If the driver does not lean towards the turn, there is a conflict between the sensed vertical 

direction (i.e., due gravito-inertial acceleration) and that expected by the driver’s internal model 

in their brain [52]. Hence, leaning into the turn reduces the conflict in sensed verticals which leads 

to reduced motion sickness (as per Subjective Vertical Conflict Theory, a subset of Sensory 

Conflict Theory). Whereas a passenger in the same vehicle is unaware of the upcoming vehicle 

motion and is unable to prepare for the inertial consequences resulting from the vehicle motion, 

leading them to be swung away from the turn along with the sprung mass of the car (Fig 1-1). This 

makes the passenger more likely to experience motion sickness compared to the driver. Therefore, 
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unlike the driver, the passenger lacks both the information about upcoming vehicle motion, and 

the ability to alter their posture in preparation for the vehicle motion.  

Not all passengers in a car experience motion sickness in the same way. For example, 

passengers that have a better view of the exterior forward view from their position in the vehicle 

cabin may experience less motion sickness than other passengers [53]. While not in control of the 

vehicle like a driver, passengers with a view of the exterior forward view of the vehicle have some 

ability to anticipate the trajectory the vehicle will take, and passengers can take appropriate 

corrective actions accordingly. This research finding is corroborated with anecdotal evidence 

where persons who are most susceptible to motion sickness prefer to sit in the front passenger seat, 

which affords them the best exterior forward view. 

 

Fig 1-1 Driver and Passenger responses in a manually driven vehicle making a right turn 
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Currently, the majority of vehicles on the road only have one occupant, the driver. It was 

reported that over 75% of the works in the US commuted to work by driving alone [54]. However, 

in the future if most transportation is autonomous, then all vehicle occupants will be passengers 

(i.e., no drivers). Therefore, the deleterious effects of motion sickness are expected to be more 

significant.  

1.2 Research Objective 

Based on the above discussion, the primary objective of this research is to recreate the 

anticipation and preemption of a typical vehicle driver for a passenger of an autonomous vehicle 

using various mechatronic hardware and software) to mitigate their motion sickness. This can be 

accomplished using two different approaches. The first approach relies on providing information 

to the passenger about the upcoming vehicle motion so that the passenger can anticipate the motion 

of the vehicle. The passengers can themselves use and respond to this information as they please.  

The second approach relies on preemptively moving the passenger in anticipation of the vehicle 

motion. Moving the passenger will induce a conscious or subconscious adjustment of their posture. 

In addition, the influence of the motion sickness mitigation interventions on the performance of a 

vehicle passenger primary tasks will also be investigated. These primary tasks are non-driving 

related tasks such as reading a book or using personal electronic devices such as smartphones. A 

secondary objective of this research was to leverage the best understanding of the causes of motion 

sickness to create motion sickness models. These motion sickness models help predict the motion 

sickness response of vehicle passengers. 
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1.3 Organization of the Thesis 

Based on the problem statement, the work in this thesis is organized into five research tasks as 

shown below. The organization of the chapters is based on these tasks: 

Task I (Chapter 2 Literature Review): A systematic review of existing literature and studies on 

the causes of motion sickness, motion sickness models, and motion sickness mitigation solutions 

for vehicles was conducted. This was done specifically with an emphasis on non-pharmacological 

solutions to motion sickness that help recreate the anticipation and preemptive actions of a driver 

for a passenger. 

Task II (Chapter 3 Visual-Vestibular Motion Sickness Model): Leveraging current state of the 

art knowledge on the causes of motion sickness to propose a computer-simulation model of motion 

sickness. The model estimates the amount of motion sickness of a vehicle passenger via a motion 

sickness scale commonly used in prior literature. The model uses vestibular and visual sensory 

motion signals as inputs. The performance of the model is evaluated by comparison with 

experimental data. 

Task III (Chapter 4 Motion Laboratory on Wheels): To investigate the efficacy of motion 

sickness mitigation solutions in realistic conditions, a custom research vehicle platform was 

developed based on a Ram ProMaster Cargo van. The research platform has the appropriate 

onboard computation and instrumentation capabilities to measure the responses of the occupants 

while keeping them safe. In addition, the vehicle was designed to integrate various mitigation 

systems investigated in this research. Specific software was developed that leveraged real time 

data of the vehicle’s position to precisely operate the mitigation systems onboard the vehicle. The 

proposed research platform can be used to investigate not just motion sickness, but also a variety 

of other physical and physiological phenomenon associated with passengers and drivers of a 
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moving vehicle. 

Task IV (Chapter 5 Haptic Stimuli System to Mitigate Motion Sickness): An experimental 

investigation of the efficacy of haptic stimuli systems in mitigating motion sickness in vehicle 

passengers. The haptic stimuli system provides information about upcoming vehicle motion to the 

passenger. Based on this information, the passenger can respond to the vehicle motion before it 

occurs. An analysis of the passenger’s motion sickness response and task performance is presented, 

along with an analysis of subjective responses and preferences of the passengers regarding the 

haptic stimuli system. 

Task V (Chapter 6 Tilting Seat System to Mitigate Motion Sickness): An experimental 

investigation of the efficacy of a tilting seat system in mitigating motion sickness in vehicle 

passengers. The tilting seat system alters the side-to-side orientation of the seated passenger, and 

the passenger can further respond to the motion of the seat as they please. An analysis of the 

passenger’s motion sickness response and task performance is presented, along with an analysis 

of subjective responses and preferences of the passengers regarding the tilting seat system. 

1.4 Research Contributions 

The intellectual contributions of this thesis to the field are summarized below: 

1. A systematic review of existing literature on motion sickness mitigation solutions which is 

used to identify gaps in existing research and identify promising areas of research inquiry. The 

specific focus of the review was to identify solutions to reduce motion sickness in vehicle 

passengers. 

2. An improved model of motion sickness estimation using both visually sensed and vestibular 

sensed motion of the person as model inputs is presented. The proposed model can be used to 

predict motion sickness response in scenarios such as when the person is performing a task 
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(e.g., reading a book) in the vehicle. The performance of the model is validated by comparing 

model estimated motion sickness to experimentally observed motion sickness response of 

passengers. 

3. An experimental research vehicle platform for investigating motion sickness under realistic 

driving conditions. The design of the research vehicle is unique and allows for the integration 

of a stimulation and moving seat system. The vehicle also includes software for the precise 

and preemptive operation of motion sickness mitigation systems. 

4. Experimental evaluation of motion sickness mitigation solutions under realistic driving 

conditions using the above experimental research vehicle platform. Two mitigation solutions 

are investigated in this research: (a) a haptic stimuli and (b) a tilting seat system. The mitigation 

solutions leverage anticipation and preemption to influence motion sickness response of 

participants in the experiment.  
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Chapter 2 Literature Review  

This chapter presents a review of the current literature on motion sickness theory and modelling, 

and motion sickness mitigation. This chapter is organized into four sections: (2.1) Motion 

Sickness: Theory & Modelling, (2.2) Motion Sickness Mitigation, (2.3) Discussion, and (2.4) 

Identified gaps in current research. 

2.1 Motion Sickness: Theory & Modelling 

While motion sickness has been investigated for over a century and multiple theories have been 

proposed to elucidate the underlying mechanism of motion sickness, no single theory adequately 

explaining the manifestation of motion sickness has been proven [32], [55], [56]. The simplest 

definition of motion sickness is an illness in response to certain (actual) motion (i.e., types and 

intensity of motion) experienced by a person [57]. This provocative motion may include motion 

experienced by a person when travelling over land [18], sea [58], air [59], and even space [60]. In 

addition to the above, in some cases even the perception of motion (and not necessarily actual 

motion) can induce motion sickness, such as due to virtual or augmented reality experiences [31]. 

The common symptoms associated with this illness are varied. The most common symptoms 

include nausea, vomiting, cold sweats, increases in salivation, drowsiness, headaches, and even 

severe pain [61], [62]. However, motion sickness is a complex illness, and there is a high degree 

of variability across individuals in how these individuals experience the sickness [63]. It can be 

challenging to identify when a person is motion sick as some those same symptoms (e.g., 

drowsiness, headaches) can be potentially be attributed to other causes such as fatigue or boredom 
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[20]. Therefore, it can be challenging to determine when there is an onset of motion sickness in a 

person in real world conditions, especially when the symptoms are common such as drowsiness. 

There are other symptoms of motion sickness which are less commonly known. Motion sickness 

adversely influences an individual's situation awareness, cognitive, and motor abilities [23], [24], 

[25], [27], [64], [65]. Situational awareness is defined as an individual’s ability to discern an 

accurate interpretation of their surroundings and make a reasonable prediction of immediate future 

states of their surroundings [66]. It has been reported that in instances where a person is disoriented 

due to motion, they may be unable to discern the difference between loss of situational awareness 

and motion sickness [66]. Therefore, motion sickness not only has varied symptoms, but it can 

also influence the person’s behavior, mood, and ability to perform tasks. 

For motion sickness to occur, the person must be able to sense motion. It is known that a person 

senses motion using the following biological sensors: (a) Eyes, (b) Vestibular organs, and (c) 

Proprioception. Eyes have evolved to function as a motion detection system, almost like a camera 

for the person [67]. Eyes are very good at detecting changes in position of a body (i.e., estimating 

velocity of body), but are not as accurate at detecting changes in the velocity of the body (i.e., 

estimating acceleration of body) [68]. The vestibular organs are a complex of biological sensors 

in the inner ear that help estimate the accelerations, angular velocities, and orientation of the head 

with respect to the world [69]. The vestibular organs play a critical role in maintaining balance and 

determining the direction of gravity (or the down direction) on earth. The vestibular organs 

comprise otolith organs and semicircular canals. The otolith organs are capable of detecting linear 

accelerations in three directions [69]. The semicircular canals are capable of detecting angular 

accelerations about three directions [69]. Proprioception is the sensation / detection of the motion 

of the body by detecting changes in the muscles, tendons, and skin [70]. It is proprioception that 
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allows a person to detect joint motion and limb position to estimate their posture in the world 

without the aid of their eyes [71]. Therefore, through a combination of these three sensory 

mechanisms a person is able to detect and estimate their body’s motion. 

While multiple organs can detect motion, it is important to determine if a specific organ has a 

considerable influence on a person’s motion sickness response. Prior studies have shown that blind 

individuals (i.e., whose visual sensory system is compromised) are still susceptible to motion 

sickness [20], [72]. This means that the cause of motion sickness cannot rely only on the visual 

sensory system alone. A group of individuals identified in literature that are not susceptible to 

motion sickness are those with a total loss of vestibular sensory function [73], [74]. This highlights 

the importance of the vestibular sensory system in being necessarily responsible for motion 

sickness. Some prior work has also shown that the proprioceptive inputs may influence the motion 

sickness response [75]. However, these studies of proprioceptive inputs are limited in number, 

have been conducted in conditions not representative of real-world conditions, and do not 

inherently negate the contribution of other sensory organs such as eyes and vestibular organs. 

Across most literature, there is broad agreement that the causes of motion sickness primarily 

include the influence of visual cues (visually sensed motion, ocular reflexes) [46,54–56] and 

vestibular cues (sensed head angular velocity and linear acceleration) [25,27,49,57]. Therefore, 

while all motion sensory organs may influence the motion sickness response of a person in some 

way, the exact contribution of each sensory organ to motion sickness remains unknown. 

The most prominent theories to explain how and why a person experiences motion sickness are 

summarized in Fig 2-1. The first column of the figure (orange boxes) refers to the motion and 

environmental stimuli sensed by the biological sensors listed in the second column of figure 

(yellow boxes). In particular, once provocative motion stimuli are sensed by the biological sensors, 
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the sensed motion is processed. Various motion sickness theories have been proposed (green 

boxes) to relate this processing of the sensed motion to the motion sickness response of an 

individual (blue boxes). As stated earlier, motion sickness response is complex and is associated 

with multiple varied symptoms. 

 

Fig 2-1 Summary of Motion Sickness Causal Mechanism 

To explain the cause of motion sickness, the sensory conflict theory was first proposed as early 

as 1931 and studied extensively over the years [58]. In the sensory conflict theory, the cause of 

motion sickness is attributed to inter-sensory conflict [55], [76]. The inter-sensory conflict pertains 

to the conflict in motion cues perceived by the visual sensory system, and the vestibular sensory 

system. An example of this conflict is attempting to read a book in a moving vehicle. The sense of 

motion conveyed by the vestibular sensory system (i.e., the motion of the vehicle) and the static 

sense of motion (i.e., absence of motion) conveyed by the visual system are in conflict with one 

another [76]. Another inter-sensory cue conflict can exist within the vestibular sensory system 

itself, between the otolith (linear accelerations) and semicircular canal (rotational velocity), due to 

coupled dynamics such as that caused by Coriolis acceleration [77]. For example, if the passenger 

......
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rotates their head, the pure rotation contributes to linear acceleration at their vestibular organs. It 

was later suggested that the sensory conflict is further exacerbated by the internal model (or 

observer) of the passenger’s body that exists within the central nervous system – the sensory 

conflict confuses the internal central nervous system model and exacerbates motion sickness [29], 

[77], [78]. The subjective vertical conflict theory (SVC) builds on the notion of this internal 

observer based model and highlights a single conflict as the primary mode of motion sickness – 

the conflict in the predicted vertical (by internal observer model) and perceived vertical (by motion 

sensory organs only) [78], [79]. Another version of this theory extends this conflict to the 

horizontal, called the subjective vertical-horizontal conflict theory [79]. In summary, the sensory 

conflict theory for motion sickness (and its many variations) is considered the most promising 

theory and allows for modelling motion sickness as a function of sensed and predicted motion. It 

is worth noting that the large majority of the experimental data used to evaluate the sensory conflict 

theory was collected using motion simulators. These motion simulators do not reproduce the 

motion of moving vehicle completely. Therefore, additional evaluation with more accurate and 

realistic experimental evidence is required to evaluate the sensory conflict theory. It is also worth 

noting that the sensory conflict theory does not preclude the inclusion of proprioceptive motion 

sensation as part of its causal mechanism. However, most motion sickness models based on the 

sensory conflict theory have not included proprioceptive sensed motion as an input [77]. This is 

due to the lack of deep understanding of the proprioceptive motion sensation which limits the 

ability to model it. 

Another theory, the postural instability theory, is based on the notion that sensory cues are not 

devoid of the interaction between the passenger and the environment [35], [51]. This theory states 

that the passenger’s perception of the environment is based on visual, vestibular, and 
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proprioceptive cues. The hypothesis of this theory is that the passenger’s perception of the 

environment and their inability to maintain postural control under the influence of provocative 

motion is what leads to motion sickness. Postural instability occurs when the central nervous 

system is not able to properly integrate sensory signals from visual, vestibular, and proprioceptive 

systems, leading to a loss maintain muscle balance. While the postural instability theory has been 

discussed extensively in the literature, the sensory conflict theory has shown more congruence 

with experimental results [80]. However, more investigations are required to determine if either 

postural instability theory or sensory conflict theory can effectively explain the causes of motion 

sickness. For example, a majority of the experimental evidence in support of sensory conflict 

theory has been collected using motion simulators, and not under realistic driving conditions. 

However, despite their limitations, the current understanding of the causes of motion sickness can 

still be used to gain insights into the motion sickness response of vehicle passengers. 

Based on individual theories, simulation models have been proposed to predict and estimate 

motion sickness [29], [78], [79], [81], [82], [83], [84], [85], [86], [87], [88]. It has been purported 

in the literature that these models can be used to predict, understand, and improve the experiences 

of vehicle passengers, virtual reality users, and aerospace design, among others [81], [89]. The 

most prominent motion sickness models presented in the literature are summarized in Table 2-1. 

Vestibular models of motion sickness only account for the role of the vestibular system whereas 

visual-vestibular models of motions sickness account for the role of both visual and vestibular 

sensory systems. Other physiological mechanisms (i.e., postural sway and movement of the center 

of gravity of the person [90], [91]) can also be used to model motion sickness. Further, data-driven 

models can also be used to determine the correlation between motion dynamics and motion 

sickness (i.e., neural networks [92]). 
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Among the models presented in the literature, a promising vestibular motion sickness model is 

the subjective vertical mismatch model proposed by Bos et al. [78] and later adapted by Kamiji et 

al. [85]. The quantitative model takes the vestibular sensory system signals (actual motion) as the 

model inputs and outputs a motion sickness estimate in the MSI scale. The model has been verified 

against experimental data and has shown close approximation of experimentally observed data, 

except at low frequencies (below 0.16 Hz) [85]. Vestibular only models, by definition, do not 

account for the visual role in motion sickness. For instance, these models are unable to account for 

a passenger performing a task that taxes their visual sensory system such as reading a book or 

working on a computer. It is shown in literature that the visual contribution to motion sickness is 

pronounced in the low frequency range [93]. This highlights the potential of visual- vestibular 

motion sickness models. Visual-vestibular models are built based on the sensory conflict theory 

and more closely approximates the sensory systems of the passengers in vehicles, allowing for 

estimation of motion sickness for passenger performing activities within the vehicle. 

AUTHORS & 
YEAR 

TYPE OF 
MODEL 

INPUTS (I) / 
OUTPUTS (O) 

ASSUMPTIONS/ 
LIMITATIONS 

DEGREES 
OF 

FREEDOM 
(DOF) 

VISUALLY 
SENSED 
MOTION 

McCauley et al. 
(Mathematical 

HFR Model) [82] 
Vestibular  

I: Sensed specific 
force of vertical 
motion  
O: MSI 

Limited to specific 
force only, and 
vestibular influence 

1 DoF None 

Oman et al. 
(Sensory 

Conflict Theory) 
[29], [83] 

Visual-
Vestibular 

I: Sensed motion by 
visual and vestibular 
sensors  
O: Subjective 
Discomfort 

Heuristic model for 
sensory dynamics, 
only outputs 
subjective 
discomfort. First 
model to propose 
internal observer 

Not 
Defined Not Defined 

Bos et al. 
(Subjective 

Vertical Conflict 
Theory) [78] 

Vestibular  

I: Sensed specific 
force of vertical 
motion 
O: MSI 

Only vestibular 
model, no influence 
of visual sensory 
system considered 

1 DoF None 

Atsumi et al. 
[84] 

Others 
(Vehicle 
Motion) 

I: Vertical specific 
force, roll and pitch 
of vehicle 
O: Motion sickness 
level 

Output is not in a 
standard motion 
sickness scale, 
correlation model 
with no physiological 

3 DoF None 
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modeling 

Kamiji et al. [85] Vestibular 

I: Sensed motion by 
vestibular sensors 
(specific force and 
angular velocity) 
O: MSI 

Only vestibular 
model, no influence 
of visual sensory 
system considered 

6 DoF None 

Khalid et al. 
(Subjective 

Vertical 
Horizontal 

Conflict Theory) 
[79]  

Vestibular  

I: Sensed motion by 
vestibular sensors 
(specific force and 
angular velocity) 
O: Weighted MSI, 
combination of 
horizontal and 
vertical MSI 

Only vestibular 
model, no influence 
of visual sensory 
system considered, 
designed for 
contemporary ships 

6 DoF None 

Braccesi et al. 
(UNIPG SeMo) 

[86]  

Visual-
Vestibular 

I: Sensed motion by 
vestibular sensors 
(specific force), 
visually perceived 
linear acceleration 
O: MSI 

Only acceleration, 
no influence of 
angular velocity 
modelled. Uses all 
acceleration conflicts 
to predict motion 
sickness 

3 DoF 
Linear 
acceleration 
of visual flow 

Salter et al. [81] 

Others 
(Vehicle 
motion, 

Passenger 
gaze & 
motion) 

I: Field of view, 
motion of passenger 
head 
O: MISC 

Data correlation that 
uses vehicle motion, 
passenger gaze, 
and passenger 
motion. Motion 
passenger head 
predicted using 
multibody dynamics. 

3 DoF are 
used for 
specific 
force. 
Visual DoF 
is 
undefined 
per this 
paper’s 
definition  

Weightage of 
elements in 
visual 
content 

Wada et al. [88] Visual-
Vestibular 

I: Sensed motion by 
vestibular sensors 
(specific force and 
angular velocity), 
visually perceived 
angular velocity 
O: MSI 

Uses camera 
images to predict 
visually perceived 
motion, builds on 
Bos et al. 

6 DoF 
Angular 
velocity of 
visual flow 

Wada et al. [87] Vestibular 

I: Sensed motion by 
vestibular sensors 
(specific force) 
O: MSI 

Only vestibular 
model, no influence 
of visual sensory 
system considered 

3DoF None 

Table 2-1 Summary of Motion Sickness Estimation Models 

A promising visual-vestibular model is the UNIPG SeMo model, which leverages a model for 

motion perception using visual sensory system inputs [86]. However, the vestibular component of 

the UNIPG SeMo model is not as robust and comprehensive as the Kamiji SVC model as the 
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former only accounts for linear acceleration inputs, while the latter accounts for both linear 

acceleration and angular velocity inputs. Other motion sickness models are designed for specific 

applications such as for virtual reality applications and are not suitable for investigating motion 

sickness in autonomous vehicles [81], [89]. Based on the models in literature, there is a need for a 

theoretical model of motion sickness that combines both visual and vestibular sensory systems, 

allows for simulation of passengers performing tasks inside an autonomous vehicle, and leverages 

the best understanding of MS causes and mechanisms to provide more generalizability in 

predictions. In addition, motion sickness models may also need to include the proprioceptive 

system, if further research demonstrates that the proprioceptive system plays a significant role in 

the onset of motion sickness. 

The models presented in the literature typically output estimates of motion sickness in one of 

the many scales used to quantify motion sickness. Since there are no ‘motion sickness sensors’ 

that can provide objective measurements of motion sickness, subjective scales must be used. Other 

objective sensor-based measurements of a person's physiological response while motion sick have 

also been investigated to draw correlations between objective physiological measurements and 

motion sickness response [94], [95], [96], [97]. These physiological measurements include heart 

rate, perspiration, breathing rate, brain activity, etc. However, this work is limited, and additional 

research is required to draw robust numerical relationships between the physiological response 

and experienced subjective motion sickness.  

Since there are no motion sickness sensors, numerical scales based on motion sickness 

symptoms and/or subjective self-evaluation of motion sickness were developed. These motion 

sickness scales correlate self-evaluated motion sickness to a numerical value on the scale. The 

outputs of most motion sickness models typically rely on such numerical scales. The most common 
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quantitative measures of motion sickness used in models include scales such as motion sickness 

incidence (MSI), motion sickness susceptibility (MSSQ), misery scale (MISC), and motion 

sickness dose value (MSDV). Most models typically use MSI (Table 2-1) since there is ample 

experimental data available that uses the same scale [23], [98], [99].  

Motion Sickness Incidence Index (MSI) scale has been defined as the percentage of persons 

that vomit under a vertical sinusoidal motion with certain magnitude and frequency [100]. The 

applicability of this scale to studying MS in AVs is potentially limited as passengers are expected 

to show a wide range of symptoms prior to vomiting. Another frequently used scale for MS is the 

MSQ scale, which is based on a questionnaire that assesses symptoms such as headache, fatigue, 

nausea, stomach awareness, blurred vision, cold sweating, and vertigo [101]. Another commonly 

used scale is the MSSQ scale, which uses a questionnaire that can account for the 

subject’s/participant’s susceptibility to MS [102]. Both the MSQ and MSSQ scales are limited by 

the symptoms they encompass as well as the accuracy of self-reported symptoms due to subjective 

variability. Other scales such as FMS and MISC [22] are prone to similar limitations.  

Jones et al. [103] suggested a new rating scale called the University of Michigan Transportation 

Research Institute (UMTRI) Motion Sickness Scale, an improvement on the FMS scale, that 

captures the spectrum of MS symptoms and physiological indicators during realistic driving 

conditions, making it pertinent to studies that involve MS prediction applied to AVs. In this scale, 

participants were asked to rate their MS from ‘0’ (no MS at all) to ‘10’ (need to stop the vehicle). 

They were also instructed to describe in their own words and rate any MS sensations they 

experience throughout the testing protocol. The descriptions provided were processed and 

standardized to the MS score. This allows for the person to express their MS beyond a 

predetermined list of symptoms while considering their own subjective rating and perception of 
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symptoms. This allows for the assessment of a wide array of symptoms and intensities, which can 

be advantageous under realistic driving conditions, where multiple symptoms might be present.  

Experimental investigations of motion sickness utilize one or more of the previously described 

numerical motion sickness scales. Since these scales have been defined based on self-evaluated 

motion sickness of an individual, it is nearly impossible to compare the motion sickness results 

from one study to another since it is impossible to account for the subjective motion sickness 

response when converting motion sickness measurements from one scale to another [104], [105]. 

Therefore, a key limitation of using subjective numerical motion sickness scales is the inability to 

perform a fair comparison across motion sickness studies. 
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2.2 Motion Sickness Mitigation 

The review of literature primarily focused on solutions to motion sickness in cars (also known 

as carsickness). Currently, the most common solution to motion sickness is the use of 

pharmacological drugs, which have been used for over half a century [106]. These drugs can be 

divided into the following categories: antimuscarinics (e.g., scopolamine), sympathomimetics 

(e.g., amphetamine), and antihistamines (e.g., dimenhydrinate) [107]. Antihistamines (more 

specifically H-1 Antihistamines such as dimenhydrinate and cinnarizine) are the most type of drug 

used to treat motion sickness [106]. They help reduce motion sickness symptoms as they are an 

anti-emetic compound (i.e., prevent nausea and vomiting) [108]. Antimuscarinics such as 

Scopolamine also help reduce motion sickness symptoms by inhibiting gastric emptying impulse 

(i.e., vomiting) [109]. Numerous studies have shown that these drugs are effective in reducing the 

symptoms of motion sickness [38], [110], [111]. However, numerous studies have also identified 

various side effects associated with the use of these drugs such as drowsiness, dry mouth, vertigo, 

insomnia, and tremors [40], [41]. The evidence suggests that the use of motion sickness mitigation 

drugs has a direct and negative influence on the persons cognitive ability [41]. In addition, some 

research has also indicated the potential for abuse and addiction associated with some of these 

drugs [42], [43]. Therefore, current pharmacological solutions may reduce a passenger’s motion 

sickness symptoms but negatively influence their well-being and ability to perform tasks. 

Alternative remedies such as the use of ginger root have been proposed to avoid the side effects 

associated with most motion sickness prevent drugs. While ginger root has no side effects 

associated with its use, there is conflicting evidence to support that ginger root is more effective 

than a placebo at reducing the symptoms of motion sickness [45], [46]. Other alternatives such as 

acupressure (typically in the form of acupressure bands worn by the passenger on their hands) have 
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also been proposed to reduce motion sickness. Multiple studies have found that acupressure has 

no effect on reducing motion sickness [47], [112]. Therefore, there remains a need for a viable 

motion sickness mitigation solution that is both effective and does not have significant side effects 

that negatively impact the passenger’s ability to perform tasks and overall quality of life. 

The armed forces (and space programs) have relied on habituation and exposure therapy to 

prevent motion sickness in soldiers with proven effectiveness [98], [113], [114], [115], [116]. 

However, there are significant logistical and practical challenges in using habituation and exposure 

therapy for a civilian population. Typical habituation sessions can last up to 2 hours, requiring 

exposure to extreme motion (i.e., much larger than expected during realistic conditions), and 

repeated exposure is required (e.g., once a month or higher frequency) to maintain efficacy for up 

to 4 months after last exposure [113], [117], [118]. If there are extended periods of no exposure, 

the person’s motion sickness tolerance can decrease. It is assumed that habituation programs for 

reducing carsickness may require similar or reduced sessions (e.g., 1-hour sessions, once every 2 

months). However, further study would be required to develop a habituation program specifically 

for carsickness. Even with reduced sessions, habituation poses practical challenges in widespread 

implementation and adoption as a meaningful solution to carsickness. Thus, habituation and other 

behavioral remedies to carsickness are not a viable and scalable solution to carsickness in AVs. In 

summary, currently there are no practical, widely adopted carsickness mitigation solutions that are 

both proven to be effective and that do not have adverse side effects. This unsolved problem has 

motivated the research and development of various carsickness mitigation and prevention methods 

in academia and industry. 

Based on the current understanding of the causes of carsickness, and methods to mitigate it, Fig 

2-2 is a summary of all carsickness mitigation methods that have been attempted so far. This figure 
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highlights the various parts of the vehicle and passenger system that are used to mitigate 

carsickness. Potential avenues for interventions to mitigate carsickness include transportation 

infrastructure (i.e., roads, traffic lights), vehicle hardware and software (i.e., suspension, drivetrain, 

navigation), and passenger (i.e., drugs, stimuli, active seats). Carsickness mitigation methods such 

as behavior training (also known as exposure therapy) are also included in the figure for 

completeness. Similarly making widespread changes to transportation infrastructure to limit 

carsickness is not a practical approach. Known solutions such as designing roads with less sharp 

turns or reducing the frequency of stops by increasing the distance between traffic lights are 

impractical to implement. Further, any non-pharmacological carsickness mitigation method can 

be classified as active or passive. 

Active carsickness mitigation methods (or solutions) have controllable actuation (i.e., actuators 

that can be controlled and whose behavior can be altered in response to user input or sensor 

readings or other command strategy). Active solutions can be further classified as those that 

operate at the vehicle level or at the individual passenger level. There are no known active solutions 

at the road and infrastructure level. Vehicle level solutions include vehicle hardware such as active 

suspensions, active chassis, and vehicle software such as AV navigation and control of driving 

style. Passenger level solutions include solutions that either provide information or alter the 

posture of the passenger. These include solutions like Active passenger stimuli (e.g., audio 

stimulus to indicate vehicle is turning), Active restraints (e.g., active tensioning of a seat belt), and 

active seat (e.g., seat that tilts to lean passenger into the turn). Currently, to the best of the authors’ 

knowledge, no solutions reported in literature leverage the active chassis approach to reduce 

motion sickness. 
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Fig 2-2 Summary of Carsickness Mitigation Strategies 

Passive methods to mitigate carsickness (i.e., methods that do not have controllable actuation) 

have been investigated through research. The most common passive methods are the use of vehicle 

suspension and use of suspension seats inside the vehicle [80], [81]. Both the vehicle suspension 

and suspension seats have been shown to have an insignificant influence on carsickness mitigation 

[3]. While these methods help provide some degree of comfort, a person still experiences 

significant carsickness. Furthermore, since they operate passively (no controllable actuation), they 

can only “react” to vehicle motion and cannot operate preemptively in anticipation of vehicle 

motion. This inherently limits their ability to mitigate carsickness. Other passive methods such as 

wearable acupressure bands have also been shown to have little to no effect on carsickness, with 

most positive results being associated with placebo effect [49], [82]. Therefore, passive carsickness 

mitigation solutions have shown limited efficacy in reducing carsickness. 

Prior research has shown that drivers do not experience carsickness. This has been attributed to 

their being in control of the vehicle, anticipation of upcoming vehicle motion, and their conscious 

and unconscious preemptive actions resulting from this anticipation [48], [49].  Only active 

mitigation solutions can be triggered preemptively (i.e., in response to anticipation and can be 
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customized to suit the needs of a specific individual in real time). Therefore, this research is 

primarily focused on active methods to mitigate carsickness since passive methods have shown 

limited to no efficacy in mitigation carsickness. 

The following sections summarize the relevant literature pertaining to the specific active 

carsickness mitigation methods. Multiple parameters will be used to analyze and compare the 

various mitigation methods. Some parameters will be specific to the mitigation method, while 

other parameters are common across all methods. These common parameters include (a) Timing 

of intervention, (b) Non-driving related task (NDRT) performance, (c) Type of vehicle motion, 

and (d) Carsickness mitigation outcomes. 

Timing of intervention refers to when the intervention is deployed to mitigate carsickness; 

preemptively in anticipation of vehicle motion, or reactively in response to vehicle motion, or 

ambient response which occurs throughout the journey independent of specific vehicle motion. 

NDRT refers to the type of task being performed by the passenger and can include reading or 

watching videos or games or some combination of the above.  

Type of vehicle motion refers to the nature of motion used to induce carsickness, either with 

motion simulators (static or moving), or real passenger vehicles. Static simulators are vehicle 

simulators that do not physically move the person as if they are in a vehicle. These simulators can 

only recreate the visual and/or audio experience of a passenger in a car using videos or displays. 

They cannot simulate the inertial effects on a passenger in a moving car. Motion simulators are 

vehicle simulators that move the person as they would if they were in a moving vehicle. These 

simulators attempt to recreate the accelerations and velocities experienced by a person in a moving 

car. Motion simulators may also include videos or displays to recreate the visual experience of a 

passenger in a car in addition to the inertial experience. Passenger cars are vehicles that can be 
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driven on roads or test tracks with onboard passengers to study their carsickness response. These 

vehicles are typically modified to include additional sensors to monitor the onboard passenger and 

their carsickness.  

Lastly, Carsickness Mitigation Outcomes refers to the demonstrated reduction or increase or no 

effect on the carsickness of a person in a car. Typically, there are two methods to assess carsickness 

mitigation outcomes. The first method consists of recording the subject’s/participant’s self-

reported CS response throughout the study using a subjective scale (e.g., FMS, MSCI, MSI). The 

second method consists of using some experimental data of the subject/participant (e.g., 

subject/participant motion as measured by an inertial measurement unit or subject heartrate as 

measured by a physiological sensor) to estimate CS or comfort. In the second method, there is no 

self-reported carsickness, only model-based estimations with experimental data as model inputs.  

2.2.1 Active Passenger Stimuli Systems (APS) 

Active passenger stimuli system is a device or group of devices that provides informative 

sensory stimuli (i.e., visuals, audio, tactile, olfactory) with encoded information about vehicle 

motion. In this review, the results from 36 publicly available studies are included and compared 

(Table 2-2). In addition to the above listed four common parameters, the APS studies are also 

organized using an additional parameter which is Type of Stimuli. Type of stimuli refers to the 

sensory stimulus used to encode vehicle motion information. Stimuli can include audio (i.e., verbal 

commands, beeps), visual (i.e., screens, lights), tactile (i.e., haptics, air puffs), and olfactory stimuli 

(i.e., scents). 

AUTHOR & 
YEAR 

TYPE OF 
STIMULI 

TIMING OF 
INTERVENTION 

NDRT 
PERFORMANCE 

TYPE OF 
VEHICLE 
MOTION 

CARSICKNESS 
MITIGATION 
OUTCOME 

Sang et al., 2003 
[116] Audio – Music Ambient None Motion 

Simulator 
Reduced CS – 
custom scale 

Jeng-Weei Lin et Visual – Preemptive – None Static Reduced CS – 
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al., 2005 [119] Display couple seconds 
prior to motion 

Simulator RSSQ scale 

Reschke et al., 
2006 [120] 

Visual – 
Stroboscopic 

Light 
Ambient Reading Static 

Simulator 

Reduced CS - 
Miller & 

Graybiel scale 

Kato et al., 2006 
[121] 

Visual – 
Display Ambient Reading Passenger 

car 

Reduced CS – 
Golding (1992) 

scale 
Dahlman et al., 

2008 [122] 
Audio – Pink 

Noise Ambient None Motion 
Simulator 

No reduction in 
CS – Mal score 

Morimoto et al., 
2008 [123] 

Visual – 
Display Reactive Watching Video Passenger 

car 

Reduced CS – 
0 to 10 MS 

scale 

Wada et al., 2012 
& 2016 [52], [124] 

Audio – 
Speech 

Preemptive – 
couple seconds 
prior to motion  

None Passenger 
car 

Reduced CS – 
Golding (1992) 

scale 
Keshavarz et al., 

2014 [125] Audio – Music Ambient None Static 
Simulator 

Reduced CS – 
SSAQ scale 

Keshavarz et al., 
2015 [126] 

Olfactory – 
Floral odors Ambient Watching Video Static 

Simulator 

Reduced CS – 
FMS and SSQ 

scales 

Bos, 2015 [127] Haptic – Head 
Vibrations Ambient 

Audio tasks, 
letter 

memorization - 
assessment 

showed no effect 

Motion 
Simulator 

Reduced CS – 
MISC scale 

Galvez-Garcia et 
al., 2015 [128] 

Galvanic 
Cutaneous 
Stimulation 

(GCS) 

Preemptive – 
40m before 

curve in path 
None Static 

Simulator 
Reduced CS – 

SSQ scale 

Miksch et al., 
2016 [129] 

Visual – 
Display Ambient Reading Passenger 

car 
Reduced CS – 

SSQ scale 

Galvez-Garcia et 
al., 2017 [130] 

Tactile 
Stimulation  

Preemptive – 
40m before 

curve in path 
None Static 

Simulator 
Reduced CS – 

SSQ scale 

Bin Karjanto et 
al., 2017 & 2018 

[131], [132] 

Visual – LED 
strips 

Preemptive – 3 
seconds prior to 

motion 
Watching Video Minivan Reduced CS – 

MSAQ scale 

Sawabe et al., 
2017 [133] 

Visual – Virtual 
Reality 

Headset 

Preemptive – 5 
seconds prior to 

motion 
None Static 

Simulator 

Reduced CS – 
balance 

measurements 

Hanau et al., 
2017 [134] 

Visual - 
Display Reactive 

Reading - 
assessment 

showed no effect 

Passenger 
bus 

Reduced CS – 
MSAQ scale 

Hock et al., 2017 
[135] 

Visual – Virtual 
Reality 

Headset 
Reactive Video game Passenger 

car 
No reduction in 
CS – SSQ scale 

McGill et al., 2017 
[136] 

Visual – Virtual 
Reality 

Headset 
Reactive None Passenger 

car 
Unclear – 

MSSQ scale 

Van Veen et al., 
2017 [137] 

Visual – Lights 
on glasses Reactive Reading Passenger 

car 

No 
measurement of 
CS – Situational 

Awareness 

D'Amour et al., 
2017 [138] 

Haptic – Seat 
vibrations and 

gusts of air 
Ambient Watching Video Static 

Simulator 
Reduced CS – 

FMS scale 
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Bloch et al., 2018 
[139] 

Visual – Virtual 
Reality 

Headset 

Preemptive – 
couple seconds Video game Motion 

Simulator 

Reduced CS – 
FMS and SSQ 

scale 

Ihemedu-Steinke 
et al., 2018 [140] 

Visual – Virtual 
Reality 

Headset 
Ambient Reading Static 

Simulator 
Reduced CS – 

SSQ scale 

Salter et al., 2019 
[141] 

Haptic – Bone 
conducted 
vibrations 

Ambient 

Search and 
Identify - 

assessment 
showed no effect 

Passenger 
car 

Reduced CS – 
MISC scale 

Meschtscherjakov 
et al., 2019 [142] 

Visual – 
Display Reactive Reading Passenger 

car 
Reduced CS – 
MSAQ scale 

Mu et al., 2020 
[143] 

Visual – 
Display Ambient Reading Passenger 

car 
Reduced CS – 

MISC scale 

Cho et al., 2020 
[144] 

Visual – Virtual 
Reality 

Headset 
Reactive None Passenger 

car 
Reduced CS – 

MSQ scale 

Md Yusof et al., 
2020 [145] 

Haptic – 
Wristband 

Preemptive – 3 
seconds prior to 

motion 
Watching Video Passenger 

car 

No reduction in 
CS – MSAQ 

scale 

Kuiper et al., 
2020 [146] 

Audio – 
Speech 

Preemptive – 3 
seconds prior to 

motion 
None Motion 

Simulator 
Reduced CS – 

MISC scale 

Galvez-Garcia et 
al., 2020  

Audio – White 
noise 

combined with 
GCS 

Preemptive – 
40m before 

curve in path 
None Static 

Simulator 
Reduced CS – 

SSQ scale 

Winkel et al., 
2021 [147] 

Visual – Virtual 
Reality 

Headset 

Preemptive – 
0.5 seconds 

prior to motion 
Video game Motion 

Simulator 

No reduction in 
CS – FMS and 

MSSQ 

Hainich et al., 
2021 [148] 

Visual – Light 
strips/band 

Preemptive – 2 
seconds prior to 

motion 
None Passenger 

car 
Reduced CS – 

SSQ scale 

Maculewicz et al., 
2021 [149] 

Audio – 
simulated 

engine sounds 

Preemptive – 
1.5 seconds 

prior to motion 

Reading - 
assessment 

showed no effect 

Passenger 
car 

Reduced CS – 
MISC and 

MSAQ scales 

Brietzke et al., 
2021 [150] 

Visual – Virtual 
Reality Reactive Watching Video Passenger 

car 

No reduction in 
CS – custom 

scale 

Guo et al., 2021 
[151] 

Audio – 
Speech 

Preemptive – 1 
seconds prior to 

motion 
None Motion 

Simulator 

Reduced CS – 
SSQ and 

custom scales 

Bohrmann et al., 
2022 [152] 

Visual – LED 
strips Reactive Video game and 

Reading 
Passenger 

car 

Reduced CS – 
FMS and 

MSAQ scales 

Li et al., 2022 
[153] 

Haptic – Seat 
cushion 

Preemptive – 
1.2 seconds 

prior to motion 
None Static 

Simulator 
Reduced CS – 

MISC scale  

Table 2-2 Summary of Sensory Stimuli Systems for Motion Sickness Mitigation 

Most studies showed that the use of APS led to a reduction in carsickness. Only 6 out of all 

stimuli (17%) studies showed either no reduction in carsickness or a mild increase in carsickness. 
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This aberration in performance (i.e., the six studies showing no reduction or increase in motion 

sickness) can be attributed to the specific implementation of the APS and/or other experimental 

protocol deficiencies. The majority of the APS studies involved a reactively triggered stimuli or a 

sensory stimuli system that is always operational (21 out of 36 studies). Of these 21 studies, 4 

studies showed no reduction in carsickness. This means that a majority of reactively triggered 

sensory stimuli systems have demonstrated the ability to reduce carsickness. Only 15 out of 36 

studies (42%) have provided stimuli preemptively, with preemption being as low as 0 seconds in 

some cases to as high as 5 seconds. This means that the stimuli were provided up to 5 seconds 

prior to the start of the motion event (i.e., turn or brake). The majority of the preemptively triggered 

sensory stimuli system studies showed a reduction in carsickness, with only 2 studies showing no 

reduction in carsickness. No single study compared the performance of reactive and preemptive 

sensory stimuli systems in reducing carsickness. Based on the number of studies demonstrating a 

reduction in carsickness, a larger portion of the studies with preemptively triggered sensory stimuli 

system demonstrated a reduction in carsickness, as compared to studies with reactively triggered 

sensory stimuli system. 

Only 12 out of 36 studies did not involve any NDRT within their investigation (7 studies with 

preemptive interventions and 5 studies with reactive or ambient interventions). 10 studies involved 

a reading type NDRT, and 6 studies involved a video watching NDRT. Tasks were performed 

either on a vehicle mounted screen or handheld tablet. Other studies relied on virtual reality games 

or projected a view of the road for the passenger. The majority of the stimuli studies provided no 

analysis of NDRT performance, with only 4 studies providing some analysis of task performance. 

Of these 4 studies, 2 studies involved a reading task [134], [149], 1 study involved an audio 

memorization task [127], and 1 study involved a search and identify task [141]. None of these 
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studies provided justification for their choice of NDRT or how it might be relevant to NDRTs 

performed by passengers. Also, none of these studies found any negative or positive effect on 

NDRT performance due to the sensory stimuli system. Therefore, there is insufficient evidence to 

determine whether the APS systems have any influence on NDRT performance. If APS systems 

are to effectively reduce carsickness, then they must ideally not negatively affect NDRT 

performance. More investigations are required to categorize the effects (if any) of APS systems on 

NDRT performance. 

Visual stimuli systems are the most common APS, with 20 studies using some form of visual 

stimuli such as LED strips, virtual reality headsets, and displays. A variety of reasons are provided 

to support visual stimuli as the most promising APS. Some studies state that since the eyes sense 

motion and play a significant role in causing carsickness, by providing corrective visual cues 

regarding the true motion of the vehicle carsickness can be reduced [134], [136]. Other studies 

state that visual signals are easily interpreted and will cause least inconvenience to the passenger. 

To ensure that visual stimuli can be provided even while the passenger is engaged in NDRT, 

peripheral visual cues or use of VR headsets are proposed [132], [144], [154]. Audio and Haptic 

stimuli have also been studied, with 6 studies on haptic stimuli and 8 studies on audio stimuli. Both 

audio and haptic have shown some efficacy in reducing carsickness. Based on this information, it 

is not possible to determine if one type of stimuli is better than the others. More investigations are 

required to explicitly compare the efficacy of the several types of stimuli in reducing carsickness. 

Lastly, other types of APS systems such as galvanic vestibular stimulation (GVS), galvanic 

cutaneous stimulation (GCS), olfactory/odor stimuli, and bone conducting vibrations have also 

been investigated. While these alternative APS systems have shown a reduction in carsickness, 

they face challenges in their practical applications. GVS and GCS are relatively new and there are 
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safety concerns with using these methods with pregnant persons or persons with cardiac or other 

serious medical conditions [155]. 

Since most studies do not follow a uniform set of experimental conditions, nor recruit similar 

participants, it is impossible to compare the performance of the various APS systems across the 

different studies. It is noted that 15 out of the 20 (75%) visual stimuli studies, 5 out of the 6 (83%) 

haptic stimuli studies, and 7 out of the 8 (88%) audio stimuli studies have shown statistically 

significant reduction in carsickness (Table 2-2). This presents unmistakable evidence in the favor 

of APS systems being able to reduce carsickness, however, the most optimum APS or combination 

of APS remains unknown. Further investigations are required to refine the efficacy of APS in 

reducing carsickness. It is not clear from the existing evidence if one type of stimuli is better than 

the others. As mentioned earlier, certain types of stimuli might inherently limit the passenger’s 

ability to perform a task (e.g., visual stimuli will interfere with visual task performance). 

It is clear from the current literature that preemptively triggered APS systems can provide 

anticipation of upcoming vehicle motion and help reduce carsickness. Even in a study involving 

preemptively triggered sensory stimuli system where no statistically significant reduction in 

carsickness was observed, a statistically significant improvement in situational awareness was 

noted [145]. In a car, situational awareness has been defined as having an awareness of the cars 

current position and behavior of other road users, potential hazards, cars environment, and 

knowing how these critical variables will change with time [145]. This improved situational 

awareness due to preemptively triggered stimuli can help passengers stay connected with the 

intentions of the AV and help build trust [156], [157], [158]. Further study is required to understand 

if APS triggered preemptively is effective at reducing carsickness as compared to APS triggered 

reactively. Also, any influence of APS systems on NDR task performance remains unknown.  
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Unsurprisingly, owing to their simplicity and effectiveness, many diverse types of APS are 

mentioned in numerous patents. Various embodiments of APS are described within patents (Table 

2-6), but the most common types are visual and audio stimuli-based systems. Other types of stimuli 

in patents include scents (olfactory stimuli) and directed air flows from air conditioning. The APS 

embodiments in patents include stimuli that are either triggered reactively or preemptively. While 

no studies have investigated the efficacy of multiple APS systems in combination, such 

combinations have been claimed in patents (Table 2-6). Typically, these APS concepts in patents 

are mounted within the vehicle cabin and may leverage lighting in the cabin or heads-up displays 

on windshields. Overall, APS systems represent one of the most promising and most studied 

methods to mitigate carsickness. 

2.2.2 Active Seat Systems (AST) 

Active seat system is a device that adjusts the posture of the passenger by providing relative 

motion of the seat and/or seated passenger with respect to the vehicle. This seat motion can include 

both translations and rotations. Prior literature have focused on vertical suspension seats (i.e., 1 

DoF, passive and active suspension seats) for vehicles and have concluded that they have no effect 

on the motion sickness response of passengers [159], [160]. Therefore, suspension seats for 

vehicles have been excluded from this research. 

In this research, the results from 8 publicly available studies are included and compared (Table 

2-3). In addition to the above listed four common parameters, the AST studies are also organized 

using an additional parameter which is Type of AST motion. Type of AST motion refers to the 

type of relative motion between the AST (and passenger or only passenger) and the vehicle. This 

relative motion can include three rotations (roll about longitudinal axis, pitch about lateral axis, 

and yaw about vertical axis) and three translations (surge along longitudinal axis, sway along 
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lateral axis, and heave along vertical axis) (Fig 2-3). 

AUTHOR & 
YEAR 

TYPE OF SEAT 
MOTION 

TIMING OF 
INTERVENTION 

NDRT 
PERFORMANCE 

TYPE OF 
VEHICLE 
MOTION 

CARSICKNESS 
MITIGATION 
OUTCOME 

Golding et al., 
2003 [89] 

Rotational – 
Pitch Reactive None Motion 

Simulator 

Reduced CS – 
MISC and 

MSSQ scales 

Frechin et al., 
2004 [161] 

Rotational – 
Pitch, Roll, Yaw 
Translational – 

Heave 

Reactive None Passenger 
car 

Unknown, no 
data available 

Joseph et al., 
2007 and 

2008 [162], 
[163] 

Rotational – Roll 
Preemptive – 
0.5 seconds 

prior to motion 
None Motion 

Simulator 

Reduced CS – 
custom 7-point 

scale 

Mert et al., 
2011 [164] 

Rotational – 
Pitch Reactive None Motion 

Simulator 
Reduced CS – 

MISC scale 

Konno et al., 
2011 [165] Rotational – Roll Reactive None Passenger 

car 

Reduced CS – 
Simulated CS 

based on 
passenger 

motion 

Beard et al., 
2014 [166] Rotational – Roll Reactive None Motion 

Simulator 

Inconsistent CS 
response – 
MSSQ and 

custom 7-point 
scale 

Karjanto et al., 
2021 [167] 

Rotational – Roll  
(shoulder only) 

Preemptive – 3 
seconds prior to 

motion 

Reading – no 
assessment 

Passenger 
car 

Reduced CS – 
MSAQ scale 

Brietzke et al., 
2021 [150] 

Rotational – 
Pitch Reactive Watching Video 

– no assessment 
Passenger 

car 

No reduction in 
CS – custom 

scale 

Table 2-3 Summary of Active Seat Systems for Motion Sickness Mitigation 

It is worth noting that as compared to APS, there are far fewer investigations of AST systems. 

There are only 8 studies that use AST as compared to over 36 studies of APS. This is due to the 

complexity, practical challenges, and safety regulations associated with integrating an AST system 

inside a vehicle as compared to relatively simple APS systems. 5 of the 8 AST studies have shown 

a meaningful reduction in motion sickness due to the influence of the AST system. One study 

showed inconclusive impact of AST on motion sickness [166] and another study did not include 

any data or results pertaining to motion sickness [161]. Of these 8 studies,  

the majority included AST systems triggered reactively. Only 2 of the 8 studies triggered the 
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motion of the AST (and passenger) preemptively, with preemption ranging from 0.5 seconds to 3 

seconds. All studies with preemptive action of the active seat system (i.e., 2 out of the 8 AST 

studies) showed a reduction in motion sickness. Half of the studies with reactively triggered action 

of the active seat system (i.e., 3 out of the 6 AST studies with reactively triggered action) 

demonstrated no reduction or inconclusive motion sickness response. Therefore, based on the 

number of studies demonstrating a reduction in carsickness, a larger portion of the studies with 

preemptively triggered AST demonstrated a reduction in carsickness, as compared to studies with 

reactively triggered AST.  

It is important to note that only one study compared the efficacy of AST in reducing motion 

sickness when triggered preemptively (i.e., in anticipation of the motion event) vs reactively (i.e., 

after the motion event) [162]. That study concluded that AST systems triggered preemptively are 

better at mitigating motion sickness as compared to those triggered reactively; the mean illness 

rating for the preemptive condition was 50% lower than the reactive condition. While further 

investigations are required to strengthen this result, this is an indication that preemptively triggered 

AST systems can reduce motion sickness more effectively as compared to reactively triggered 

AST. 

Only 2 studies included the passenger performing an NDRT, one study included a reading task, 

and another study included a video watching task. NDRT tasks were performed either on a vehicle 

mounted screen or handheld tablet. No study performed an analysis of NDRT performance (i.e., 

no assessment of quality or quantity of NDRT performance, nor an assessment of cognitive 

function of the passenger). Therefore, it remains unknown whether the AST systems have any 

influence on NDRT performance. An effective AST based carsickness mitigation system must 

ideally not affect NDRT performance negatively. More investigations are required to categorize 
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the effects (if any) of AST systems on NDRT performance. 

 

Fig 2-3 Coordinate axes and corresponding motion of a vehicle 

Lateral accelerations such as those associated with vehicle turning have a significant influence 

on motion sickness [16], [168], [169]. Unsurprisingly, 5 of the 8 studies in this review provide roll 

motion to the seat and/or passenger in response to vehicle turning and producing lateral 

accelerations. 3 of those 5 studies show statistically significant reduction in carsickness. The 

remaining 2 studies with roll motion either have no data available or show inconsistent CS 

response. One study does not “move the seat” to influence passenger posture and instead relies on 

the activation of pneumatic pads on the seat to produce relative motion of the passenger with 

respect to the vehicle [167]. In our review, this kind of system was still considered as an AST as 

it augmented passenger posture within the vehicle. Another unique aspect of that study is that it 

compares MS mitigation efficacy of an APS system against an AST system and concluded that 

their AST system outperformed their APS system in MS mitigation (statistically significant result). 

In contrast, another study that compared visual stimuli and AST found that there was no significant 
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and substantial reduction in motion sickness [150]. While this is a single data point and by itself 

does not provide definitive outcome, it highlights the need for more investigations of AST systems 

and their MS mitigation efficacy. 

Only one study emphasized the role of the center of rotation of their AST as integral to the 

efficacy of MS mitigation [161]. An AST system changes the posture of a passenger to minimize 

the sensory conflict by aligning the passenger head and torso with the direction of gravito-inertial 

acceleration. The study claims that to maximize this benefit, the center of rotation (CoR) of the 

seat must be aligned with the passenger’s head (i.e., their vestibular sensor) to minimize the sensed 

acceleration due to rotation [161]. More thorough investigation is required to determine if the CoR 

does play a significant role in MS response as that study did not provide any data or results 

regarding MS response. 

Various embodiments of AST are described within patents (Table 2-6). ASTs claimed in patents 

are often capable of several types of motion, and in some cases are a combination of suspension 

seats (i.e., vertical motions) and other rotations and/or translation motion in response to vehicle 

motion. Also, often the AST is combined with some other system (i.e., HVAC or stimuli) within 

the vehicle to help reduce carsickness. No such combinations have been investigated or reported 

in research literature, so their efficacy remains unknown. 

ASTs present unique regulatory and crash safety challenges that must be investigated to 

determine the feasibility of AST integration into vehicles [170]. While suspension seats have been 

integrated into vehicles on road, ASTs that rotate or translate have not been introduced in vehicles 

so far. Further investigation in safety and regulations is required to determine if ASTs are a viable 

solution to MS in vehicles. 
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2.2.3 Vehicle Hardware and Software Systems 

Vehicle hardware such as suspension systems and chassis can be designed to mitigate vibrations 

(and other undesired motion) and reduce carsickness. Similarly, vehicle software and control 

systems such as drivetrain control (i.e., steering, acceleration, braking) can be designed to mitigate 

carsickness. For the purposes of this review, only studies that involve human subject experiments 

were considered. The results from 10 publicly available studies are included (Table 2-4 and Table 

2-5). Of the 10 publications, 5 publications focus primarily on hardware systems (Table 2-4) while 

5 publications focus primarily on software systems (Table 2-5). In addition to the previously listed 

four common parameters for study comparison, the vehicle hardware and software system studies 

are also organized using an additional parameter which is Type of Vehicle Hardware or Software. 

The type of hardware and software describes the technology implemented. 

AUTHOR & 
YEAR 

TYPE OF 
HARDWARE 

TYPE OF 
CONTROL 

TIMING OF 
INTERVENTION 

NDRT 
PERFORMANCE 

TYPE OF 
VEHICLE 
MOTION 

CARSICKNESS 
MITIGATION 
OUTCOME 

Golding et 
al., 2003 [89] 

Active 
Suspension 

Gravito-
inertial 

acceleration 
compensation 

Ambient None Motion Simulator Reduced CS – 
MSSQ 

Huo et al., 
2015 [171] 

Active 
Suspension LQR Reactive None Passenger car Reduced CS – 

Custom Scale 

Ekchian et 
al., 2016 

[172] 

Active 
Suspension Not Specified Reactive Reading Motion Simulator 

Reduced CS 
(Custom Scale 

– Self-
Reported) 

DiZio et al., 
2018 [173] 

Active 
Suspension Not specified Reactive 

Reading – 
Improved task 
performance 

Motion Simulator 

Reduced CS 
(Custom Scale 

– Self-
Reported) 

Cvok et al., 
2021 [174] 

Active 
suspension 
and active 

seat 
suspension 

LQR Reactive 

Reading, 
drawing, texting 
– Improved task 

performance 

Motion simulator 

Reduced CS 
(Custom Scale 

– Self-
Reported) 

Table 2-4 Summary of Vehicle Hardware Systems for Motion Sickness Mitigation 

AUTHOR & 
YEAR 

TYPE OF 
SOFTWARE 

TYPE OF 
CONTROL 

TIMING OF 
INTERVENTION 

NDRT 
PERFORMANCE 

TYPE OF 
VEHICLE 
MOTION 

CARSICKNESS 
MITIGATION 
OUTCOME 

Dillen et al., 
2020 [175] 

Vehicle 
control 

Driving style 
selection Ambient Video (Screen) Passenger car 

Improved 
comfort (Custom 

Scale – Self-
Reported) 

Jurisch et 
al., 2020 

[176] 

Active 
suspension 

control 

Active roll 
stabilization Reactive None Motion simulator 

No CS 
improvement 

(MSQ) 
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Schockenh
off et al., 

2020 [177] 

Vehicle 
control 

Driving style 
selection Ambient None Passenger car 

Reduced CS 
(Custom Scale – 
Self-Reported) 

Hong et al., 
2022 [178] 

Vehicle 
control 

Adaptive 
model 

predictive 
cruise 

acceleration 
control 

(longitudinal) 

Preemptive – 
unspecified time None Passenger car 

Reduced CS 
(MSDV- 

Estimated) 

Saruchi et 
al., 2020 

[179] 

Vehicle 
control – 
steering 

wheel angle 

Fuzzy-PID Reactive None Motion simulator Reduced CS 
(MSI-Estimated) 

Table 2-5 Summary of Vehicle Software Systems for Motion Sickness Mitigation 

Of the 10 studies in vehicle systems mitigation technologies, 1 showed an improvement in 

passenger comfort, 8 showed an improvement in MS and 1 showed no reduction in MS. They 

differed not only in the level of improvement, but also in the way in which these improvements 

were assessed. The first-mentioned study determined the change in passenger comfort response 

through self-reported comfort scores based on a custom-made scale. As for the remaining 9 studies, 

the change in MS response was determined through either subject-based questionnaires or through 

MS model predictions. In general, passenger comfort can be correlated with MS mitigation as both 

are affected by magnitude of oscillations around a similar frequency range (0.1-5Hz). However, 

an improvement in passenger comfort is not a sufficient condition for MS mitigation. For instance, 

a system that reduces vertical acceleration high frequency (>1Hz) head vibrations might not play 

as significant of a role in MS mitigation, which primarily happens in the 0.1-0.6Hz frequency 

range [51]. There is no established framework in the studies investigated that provides a 

quantitative improvement in MS score given a quantitative improvement in comfort. Because of 

that, it is not possible to claim that technologies which led to an improvement in passenger comfort 

would also lead to a decrease in MS response. 

In terms of the type of intervention, 6 studies presented reactive solutions, 1 presented 

preemptive solutions and 3 presented ambient solutions. The preemptive solution was software 
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based as they require some predictive component to anticipate vehicle maneuvers. The preemptive 

horizon was 20 simulation time steps, but the duration of each time step was not specified. This 

preemptive solution employed an optimization solution to the vehicle control logic, which allowed 

the algorithm to predict the set of vehicle actions that would minimize motion sickness. This study 

assessed the performance of their solution through simulation models, and it was able to 

demonstrate mitigation of motion sickness. 

The 3 ambient solutions consisted of vehicle control strategies through either vehicle driving 

style selection or constant offsets in vehicle motion. All 3 of these studies were able to demonstrate 

a reduction in motion sickness. Two of these three studies focused on selecting driving style, and 

in the third the passenger was permanently aligned with the gravito-inertial acceleration direction. 

While these studies showed a reduction in motion sickness, selecting driving styles is an inherently 

restrictive approach. Carsickness can be experienced even under the smoothest driving conditions. 

There are 5 reactive solutions primarily focused on suspension systems (4 vehicle hardware 

studies, and 1 vehicle software study) and 1 reactive solution which focused on model-based 

vehicle control (vehicle software). The model-based vehicle control solution performed wheel-

angle optimal trajectory tracking to reduce CS. Of the 5 reactive solutions focused on suspension 

systems, the majority of them demonstrated a reduction in carsickness (only 1 study showed no 

reduction in CS). Among all vehicle hardware and software studies (10 studies), only 4 studies 

included NDRT’s in their experiments. Two of the studies included watching a video off a screen 

mounted on a vehicle and 2 included reading texts off a tablet. One of the studies included reading, 

drawing, and texting on a tablet. Of those 4 studies with NDRT’s, only 2 studies included an 

assessment of the task performance. Both of those studies demonstrated an improvement in task 

performance due to the actions of reactively triggered vehicle hardware systems for carsickness 
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mitigation. 

As shown in Table 2-6, multiple patents have been filed on vehicle control solutions for CS 

mitigation. Among these, 8 patents focused on vehicle control systems, 7 focused on suspension 

systems. Vehicle control has been shown to be an effective way to improve passenger experience 

as all solutions analyzed have shown either an improvement in passenger comfort or a decrease in 

MS.  

When designing vehicle control solutions, one must consider the tradeoff between ride comfort 

and time to reach destination. An increase in acceleration magnitude associated with shorter travel 

times is likely to yield an increase in MS. In addition, infrastructure and safety impose additional 

constraints on the possible paths that the vehicle can take. Further, vehicle control solutions are 

constrained by the hardware limitations of the powertrain systems of vehicles. Thus, while vehicle 

control can mitigate MS, multiple other factors play a role in a practical solution. This can prevent 

the applicability of vehicle control MS mitigating algorithms to real world solutions. Active 

suspension has also been shown to increase comfort and reduce CS. These solutions are 

particularly useful in decreasing MS due to vertical oscillations, which can arise due to road bumps 

and uneven terrain. However, these solutions are constrained to the vertical direction and have 

negligible effect on mitigating MS due to lateral and longitudinal accelerations.  

Therefore, while vehicle software and hardware solutions have been shown to decrease MS 

incidence and improve passenger comfort, there remains a need for a solution capable of mitigating 

MS and that does not increase travel time, is independent of road and vehicle infrastructure, and 

is capable of attenuating lateral and longitudinal acceleration. 

2.2.4 Other Systems 

Other methods to mitigate motion sickness in vehicles have been explored that also include 
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active systems. However, unlike the previously discussed solutions, these other methods are 

relatively new or are mentioned in a few studies only. Active restraints to control the posture of 

the passenger in a moving vehicle have been investigated as a method to relieve motion sickness 

[180]. In the study, the tension on the restraint was actively controlled and triggered 200ms before 

the event of the vehicle (i.e., triggered preemptively). The study found no meaningful impact of 

the restraint on carsickness. The study also included a reading NDRT but provided no assessment 

of quality of NDRT performance. 

Numerous patents have also referenced active systems within the cabin of the vehicle such as 

lighting which changes in response with the passenger’s state of mind or changing the HVAC 

settings such as temperature or fan speed in anticipation of a passengers estimated carsickness state 

(Table 2-6). One patent even referenced a device that augments the passenger posture by altering 

the position of their feet in the car using a moving foot platform [181]. However, there are no peer 

reviewed publications or studies that experimentally evaluate the efficacy of these systems. Further 

investigations are required to determine if these systems can effectively mitigate carsickness.
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PATENT NO. 
SENSORY STIMULI SYSTEM 

SEAT 
SYSTEM 

RESTRAINT 
SYSTEM 

VEHICLE 
SUSPENSION 

VEHICLE 
CONTROL 

TIMING OF 
INTERVENTION 

AUDIO VISUAL HAPTIC OTHER 

US9145129B2 [182]   X   
X 

Air 
conditioning 

X       Reactive 

US9868332B2 [183]   X     X   X   Reactive 

US10107635B2 [184]               X Reactive & 
Preemptive 

US9789880B2 [185] X X X 
X 

Air 
conditioning 

X     X Reactive & 
Preemptive 

US10625556B2 [186]         X   X   Reactive 

US9862312B2 [187]   X             Reactive 

US10322259B2 [188]       

X 
Electrical 

Stimulation 
(e.g., GCS) 

        Reactive 

GB2567856A [189]   X             Reactive 

US10625641B2 [190]         X       Reactive 

US10259451B2 [191] X X X   X   X X Preemptive 

US10926773B2 [192] X X   
X 

Air 
conditioning 

X       Reactive 

US20220001773A1 [193]         X X     Preemptive 

WO2019156657A1 [194]   X             Reactive & 
Preemptive 

US10300760B1 [195]     X       X   Reactive 

US11571996B2 [196]       
X 

Air 
conditioning 

X       Reactive & 
Preemptive 

US11130382B2 [197]             X X Reactive 

US10737053B2 [181] X X X 

X 
Olfactory & 

Air 
conditioning 

        Reactive 

US20200317089A1 [198] X X X X 
Olfactory X       Reactive & 

Preemptive 

US11321923B2 [199] X X             Reactive & 
Preemptive 

US20210114553A1 [200] X X X 
X 

Productivity 
Systems 

X X X X Reactive & 
Preemptive 

US20220001893A1 [201]               X Reactive 

US11541797B2 [202]         X   X   Reactive 

US20220135054A1 [203]               X Reactive 

US20220001894A1 [204]               X Reactive & 
Preemptive 

EP3860895A1 [205]       

X 
Man 

Machine 
Interface 

        Reactive 

US11338106B2 [206] X X             Reactive 

Table 2-6 Summary of Motion Sickness Mitigation Systems in Patent Literature  

(Note: The ‘X’ in the table denotes that the patent includes that system or part in its description 
of the mitigation system) 
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2.3 Discussion and Conclusions 

This chapter presents a summary of the state of the art on the causes of motion sickness and 

motion sickness modelling. While many theories to explain the cause of motion sickness have been 

proposed, the sensory conflict theory has been most extensively validated using experimental data. 

Within the sensory conflict theory, the subjective vertical conflict version of the sensory conflict 

theory is the one that has been considered the most promising due to congruence with experimental 

data. The postural instability theory is not too dissimilar to the sensory conflict theory. Both rely 

on some kind of conflict between actual and sensed motion. The major difference is that the 

postural instability theory further states that the conflict in actual and sensed motion leads to an 

inability to maintain postural control which leads to motion sickness. Our research relies on the 

sensory conflict model of motion sickness since it has (limited) supporting evidence in the 

literature, and the model is aligned with anecdotal evidence regarding the onset and cause of 

motion sickness. 

Motion sickness is typically quantified using one of the many scales used to quantify motion 

sickness. Since there are no ‘motion sickness sensors’ that can provide objective measurements of 

motion sickness, subjective scales must be used. The UMTRI Motion Sickness Scale (that captures 

the spectrum of MS symptoms and physiological indicators during realistic driving conditions, 

making it pertinent to studies that involve MS prediction applied to AVs. The literature review 

also highlights the need for a theoretical model of motion sickness that combines both visual and 

vestibular sensory systems, allows for simulation of passengers performing tasks inside an 

autonomous vehicle, and leverages the best understanding of MS causes and mechanisms to 

provide more generalizability in predictions. Such models allow for easy evaluation of motion 

sickness in various scenarios, without the need for complex human subject testing. 
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This chapter also presented a summary of the state of the art of active carsickness mitigation 

methods reported in publicly available literature. Prior work has shown the limitations of 

pharmacological and passive carsickness mitigation solutions. Instead, the review in this chapter 

covered active passenger stimuli, active seats, vehicle hardware and software solutions, and other 

active systems that have been investigated to prevent carsickness. These methods have shown 

promise in reducing motion sickness to varying degrees. Based on the analysis of the state of the 

art, several limitations were noted. 

The majority of the prior literature did not explicitly state the relationship between the 

mitigation solutions being investigated and motion sickness theory to address how the mitigation 

solution helps reduce motion sickness. One study (Wada et al., 2012 [52]) explicitly tied their 

mitigation solution to the subjective vertical conflict theory of motion sickness (which is a subset 

of the sensory conflict theory). Therefore, there is need for research on motion sickness mitigation 

solutions that explicitly tie the mitigation solution being investigated to an etiological aspect of 

motion sickness. 

While the benefits of anticipation in mitigating carsickness have been shown through 

investigations of drivers in vehicles, most carsickness mitigation methods do not leverage this 

anticipation to perform any preemptive actions to mitigate carsickness for passengers. Of the 55 

studies included in this review across various mitigation methods, only 19 studies employ 

anticipation and preemption (that is only 35% of the studies included in this review). Of these 19 

studies, over 80% of them (16 out of 19 studies) demonstrated a reduction in motion sickness. In 

comparison, the remaining 36 studies employed either reactively or ambient triggered systems. Of 

these 36 studies, 75% of them (27 out of 36 studies) demonstrated a reduction in motion sickness. 

Therefore, there is some evidence to suggest that preemptively triggered systems may be more 
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effective at reducing motion sickness than reactively triggered systems. 

Similarly, of the 26 patents included in this review across various mitigation methods, only 10 

patents employ some kind of preemption (that is only 39% of the patents included in this review). 

Leveraging anticipation to take preemptive actions appears to be promising without inherently 

presenting adverse side effects. Existing investigations that have used preemption have not 

characterized the influence of amount (e.g., 1 second vs 10 seconds), quality (e.g., 

precision/repeatability of preemption) of preemption on carsickness mitigation, or combinations 

of interventions (e.g., combining different sensory stimuli systems or combining stimuli with 

active seat system). Therefore, there is a need for additional systematic investigations on mitigation 

solutions that leverage anticipation and preemption for AV passengers. 

Current investigations have not studied the interactions between any carsickness mitigation 

method and performance of NDRTs. Of the 55 studies included in this review across various 

mitigation methods, 28 include NDRTs (that is 51% of the studies included in this review) and of 

those only 6 provide an assessment of how well the NDRT was performed (that is only 11% of the 

studies included in this review). The majority of the studies that include a NDRT are APS system 

studies (21 out of the 28 studies with NDRT included in this review are APS studies). NDRTs can 

place a significant cognitive burden on the passenger and reduce their situational awareness. This 

not only increases their chances of carsickness but might reduce their attention to the mitigation 

method and thereby affect the efficacy of carsickness mitigation. Ideally, NDRT performance and 

its evaluation must be a part of research protocols used for the investigation of carsickness 

mitigation solutions. 

There is a need to standardize research methodology and measures for investigating carsickness 

mitigation. Due to the diversity of experimental methodology and participant sample sizes used in 
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current literature it is nearly impossible to perform an objective comparison of motion sickness 

mitigation methods. For example, a visual APS study (Morimoto et al., 2008) had used a 0 to 10 

motion sickness scale and had shown a reduction of peak participant motion sickness at the end of 

the study of 17% due to the stimuli, while another audio APS study (Kuiper et al., 2020) had used 

the MISC scale and had demonstrated a 29% reduction of peak motion sickness in their participants 

at the end of the study. While the reduction of motion sickness due to audio stimuli may be higher 

than visual stimuli, this is insufficient data to be able to claim that audio stimuli is better than visual 

stimuli due to the considerable number of factors that can influence a persons’ motion sickness 

response which cannot be controlled and made identical across these two studies. For example, the 

above-mentioned visual stimuli study (Morimoto et al., 2008) was conducted using a real 

passenger vehicle and the participants were performing a video watching task during the study. 

However, the above-mentioned audio stimuli study (Kuiper et al., 2020) was conducted using a 

motion simulator and did not have the participants perform any task. This diversity in experimental 

methods does not allow for a fair comparison of results across both these studies. In addition, it is 

also not possible to compare results from one study to another since it is difficult to convert motion 

sickness measurements from one scale to another accurately [207]. Therefore, standardized 

research methodology is required to be able to conduct fair and accurate analysis comparing the 

efficacy of the various motion sickness mitigation solutions being investigated. 

Most of the research has relied on the use of static base simulators instead of moving base 

simulators or real vehicles/cars. Of the 55 studies included in this review, 26 were performed in 

real cars (that is 47% of the studies included in this review). Of the remaining studies, 11 studies 

were performed using static simulators (that is 20% of the studies included in this review) and 18 

studies were performed using motion simulators (that is 33% of the studies included in this review). 
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Simulators are unable to create the full inertial forces experienced by a passenger in a moving 

vehicle [208], [209]. Demonstrating the viability of carsickness mitigation methods in real world 

driving conditions remains critical to identify promising solutions. 

While many promising solutions have been identified for mitigating carsickness in this review, 

none of these solutions have been proven to be entirely effective or practical. None of these 

solutions have been deployed in vehicles on the road today. Since carsickness is individual 

specific, and no single mitigation method has been proven as the best method, there is a need for 

investigations that compare the efficacy of various carsickness mitigation methods included in this 

review. The review motivates the need for carsickness mitigation solutions that leverage 

preemption and anticipation (like that of a driver), that are customizable to individual passengers, 

and do not influence NDRT performance. The majority of the studies in this review have not 

proposed solutions that meet all of the above criteria. Therefore, there is room for additional novel 

solutions to reduce carsickness.  

2.4 Identified Gaps in Current Research 

Based on the analysis of existing research literature, the following gaps in current research on 

motion sickness modelling are identified: 

1. One of the key deficiencies of MS models in the literature is the inability to accurately 

predict MS at frequencies below 0.1Hz. Models tend to underestimate the level of MS 

experiences at this frequency range. One possible explanation for this behavior is that few 

models consider the contributions of the visual system to MS, focusing primarily on the 

vestibular system [81], [210]. It has been shown that the visual contributions to MS play a 

significant role at low frequencies (<0.2Hz) [211].  

2. While a few visual-vestibular MS models have been proposed in the literature [86], there 
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is no established framework within these models for handling both linear specific force and 

angular velocity visual-vestibular stimuli in three dimensions. These types of inputs are 

widely present in MS triggering events, such as in the case of a passenger looking at screen 

inside a moving vehicle. It has been shown increased obstruction of a passenger’s view of 

the outside world leads to increased motion sickness [212]. Therefore, taking it account the 

contributions of the visual field of view of a passenger has the potential of improving MS 

modeling prediction. 

3. The model parameters must be refined using experimental data so that the model predicted 

motion sickness can be generalized for as wide a range of population as possible. 

Based on the analysis of existing research literature, the following gaps in current research on 

motion sickness mitigation are identified: 

1. The benefits of anticipation in mitigating carsickness have been proven through 

investigations of drivers in vehicles [48], [146], [213]. Numerous patents for carsickness 

mitigation solutions also rely on anticipation to make a preemptive intervention (Table 

2-6). However, there are no significant investigations leveraging preemptive interventions 

for motion sickness mitigation. Leveraging anticipation to take preemptive actions appears 

to be promising without inherently presenting adverse side effects but there is not enough 

data to support that claim yet. In addition, investigations comparing the efficacy of reactive 

versus preemptive (based on anticipation) carsickness interventions are required. Such 

investigations can provide definitive evidence to shape the future of motion sickness 

mitigation interventions. 

2. Current investigations have not studied the interactions between any carsickness mitigation 

method and performance of NDRTs. NDRTs can place a significant cognitive burden on 
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the passenger and reduce their situational awareness [23], [214], [215]. This not only 

increases carsickness but might reduce the passenger’s attention to the mitigation method 

and thereby affect the efficacy of carsickness mitigation. While some studies have 

mentioned NDRTs in the context of motion sickness mitigation, none have provided a 

systematic assessment of NDRT performance. Also, there is no standardization of the types 

of NDRT used in investigations. The ideal carsickness mitigation method must not only 

reduce/eliminate carsickness but also should not adversely impact NDRT performance. 

3. Most research has relied on the use of static base simulators instead of moving base 

simulators or real vehicles/cars. While simulators can recreate the visual experience, and 

even the driving interfaces that are like real vehicles, they are unable to create the full range 

and variation of inertial forces experienced by a passenger in a moving vehicle [208], [209]. 

In some cases, simplistic motion trajectories are used with simulators which fall short of 

emulating real world driving conditions. Demonstrating the viability of carsickness 

mitigation methods in real world driving conditions is required to identify promising 

solutions. 

4. There is a need to standardize research methodology and measures for investigating 

carsickness mitigation. For example, investigations today use different scales to measure 

motion sickness including Motion sickness assessment questionnaire (MSAQ), Fast 

motion sickness scale (FMS), and Motion sickness incidence (MSI) to name a few. It is not 

possible to compare results from one study to another since it is difficult to convert motion 

sickness measurements from one scale to another accurately [104], [105]. 
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Chapter 3 Visual-Vestibular Motion Sickness Model 

This chapter presents a novel motion sickness estimation model that uses both visually and 

vestibular sensed motion as model inputs. There is a need for a theoretical model of motion 

sickness that (a) combines both visual and vestibular sensory systems, (b) allows for simulation of 

the effect of a passenger performing tasks inside a vehicle on their sensed motion, and (c) leverages 

the best understanding of MS causes and mechanisms to provide more generalizability in 

predictions. The proposed model addresses these key gaps in motion sickness modelling motivated 

earlier in Chapter 2. The proposed model integrates vestibular sensory dynamics, visual motion 

perception, and visual-vestibular cue conflict to determine the conflict between the sensed and true 

vertical orientation of the passenger. The model performance was verified by comparing model 

predicted MS response against experimentally determined motion sickness measures from past 

investigations. 

3.1 Model Description  

A motion sickness model is proposed that combines existing models of motion sickness and 

motion perception in a unique architecture. In the proposed model, a subjective vertical mismatch 

model is combined with a human perception model in order to estimate motion sickness resulting 

from visual-vestibular cues. In the field of human motion perception, the vestibular system is often 

modeled such that it senses head linear acceleration inputs and angular velocity inputs, while the 

visual system is often modeled such that it senses linear and angular velocities of the objects in the 

passenger’s field of view. The proposed motion sickness estimation model assumes that the visual 
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system can only estimate angular velocity. Further, for the purposes of this model, it is assumed 

that the visual and vestibular reference frames are collocated and co-aligned, and they are defined 

as shown in Fig 3-1. It is assumed that such a reference frame is placed as the midpoint of the line 

connecting the two ears. This assumption makes it possible to have a unified reference frame for 

all sensing systems. 

 

Fig 3-1 Visual-vestibular coordinate frame 

In order to account for the visual contribution to motion sickness, it is necessary to include a 

sensory system model that estimates the perceived head motion based on both visual and vestibular 

inputs. Telban et al. [210] proposed a human perception model that considers the disparity between 

the visual and vestibular sensed angular velocities in order to estimate the human perceived angular 

velocity. Thus, it is possible to integrate Telban’s model for the estimation of perceived head 

motion states with the sensory system model proposed by Kamiji [85] in order to create a visual 

vestibular motion sickness model. In this work, we have built a visual-vestibular motion sickness 

(VVMS) model in order to estimate the motion sickness index (MSI) as a function of vestibular 

and visual inputs, as shown in Fig 3-2. The model combines the three-dimensional vestibular 

subjective vertical conflict (SVC) model proposed by Kamiji et al. with the visual-vestibular 

perception model proposed by Telban et al. The inputs to the model are a, ω, ωvis, which are 
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vectors with three degrees of freedom defining the linear acceleration of the head with respect to 

the world reference frame, the angular velocity of the head with respect to the world reference 

frame and the visual perception of angular velocity with respect to the visual background, 

respectively. 

It should be noted that previous models have attempted to integrate SVC theory with visually 

induced motion sickness. Braccesi et al. [86] has previously integrated a three-dimensional SVC 

motion sickness model with Telban’s model for visual-vestibular human perception. However, 

Braccesi’s model only accounted for linear motion and does not model the effects of angular 

velocity in causing motion sickness. While Wada et al. [88] model of motion sickness accounts 

for visually sensed motion in the internal model, the VVMS model uses a human motion perception 

model in order to account for visually sensed motion. 

In an attempt to predict the amount of motion sickness given any kind of motion stimulus, we 

describe a model using explicit knowledge of the vestibular system. First, the accepted sensory 

conflict theory is restated in terms of a conflict between a vertical as perceived by the sense organs 

like the vestibular system and the subjective vertical as determined on the basis of previous 

experience. Second, this concept is integrated with estimation theory by the use of an internal 

model. If detailed for vertical motions only, the model does predict typical observed motion 

sickness characteristics, irrespective of the parameter setting.  

By adjusting the model parameters, the model can also quantitatively be adapted to seasickness 

data from the literature. With this concept, sickness severity (hypothetically) can also be predicted 

for other motions, irrespective of their origin and complexity. 
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Fig 3-2 Visual-Vestibular Motion Sickness Model 

Physically the otolith cannot differentiate between gravitational acceleration and inertial 

acceleration. Thus, the otolith senses the combined gravito-inertial acceleration (GIA), as shown 

in equation 3-1 [216]. Where ‘a’ is the inertial acceleration and g is the gravitational acceleration. 

The G block in Fig 3-4 accounts for the change in the direction of gravity with respect to the head 

reference frame and the relationship is captured by taking a derivative of ‘g’ with respect to time, 

as shown in equation 3-2 [85]. 

𝐟𝐟 = 𝐚𝐚 + 𝐠𝐠            ( 3-1 ) 

𝒅𝒅𝐠𝐠
𝒅𝒅𝒅𝒅

= −𝛚𝛚 × 𝐠𝐠      ( 3-2 ) 

The sensory system model is defined by the architecture that encompasses the otolith transfer 

function (OTO), the semicircular canal visual-vestibular interaction model (SCCv-v) and the 

otolith-canal interaction model (LP). The outputs of the sensory model are the human perceived 

dynamics with respect to the world reference frame, consisting of the perceived GIA, perceived 

angular velocity and perceived vertical, which are defined as 𝐟𝐟, 𝛚𝛚� , 𝐯𝐯�, respectively. The otolith 

transfer function is assumed to have a unity gain, such that 𝐟𝐟 = 𝐟𝐟. Bos at al. [78] proposed that this 
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simplifying assumption does not affect model accuracy. The LP block (Fig 3-5) is defined 

according to an otolith canal model in which the perceived subjective vertical can be estimated 

through a low pass filter with the following relationship [77]: 

𝒅𝒅𝐯𝐯�
𝒅𝒅𝒅𝒅

= 𝟏𝟏
𝝉𝝉
�𝐟𝐟 − 𝐯𝐯�� − 𝛚𝛚� × 𝐯𝐯�      ( 3-3 ) 

Here, 𝜏𝜏 is the low pass filter time constant. The first term on the right-hand side of (3) gives the 

estimate of gravity by otolith afferents only, while the second term gives the change of gravity due 

to rotation only. The SCCv-v model follows the architecture proposed by [210], shown in Fig 3-3, 

in order to estimate the perceived angular velocity as a result of both visual and vestibular input 

signals. 

 

Fig 3-3 Visual-Vestibular interaction to determine the sensed angular velocity – Detailed view of 
the SCCV-V block from Fig 3-2 

The visual angular velocity input, 𝛚𝛚𝒗𝒗𝒗𝒗𝒗𝒗 is defined as the visual field angular velocity as seen 

from the head reference frame. Zacharias et al. [217] used projectors in order to quantify the visual 

field angular velocity in controlled environments. However, it is desired to determine 𝛚𝛚𝒗𝒗𝒗𝒗𝒗𝒗 for 

uncontrolled environments, such as the inside of a vehicle. One approach to determining the visual 

field motion is to replicate the sensed visual motion through a video recording and process the 

captured images through visual odometry. Wada et al. [88] proposed that the visual angular 

velocity input can be estimated using the optical flow of a video through the Farneback method. 
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For the purposes of the VVMS model, only two conditions of visual angular velocity inputs are 

considered: (i) the visual input is equal to zero, which is similar to the case of a passenger reading 

inside a moving vehicle; and (ii) the visual input is identical to the vestibular input, similar to the 

case of a front seat passenger inside a moving vehicle with an unobstructed view of the 

surroundings. 

 

Fig 3-4 Detailed View of the ‘G’ Block from Fig 3-2 

 

Fig 3-5 Detailed View of the ‘LP’ Block from Fig 3-2 

The input visual angular velocity has a time delay defined by 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , which accounts for the 

delays of the visual receptors, the neural transmissions, and the processing during motion 

perception [218]. The visual cue is passed through a sensory internal model of the semicircular 

canals 𝑆𝑆𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣 to produce a predicted vestibular signal that can be compared to the actual vestibular 

signal. It is assumed that the 𝑆𝑆𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣  transfer function is a perfect copy of the SCC transfer function, 

which was defined experimentally by prior research [219], such that: 

𝝎𝝎𝒄𝒄𝒄𝒄𝒄𝒄𝒗𝒗 = 𝝉𝝉𝒅𝒅𝝉𝝉𝒂𝒂𝒗𝒗𝟐𝟐

(𝝉𝝉𝒅𝒅𝒗𝒗+𝟏𝟏)(𝝉𝝉𝒂𝒂𝒗𝒗+𝟏𝟏)
𝝎𝝎𝒗𝒗     (𝒗𝒗 = 𝒙𝒙,𝒚𝒚,𝒛𝒛)      ( 3-4 ) 

-
+ -+

X

∫f^ v̂ ^

ω̂
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Where 𝝉𝝉𝒂𝒂 and 𝝉𝝉𝒅𝒅 are second order high pass filter time constants. The absolute value of the 

difference between the vestibular and visual cues passes through an adaptation operator to allow 

for long-term resolution of steady-state conflict. This adaptation operator is defined as a first order 

high pass filter with time constant 𝜏𝜏𝑤𝑤 and its output is a conflict signal 𝛚𝛚𝒄𝒄𝒆𝒆𝒆𝒆 . The optokinetic gain 

K is computed as a function of 𝛚𝛚𝒄𝒄𝒆𝒆𝒆𝒆 using a modified cosine bell function with conflict threshold 𝜀𝜀, 

shown in Fig 3-6. The difference between the visual and vestibular cues is multiplied by the 

optokinetic gain and an optokinetic influence transfer function, which consists of a low pass filter 

with time constant 𝜏𝜏𝑣𝑣𝑑𝑑. This optokinetic influence represents the gradual build-up of self-velocity, 

or vection, and its output is added to the vestibular cue to yield the perceived angular velocity. 

 

Fig 3-6 Modified Cosine bell function, conflict threshold ɛ of 1.6 ͦ /s 

Subjective vertical conflict theory states that motion sickness arises from a conflict between the 

sensed vertical and the internal model predicted vertical. The internal model tries to replicate the 

sensory dynamics based on previous experiences and a learning process. The previous experiences 

help define the estimation gains (Ka and Kω) and the sensory internal models (𝑂𝑂𝑂𝑂𝑂𝑂, 𝑆𝑆𝑆𝑆𝑆𝑆,𝐿𝐿𝐿𝐿). 
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The learning process is achieved using a feedback loop with integral gains (Kac, Kωc, and Kvc), 

which corrects for the discrepancy between the perceived states and the predicted states. It is 

assumed that the sensory internal models 𝑂𝑂𝑂𝑂𝑂𝑂, 𝑆𝑆𝑆𝑆𝑆𝑆 and  𝐿𝐿𝐿𝐿 are identical to the sensory models 

OTO, SCC, and LP, respectively. The outputs of the internal model are the predicted GIA, 

predicted angular velocity and predicted vertical, which are defined as 𝐟𝐟, 𝛚𝛚� , 𝐯𝐯�, respectively. 

The subjective vertical conflict “c” (from Fig 3-2) is defined as the difference between the 

perceived and predicted verticals. This conflict passes through a second order Hill function with 

parameter b in order to account for both the asymptotic behavior of motion sickness and the 

nonlinear relationship between MSI and conflict level. The output of the hill function passes 

through a double integrator with leaking time constant 𝜏𝜏𝐼𝐼 in order to account for the accumulation 

of motion sickness severity over time. The MSI value is scaled by a factor P, which accounts for 

the maximum percentage of people that become motion sick under a given circumstance. Table 

3-1 shows the nominal model parameter values from previous literature. These parameters were 

used as a baseline for the presented model. The next section provides a study on the effects of 

parameter values on output MSI. 

VESTIBULAR SYSTEM VISUAL SYSTEM 
Parameter Value Parameter Value 

Kω 0.8 𝜏𝜏𝑤𝑤 8s 
Ka 0.1 𝜀𝜀 1.6deg/s 
Kωc 5 𝜏𝜏𝑣𝑣𝑑𝑑 1.6s 
Kvc 5 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 90ms 
Kac 1   
P 85   
𝜏𝜏𝐼𝐼 720s   
B 0.5m/s2   
𝜏𝜏𝑑𝑑 7s   
𝜏𝜏𝑑𝑑 190s   

OTO 1   
𝜏𝜏 5s   

Table 3-1 Nominal model parameters used in the proposed motion sickness model 
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3.1.1 Model Parameter Study 

The goal of this section is to provide characterization of model parameters that lack 

physiological justification by assessing its effects on estimated MSI. The parameters that were 

selected to reflect previous physiological studies include 𝜏𝜏𝑑𝑑, 𝜏𝜏𝑑𝑑, 𝜏𝜏, 𝜏𝜏𝑤𝑤, 𝜀𝜀, 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝜏𝜏𝑣𝑣𝑑𝑑. 

Haslwanter et al. [219] obtained the SCC parameters 𝜏𝜏𝑑𝑑  and 𝜏𝜏𝑑𝑑 by fitting a vestibular model to 

experimental data. Graaf et al. [220] proposed an LP time constant, 𝜏𝜏, based on experiments with 

the canal-otolith interaction. Zacharias et al. [217] selected the adaptation operator time constant, 

𝜏𝜏𝑤𝑤, to reflect the typical latencies observed in simulators. From experiments with angular velocity 

cues in darkness, Benson [221] obtained a conflict threshold value, 𝜀𝜀. From experiments in roll 

rate perception with visual display, Hosman [218] obtained the value for the visual cue time delay, 

𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. Van der Steen [222] proposed a value for the optokinetic influence time constant, 𝜏𝜏𝑣𝑣𝑑𝑑 , 

according to experiments on self-motion. 

 

Fig 3-7 Effect on MSI for varying values of internal feedback loop gains, specifically effect of 
varying Kvc. The plot is generated for a vertical linear acceleration input of 0.1 m/s2 RMS over 

120 minutes 
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The parameters that were selected to fit motion sickness score data include Kω, Ka, Kωc, Kvc, 

Kac, P, 𝜏𝜏𝐼𝐼 and b. Kamiji [85] selected Kω, Ka, Kωc, Kvc and Kac in order to yield simulation 

results comparable to McCauley’s  [98] dataset on MSI. Bos et al. [78] also selected P, 𝜏𝜏𝐼𝐼 and b in 

order to yield simulation results comparable to McCauley’s dataset on MSI. A study was 

performed in order to characterize the effect of the parameters proposed by Kamiji and Bos on 

estimated MSI. For this study, individual parameters were varied as a percentage of the nominal 

values provided in Table 3-1, while all other parameters were kept constant. For the purposes of 

this study, a few parameters were selected to be discussed in detail based on highest impact on 

MSI.  

 

Fig 3-8 Effect on MSI for varying values of internal feedback loop gains, specifically effect of 
varying Kac. The plot is generated for a vertical linear acceleration input of 0.1 m/s2 RMS over 

120 minutes 

Fig 3-7 and Fig 3-8 show MSI as a function of frequency for different values of two of the 

internal model feedback gains. It is important to note that MSI behaves as a band pass filter with 

bandwidth and center frequency determined by the internal model feedback gain values. As seen 
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in Fig 3-7, the subjective vertical feedback gain, Kvc, can be tuned in order to select the center 

frequency for the band pass filter. Lowering the value of Kvc causes the center frequency to 

decrease without affecting the peak MSI. As seen in Fig 3-8, the linear acceleration feedback gain, 

Kac, can be tuned in order to select the bandwidth of the band pass filter. Raising the value of Kac 

causes the bandwidth to increase and the peak MSI to decrease. By manipulating Kvc and Kac, it 

is possible to account for the different frequency ranges over which certain people become motion 

sick. While changing Kω, Ka and Kωc caused a vertical offset on the MSI frequency response 

curve, the shape of the curve remained unchanged. 

 

Fig 3-9 Effect on MSI for varying values of internal feedback loop gains, specifically effect of 
varying τI (Tau I). The plot is generated for a vertical linear acceleration input of 0.5 m/s2 RMS 

over 120 minutes 

Fig 3-9 and Fig 3-10 shows MSI as a function of time for different values of the hill function 

parameter b and the leaking integrator time constant 𝜏𝜏𝐼𝐼. As seen in Fig 3-9, the leaking time 

constant affects how rapidly the MSI reaches its peak value, but it does not affect the peak value 

itself. Increasing the value of the leaking time constant leads to faster accumulation of MSI over 

time. As some people become motion sick faster than others, accounting for the time response of 
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MSI can be relevant in applications where it is desirable to determine MSI over a limited time 

window. As seen in Fig 3-10, the hill function parameter affects the peak MSI without changing 

the MSI time response. Decreasing the hill function parameter leads to an increase in peak MSI. 

As some people are more sensitive to motion sickness than others, accounting for the scalability 

of MSI can be relevant in applications where it is desirable to determine MSI over different 

demographics of motion sickness susceptibility. Since the parameter P and MSI are directly 

proportional, P can be used to linearly scale MSI. 

 

Fig 3-10 Effect on MSI for varying values of internal feedback loop gains, specifically effect of 
varying “b”. The plot is generated for a vertical linear acceleration input of 0.5 m/s2 RMS over 

120 minutes 

3.2 Model Results & Discussion 

  As seen in Fig 3-11, the simulated MSI results align with the experimental results obtained by 

McCauley presented in Fig 3-14. For both, we observe a saddle shaped curve with the peak MSI 

happening at a frequency of around 0.16Hz. The simulated results were lower in magnitude than 

the experimental results, which can be accounted for by tuning the model parameters that do not 
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affect frequency response, such as b and P. Fig 3-12 shows the simulated results of MSI for 

different angular velocity inputs. It is possible to see that low frequency angular velocities lead to 

the highest values of MSI. Thus, modeling the visual-vestibular conflict for angular velocities is 

especially important as the visual component of motion sickness plays a larger role at low 

frequencies. 

 

Fig 3-11 Model predicted MSI as a function of frequency and linear acceleration after a 2-hour 
exposure when there is no conflict between visual and vestibular inputs 

 

Fig 3-12 Model predicted MSI as a function of frequency and angular velocity after a 2-hour 
exposure when there is no conflict between visual and vestibular inputs 
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Fig 3-13 shows the influence of visual inputs in MSI. The zero visual input condition, or the 

high conflict condition, is equivalent to a passenger reading inside a moving vehicle. The condition 

in which the visual input is equal to the vestibular input, or the low conflict condition, is equivalent 

to a passenger inside a moving vehicle that has full view of the vehicle surroundings. As expected, 

the high conflict condition led to higher values of MSI. Thus, when estimating motion sickness for 

passengers performing a task inside a moving vehicle, it is important to account for the mismatch 

between visual and vestibular information is important for estimating motion sickness. 

 

Fig 3-13 Model predicted MSI as a function of time for two levels of visual inputs. The 
vestibular angular velocity input was the same across both cases and its value was 0.5 rad/s RMS 

at 0.1 Hz about the X-axis 

As seen in Fig 3-15, the visual conflict increases MSI at low frequencies for absolute and 

normalized values of MSI. This is in congruence with the expected behavior as the visual-

vestibular conflict plays a larger role a low frequencies. Thus, in cases where MSI is 

underestimated by models that only include the vestibular signal, introducing a visual-vestibular 

interaction component can help correct discrepancies. 
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Fig 3-14 Experimental results of MSI as a function of frequency and linear acceleration after 2- 
hour exposure averaged over 20 participants (Adapted from [78], [98]) 

 

Fig 3-15 Model predicted MSI (normalized) as a function of time for two levels of visual inputs. 
The vestibular angular velocity input was the same across both cases and its value was 0.5 rad/s 

RMS at 0.1 Hz about the X-axis 
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3.3 Conclusion 

In this chapter, a model to predict motion sickness is presented along with a model parameter 

study to highlight the influence of model parameters on the model’s motion sickness predictions. 

The model predicted motion sickness was compared against experimentally measured motion 

sickness in literature. However past experimental results are limiting as they do not consider all 

the inputs that are relevant to MS, especially angular velocity inputs. Future work will include 

verifying the model MS predictions against other MS datasets and experiments which include rich 

information about test participants in vehicles performing tasks [103]. These experiments have 

tracked passenger gaze which can be used to estimate visually perceived motion. Also, the 

experiment was conducted in real vehicles, in a real-world driving scenario which means that this 

experimentally measured MS will be as close to real world MS experiences. By tuning the model 

parameters, the model MS prediction can be improved. Once validated, the model can then be used 

for designing passenger interactions and experience inside autonomous vehicles and investigate 

potential motion sickness mitigation strategies. As part of future research, the model can be 

combined with multibody dynamics simulation models which can simulate vehicle and passenger 

motion dynamics thereby allowing for the creation of an end-to-end motion sickness simulation 

that can simulate vehicle route, vehicle motion, passenger motion, and passenger performing tasks 

in the vehicle.  

 

 



65 
 

Chapter 4 Motion Laboratory on Wheels: Development of vehicle based experimental 

platform to study motion sickness 

This chapter presents the development of a vehicle based moving research platform to study the 

motion sickness response of test subjects (along with their ability to perform NDRTs) in a moving 

vehicle under realistic driving conditions. Since motion sickness is a complex phenomenon with 

varied symptoms and responses across individuals, it is necessary to study motion sickness 

response through human subject experiments. Current motion sickness modelling research 

(Chapter 2) is not mature enough to replace human subject experiments as the motion sickness 

models do not have the fidelity and resolution to accurately capture and predict the entire spectrum 

of motion sickness responses. Therefore, the gold standard for motion sickness research relies on 

human subject studies. 

To elicit a motion sickness response from human subjects/participants, it is necessary to recreate 

their holistic experience of riding inside a moving vehicle. This holistic experience includes the 

passenger’s visual experience, their inertial motion in the moving vehicle, and other sensations 

such as audio, touch and odors associated with a moving vehicle. There are three options used in 

research on motion sickness: (a) static simulators, (b) motion simulators, and (c) vehicles (Chapter 

2). Static simulators cannot reproduce the inertial sensation of motion, which is critical to recreate 

the motion sickness response of a person in a moving car. Motion simulators can reproduce both 

the visual and inertial sensation of motion. However, motion simulators have a limited range of 

motion and ability to sustain inertial accelerations for a realistic amount of time. Motion simulators 

rely on scaling down the longitudinal and lateral motion of a real car (i.e., only producing 50% ~ 
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60% of the acceleration of a real vehicle) since it is not possible for even the most sophisticated 

motion simulators to fully recreate the experience of being in a moving vehicle [223]. Also, both 

static and motion simulators are prone to causing ‘simulator sickness’ in their users which can 

confound their carsickness response [208]. This simulator sickness can occur due to lack of prior 

experience with simulators rather than motion like vehicle motion. Therefore, simulators are not 

an ideal tool to study carsickness response. 

Recognizing the above limitations, some prior research has used real vehicles to study motion 

sickness. Nearly half of the studies (26 out of 55 studies) reviewed in Chapter 2 were conducted 

using a real vehicle. In most cases, these studies relied on using a passenger car such as a sedan or 

minivan. One stimuli study used a bus, and another AST study used a van. Each of these research 

vehicle platforms were unique and customized for a particular study. Therefore, there is no 

research vehicle that currently exists that would be suitable for the experiments proposed in our 

research. There is a need for customization and modification of the vehicle. Also, there are 

practical challenges involved in accessing and sharing these research vehicles across different 

research studies. For example, some of these research vehicles are based in Europe and are meant 

to be driven on different sides of the road. In other cases, the research vehicles did not have 

sufficient space for the integration of the mitigation systems studied in this research. For the 

investigations described in this research, the research vehicle would have to satisfy specific 

requirements. This chapter presents those requirements and the development of the Motion 

Laboratory on Wheels (M-LoW) platform that was designed to support the unique requirements 

of this research. 

4.1 Limitations of Vehicle Simulators: Static and Motion Simulators 

There are multiple reviews on the state of the art of vehicle simulators around the world [224], 
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[225], [226], [227]. These simulators offer many benefits, including (a) easy experimental 

evaluation of new automotive technologies such as advanced driver assistance systems (i.e., reduce 

time, costs, and complexity), (b) an important training tool for drivers on new automotive 

technology, and (c) provide a safe and repeatable environment for experimentation [228]. In this 

chapter, vehicle simulators have been broadly classified into two types: (a) static and (b) motion 

simulators (Chapter 2). 

 

Fig 4-1 University of Michigan Transportation Research Institute’s (UMTRI’s) Fixed-Base 
Simulator (Static Simulator) [229] 

Static simulators (also known as fixed base simulators) are vehicle simulators that do not 

physically move the person as if they are in a vehicle. These simulators can only recreate the visual 

and/or audio experience of a passenger in a car using videos or displays. Some may even recreate 

other sensations of being in a moving vehicle such as haptic vibrations. However, they cannot 

simulate the inertial effects on a passenger in a moving car such as the accelerations associated 

with a vehicle cornering or braking. Examples of static simulators commonly used in research 

include the UMTRI Fixed Base Simulator (Fig 4-1) [230], the Dynamic Research Inc. (DRI) 
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driving simulator [231], and the Dutch Organization for Applied Scientific Research (TNO) 

driving simulator [232]. Numerous validation studies have shown that these simulators can 

reasonably approximate the visual and audio experience of a moving vehicle, and can be used to 

investigate the behavioral consequences of drivers in various situations [225], [233]. However, 

static simulators cannot be used to effectively study motion sickness associated with moving 

vehicles. Motion sickness in vehicles is a consequence of the actual and sensed motion (both 

visually and through the vestibular organs, Chapter 2). Static simulators can only recreate the 

visual sensation of motion, not the inertial sensation of motion. In addition, static simulators can 

cause ‘simulator sickness’ which can confound a person’s carsickness response [225]. Simulator 

sickness is a type of motion sickness typically experienced during or after exposure to virtual 

environments such as those used in static and motion simulators [234]. Therefore, static simulators 

cannot be used to study carsickness response as they do not recreate inertial motion of a moving 

vehicle and can cause confounding response due to simulator sickness. 

Motion simulators (also known as moving base simulators) are vehicle simulators that move 

the person as they would if they were in a moving vehicle. These simulators attempt to recreate 

the accelerations and velocities experienced by a person in a moving car. Motion simulators may 

also include videos or displays to recreate the visual experience of a passenger in a car in addition 

to the inertial experience. Current research literature includes several extensive reviews of the 

motion simulators developed globally [235], [236]. Examples of motion simulators commonly 

used in research include the National Advanced Driving Simulator (NADS) (Fig 4-2) [237], 

University of Leeds Driving Simulator (UoLDS) [238], and the SIMONA Research Simulator 

(SRS) (Fig 4-3) [239]. These motion simulators vary in the degrees of freedom of motion they 

provide, amount of acceleration and angular velocities, and the mechanisms used to provide the 
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motion [236]. However, even the most advanced motion simulators cannot replicate the motion of 

a vehicle exactly. 

 

Fig 4-2 National Advanced Driving Simulator (NADS) at the Driving Safety Research Institute, 
The University of Iowa [240] 

NADS is one of the most sophisticated motion simulator which is capable of providing peak 

vertical accelerations of 1g (9.8 m/s2) and peak lateral accelerations of 0.6g (6 m/s2), with a peak 

velocity of less than 15 mph (< 7 m/s) [237]. These accelerations are representative of a real 

vehicle, but the peak velocity of a vehicle can be much higher than 15 mph during realistic driving 

conditions. Since the maximum range of motion is limited to just under 10m, this limits the amount 

of time that the simulator can sustain acceleration. For example, a car taking a turn at a roundabout 

at a speed of 15 mph (6.7 m/s) traverses a distance of approximately 30m to 45m [241]. At a 

constant speed, this can take the vehicle approximately 6 seconds. The NADS motion simulator 

cannot simulate that amount of acceleration (and duration of acceleration) which is experienced 

during this motion and must rely on motion scaling to approximate this motion [223]. Validation 
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studies of motion simulators have suggested that even with motion scaling, motion simulators 

cannot capture the full experience of passenger in a moving vehicle [238], [242]. 

 

Fig 4-3 SIMONA Research Simulator at The Delft University of Technology [243] 

In summary, the following are the key limitations of static and motion simulators in 

investigating the motion sickness response of vehicle passengers (i.e., carsickness): 

1. Static simulators cannot recreate the inertial motion experienced by vehicle passengers, and 

therefore cannot illicit an accurate motion sickness response. Static simulators cannot cause 

motion sickness response due to the inertial consequences of being in a moving vehicle. 

2. Motion simulators can recreate some of the inertial motion experienced by vehicle 

passengers, but the duration and amplitude of these accelerations and motions is limited and 

cannot reproduce the full inertial consequences of a moving vehicle. 

3. Both static and motion simulators are prone to simulator sickness, and this can confound 

the motion sickness results associated with being a vehicle passenger. It is impossible to 
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isolate the effects of simulator sickness from the effects of motion sickness due to moving 

vehicles. 

4.2 Current Research Vehicle Platforms 

Several publications in prior literature specifically discuss the development of these research 

vehicle platforms to study human factors such as motion sickness and situational awareness in 

vehicle passengers [244], [245]. These research vehicle platforms are highly diversified in their 

capabilities and applications. Some studies rely on largely unmodified passenger vehicles [121]. 

Other studies make minimal modifications to suit the study designs such as adding onboard 

displays [123], [129], [137] or basic instrumentation [52], [135], [136], [141]. The instrumentation 

often includes sensors such as inertial measurement units to estimate the acceleration of the 

vehicles, and other sensors to track the speed of the vehicle. In summary, these research vehicles 

are highly customized and, in most cases, require at least some modifications before they can be 

used to study the effects of motion sickness. It is highly impractical to share or access these 

vehicles across different research groups or studies due to practical and logistical constraints. In 

most cases, each research group designs and builds their own research vehicle platform to study 

the effects of a moving vehicle on a person. This section is focused on discussing the capabilities 

of the most sophisticated and capable research vehicle platforms in literature, namely the research 

platforms developed by (a) Jones et al. [244], (b) Karjanto et al. [245], and (c) Hainich et al. [148]. 

These three research vehicles are representative of the other research vehicles reported in literature 

(Chapter 2). 

Jones et al. research vehicle is a four door 2007 Honda Accord sedan. The vehicle was equipped 

with various sensors that allowed for measuring the motion of the vehicle. The instruments 

included inertial measurement units, GPS, cabin temperature and humidity, and seat pressure 
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sensors. In addition, the cabin was also equipped with RGB and depth sensing cameras to track 

the movement of the occupants. The camera also captured the facial expressions of the occupants. 

The primary purpose of the research vehicle was to study the motion sickness response of various 

participants. The research vehicle required a human driver who was trained to ensure repeatability 

in driving. The vehicle was also designed to be operated on both a test track and public roads. 

Since the vehicle was a sedan, there was enough space for four occupants. This research vehicle is 

primarily used to understand the motion sickness response of vehicle occupants, not to investigate 

motion sickness mitigation systems. There was limited space for integration of certain MS 

mitigation systems such as an active seat. For example, an active seat system requires a lot of cabin 

space, and in prior research they have used a large van instead of sedan for such experiments [161]. 

In addition, the research vehicle does not restrict the outside view for the occupants. Prior work 

has shown the role that visual information can play in motion sickness response [246]. When 

investigating motion sickness mitigation systems, this visual information is a source of 

uncontrolled variance in the data [247]. While allowing an unobstructed view of the outside 

environment for occupants is more natural, it is typically obstructed for motion sickness mitigation 

research [148], [245]. 

Karjanto et al. research vehicle is a Renault Espace IV minivan (year not reported). The vehicle 

was modified to block the occupants’ view of the outside environment as this research vehicle was 

developed to study motion sickness mitigation systems. By blocking the outside view, the 

researchers hope to keep the occupants focused on the NDRT. Curtains on the vehicle windows 

were used to block the outside view. The curtains allow for flexibility with regards to vehicle setup, 

allowing for both obstructed and unobstructed view of the outside depending on the needs of the 

research study. The vehicle was equipped with various sensors that allowed for measuring the 
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motion of the vehicle. The instruments included accelerometers, GPS, and observation cameras. 

The research vehicle required a human driver who was trained to ensure repeatability in driving. 

The vehicle is instrumented with a driver feedback device called Automatic Acceleration and Data 

Controller (AUTOAccD) [248]. While Jones et al. relied on driver training, this research vehicle 

relies on the AUTOAccD device to ensure repeatability in driving. A key limitation of this research 

vehicle is that it relies on manual triggering of the MS mitigation systems being investigated. An 

onboard researcher uses visual markers placed on the test track, along with apriori knowledge of 

the research vehicle path, to manually trigger the onboard motion sickness mitigation system. This 

manual triggering of the MS mitigation systems leads to imprecision when investigating 

preemptively triggered mitigation systems. Studies with this research vehicle do not provide any 

information regarding the precision of this triggering [132], [145], [167]. 

Hainich et al. research vehicle (called FASCar-II) is a Volkswagen Passat Wagon minivan. 

Unlike the previously discussed research vehicles, this vehicle is capable of automated driving. 

However, it is not allowed to operate on public roads in automated driving mode. The automatic 

driving mode can only be used on a test track. The vehicle relies on laser scanners and long-range 

radar sensors on the front and rear bumpers to perceive its environment. This data along with high 

precision GPS and inertial measurement units that measure the vehicle motion are used to support 

the automated driving mode. Like the Karjanto et al. research vehicle, the FASCar-II also uses 

curtains to limit the occupants view outside the vehicle. However, unlike any of the previously 

discussed research vehicles, since FASCar-II can be controlled automatically, they rely on software 

triggered mitigation systems. FASCar-II uses steering wheel information to determine when to 

trigger the MS mitigation system onboard the vehicle. Specifically, the vehicle relied on visual 

stimuli for motion sickness mitigation. Using the automated vehicles controllers, 2 seconds prior 
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to the steering wheel input, the sensory stimuli system is triggered. A software triggered sensory 

stimuli system is expected to be more precise than a manually triggered system. However, this 

study does not provide any information regarding the precision of sensory stimuli system 

triggering. 

In summary, there are a variety of research vehicles used to study motion sickness in vehicles. 

They are often customized and suited for specific experimental study requirements. To ensure 

repeatability in driving, they either rely on training drivers or on software control of the vehicle. 

However, the precision of software control of vehicle comes at the cost of technical complexity 

and prohibitive cost as compared to manually driven vehicles. Also, automated vehicles pose 

regulatory and safety problems when operated on public roads. Therefore, they are typically 

restricted to test track use only. 

4.3 Requirements for Motion Laboratory on Wheels 

Based on the design of research vehicles discussed above, and the needs of this research study 

in investigating the motion sickness mitigation systems, the following requirements must be met 

for by a motion laboratory on wheels: 

1. Ability to emulate driving environment for vehicle occupants – The research vehicle must 

recreate the experience of an automated vehicle for the occupants. This means that the 

occupants must believe that the vehicle is controlled by a computer, and not a human 

operator. This perception can also be created through deception, such as using the “Wizard 

of Oz” approach developed by prior studies [247]. By creating a physical barrier between 

the vehicle operator and the passenger which limits the passenger ability to determine how 

the vehicle is controlled, the passenger can be deceived into believing that a manually driven 

vehicle is actually an automated vehicle.  
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2. Precise/Repeatable driving – Typically studies involve some kind of repeated driving style 

across various test conditions. Across these repeated driving instances, it is necessary to 

ensure repeatable driving so that the occupant experiences similar accelerations and other 

vehicle motions. Since motion sickness response is closely related to vehicle motion, 

repeatable vehicle motion across test conditions is required to analyze the effect of any 

mitigation system fairly and accurately. 

3. Sufficient space and ability to integrate motion sickness mitigation systems – Certain 

mitigation systems investigated in this study such as the active seat system require sufficient 

cabin space inside the vehicle for operation. Sedans and other passenger vehicles have 

limited cabin space. 

4. Blocking/Limiting the vehicle occupant’s view of the outside – Since information about the 

vehicle’s environment influence motion sickness response, the view of the outside is a 

source of uncontrolled variance in the motion sickness. To isolate and study the efficacy of 

MS mitigation systems, it is necessary to be able to control and limit the view of the outside 

environment of the research vehicle. The vehicle must have the ability to turn the outside 

view of the vehicle ON or OFF for the vehicle passengers, depending on the experimental 

needs.  

5. Instrumentation to capture the motion of both vehicle and its occupants, and physiological 

response of occupants – Motion of the vehicle and the occupant are correlated to the 

occupant’s motion sickness response. A research vehicle used to study motion sickness must 

have sufficient instrumentation to characterize the motion of both the vehicle and the 

occupant. In addition, since motion sickness is a physiological response, instrumentation 

should include measurements of occupant’s physiological parameters such as heart rate, 
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heart rate variability, perspiration, muscle activity, etc.  

6. Precise/Repeatable triggering of the motion sickness mitigation system – A key component 

of this research is the accurate and precise preemptive triggering of the mitigation systems. 

Manual triggering of the mitigation systems is prone to human error. Therefore, a software-

controlled automated operation of the MS mitigation system along with an assessment of 

its precision is required to assess the efficacy of preemptively triggered MS mitigation 

systems. 

4.4 Development of Motion Laboratory on Wheels Research Platform 

This section provides a discussion of the development of the vehicle platform including onboard 

power, onboard computation and instrumentation, and real time software used to trigger onboard 

systems preemptively in anticipation of vehicle motion events. In addition, other research tools 

critical to studying motion sickness with human subjects/participants such as the representative 

NDRT, and UMTRI motion sickness scale are also discussed in this section. 

4.4.1 Vehicle: Ram ProMaster Cargo Van 

An exhaustive search was conducted to find a vehicle that met the above-identified requirements 

for a motion laboratory on wheels. A 2018 Ram ProMaster Cargo Van was chosen as the vehicle 

platform for the Motion Laboratory on Wheels (Fig 4-4). The van has a unibody chassis, like most 

passenger vehicles, and has similar driving characteristics as some large passenger utility vehicles 

(i.e., SUVs). The unibody construction also offers the benefits of improved handling and quieter 

cabin, just like typical passenger vehicles [249]. The van also has sufficient space to accommodate 

the integration of the various mitigation systems involved in this study, along with the sensors and 

computation required to support the study. The van is manually operated and rated to carry 
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passengers onboard.  

To emulate the experience of an automated vehicle, the van relies on the “Wizard of Oz” 

approach discussed earlier. There is a physical barrier separating the driver from the vehicle 

occupant (Fig 4-5). The physical barrier splits the van into two spaces: the occupant space (blue 

box), and the researcher space (green box) (Fig 4-5). The researcher space is used to drive the 

vehicle and monitor the onboard participant. The occupant space is where the onboard participant 

is seated and includes various instruments to monitor the participant. As part of the experimental 

design, to eliminate variance in motion sickness response due to visual information of the outside 

environment, the vehicle was designed to restrict the occupant’s view of the outside environment. 

In addition, by limiting the view of the outside environment, passengers cannot memorize or learn 

the test path used for the study thereby preventing any learned effects from biasing the data. 

The van has sufficient space in the “occupant” area, allowing for more than one person to 

occupy the vehicle and for researchers to interact with and instrument the test participants in the 

beginning of the study (Fig 4-6). The occupant area was modified to allow for the integration of 

up to two tilting seat (i.e., active seat) systems using a system of floor mounted rails to attach 

different seat systems to the van floor. The walls of the van are wide enough (unlike a typical sedan 

or minivan) such that a tilting seat can tilt left or right for up to 15 ͦ without any danger of contacting 

the walls. Since the view of the outside environment is restricted for the participant, the occupant 

area was modified to include sufficient lighting and an air conditioning system to ensure a 

consistent and comfortable temperature and environment. 

Since the van is manually operated to emulate automated driving, it relies on extensive driver 

training for consistency. Drivers practiced and memorized the path used during the study. In 

addition, acceleration data from their driving was analyzed and used to provide feedback to drivers 
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to reduce variance in their driving. In addition, driving aids such as software-controlled LED lights 

are used to inform the driver when to stop and start driving again to ensure repeatable braking and 

stop behavior. The LED lights were installed in the driver space, in easy view of the driver. With 

appropriate driver training and custom driving aids, the drivers were able to follow the designed 

path closely. 

 

Fig 4-4 Motion Laboratory on Wheels (drivers’ side external view) 

Driver training ensured that the mean deviation in longitudinal and lateral acceleration across 

all rides. To demonstrate this, an analysis of a subset of the data was conducted. From data for 

over 70 rides, it was shown that mean deviation in both lateral and longitudinal acceleration was 

limited to less than 0.6 m/s2 (Fig 4-7). Also, the GPS based position of the vehicle across over 70 

rides is shown in Fig 4-8, Left. The mean lateral deviation from the designed path was 1.5m or 

less than the width of the van. The maximum lateral deviation from the designed path was 4m or 

just over two times the full width of the van (Fig 4-8, Right). 
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Fig 4-5 Motion Laboratory on Wheels (passengers’ side external view), Physical barrier 
separating the “Driver” area (green box) from the “Occupant” area (blue box) 

 

Fig 4-6 Detail view of the occupant space with no external view. 
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Fig 4-7 Sample lateral acceleration data of Motion Laboratory on Wheels for over 70 drives 

  

Fig 4-8 (Left) GPS Position of Motion Laboratory on Wheels for over 70 drives overlaid on 
satellite image of the Mcity test track. (Right) Detailed view of path section with maximum path 

error of 4m or just over width of the van (shown in by red circle in Left image) 

4m 
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4.4.2 Onboard Power 

Any moving research platform would require computation to acquire data from various sensors 

and conduct pre-programmed actions to support the experiment. This computation and 

instrumentation would require electrical power. An approximate power budget was used to 

determine the onboard power requirements based on conservative estimates of the quantity of 

onboard systems (Table 4-1). Power consumption information was extracted from component data 

sheets or reasonable estimates of other similar components. Major components such as the 

computer, tilting seat, data acquisition, and displays draw the most power. Other items such as 

computer peripherals (e.g., keyboard, mouse, USB Hubs), instrumentation, and audio system draw 

less power even though multiple units are used onboard the vehicle. The total continuous power 

requirement is approximately 1700 W with a total peak power requirement of 2300 W. 

ONBOARD COMPONENT MAX 
QUANTITY CONTINUOUS POWER [W] PEAK POWER [W] 

Computer  1 400 650 

LED Display 3 250 250 

Computer Peripherals Multiple 120 120 

Haptic Stimuli System 1 30 60 

Instrumentation & Data Acquisition Multiple 260 260 

Tilting Seat System 1 400 750 

Audio System (Microphones & 
Speakers) Multiple 180 180 

TOTAL POWER [W] 1640 2270 

Table 4-1 Approximate Power Budget for Onboard Components 

Onboard an internal combustion vehicle such as the Ram ProMaster van, the most common 

electrical power available is DC power generated by the alternator (which converted the engines 

output mechanical power to electrical power) and stores it in batteries. However, most onboard 

components were designed to be operated by AC power from the electrical grid. Therefore, an 
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inverter was used to convert the vehicles DC power to AC power. The van’s alternator was rated 

for approximately 1700 W. Therefore, to account for the peak power consumption, an auxiliary 

battery system was included (Fig 4-9). The auxiliary batteries are connected to the vehicle battery 

for trickle charging. To ensure that the vehicle battery is protected from being completely depleted, 

an automatic battery isolation system was used to isolate the vehicle battery from the auxiliary 

batteries. In case the auxiliary batteries are depleted, an external battery charger port was also 

included to recharge the auxiliary batteries using power from the grid (and not the engine). 

Therefore, any component requiring electrical power and with power consumption less than the 

capacity of the vehicle alternator can be integrated into the research vehicle. 

 

Fig 4-9 Onboard Auxiliary Power System, including (a) 2x Auxiliary high-capacity batteries 
(green box), (b) an automatic battery isolation system (blue box), and (c) external battery 

charging system (red box) 
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4.4.3 Onboard Computation  

To support all data acquisition and software control of the MS mitigation systems, an onboard 

computer was required. This computer was also the primary interface for the onboard researcher. 

A custom computer was built to provide sufficient computing and processing power. The computer 

used an Intel Core i9-10900K 10-Core CPU, capable of a clock speed of 3.7 GHz during normal 

operation and 5.3 GHz during ‘turbo’ mode. The computer had a RAM of 32 GB and an internal 

solid state memory drive of 1 TB. The computer had multiple USB ports to interface with the 

various instrumentation and data acquisition systems on board. It also had enough ports to 

communicate with the various displays, audio systems, and other computer peripherals (e.g., 

keyboards, mouse) required to interact with the computer. 

4.4.4 Onboard Instrumentation 

The van is fitted with various sensors to track the motion of the vehicle and its occupants. The 

onboard instrumentation consisted of two types of instrumentation: (a) instrumentation to track the 

motion of the vehicle, and (b) instrumentation to track the motion and physiological response of 

the vehicle occupant. A complete list of sensors and instrumentation is described in Table 4-2. To 

communicate with all the sensors, open-source Arduino microcontrollers were used. Typically, 

sensors communicated the data to Arduino via analog connections or via Inter-Integrated Circuit 

(I2C) digital communication. USB communication was used to interface the Arduino 

microcontrollers with the computer. To streamline all data acquisition, a data acquisition program 

was written using MATLAB software. 

To track the motion of the vehicle, inertial measurement units and GPS sensors were used. An 

inertial measurement unit (IMU) was placed at or close to the center of gravity of the vehicle. This 

IMU was used to record the acceleration and angular velocity of the vehicle with respect to the 
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world in 3D space. A precision GPS sensor was used to record the real time position of the vehicle, 

along with GPS estimated vehicle speed, heading, and altitude. Since the vehicle was driven 

manually, sensors were used to track the steering wheel position, and to determine when the 

accelerator and brake were pressed by the driver. These sensors were used to record data used for 

driver training and to track driving precision across different drivers. Additionally, contact 

pressure sensors were placed on the accelerator and brake pedals to track when the driver applied 

pressure on those pedals during driving. Brake and accelerator pedal data was also used for driver 

training and ensuring consistency across drives. A camera vision and (AruCo) marker-based 

position tracking sensor was used to track the steering wheel rotation precisely and accurately to 

within a few degrees [250]. In addition, a combined temperature and humidity sensor was used to 

track the occupant’s environment and ensure consistency across repeated test participations. 

 

Fig 4-10 Demonstration of the instrumentation used to track passenger position and 
physiological response. Detailed view of the sensors used to track motion and position of head, 

and muscle activity at the participants neck and upper back. 
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Various sensors were used to track the motion and physiological response of the occupants (Fig 

4-10 and Fig 4-11). Various inertial measurement units were placed on the occupant’s head and 

torso to track the accelerations and angular velocities of their body in the vehicle. In addition, a 

camera vision and AruCo marker-based motion tracking sensor was also used to accurately track 

the angular position of their head with respect to the vehicle as inertial measurement units are 

susceptible to drift and cannot provide accurate angular position measurements. In some cases, in 

response to vehicle motion, it is possible that the occupant will simply activate their muscles to 

 

Fig 4-11 Demonstration of the instrumentation used to track passenger position and 
physiological response. Detailed view of the torso instrumentation and wrist based physiological 

sensor to track heart rate and perspiration of the occupant 

oppose it. This response cannot be recorded by inertial measurement units as the occupant’s body 

does not move with respect to the vehicle or the world. To record muscle activity, surface 

electromyography (sEMG) sensors were placed at the occupant’s sternocleidomastoid and 
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trapezius muscles. Muscle activity at these specific muscles has been investigated in prior research 

to comment on motion sickness response, stress, and overall comfort in a vehicle [251], [252]. A 

research grade wrist based physiological sensor, E4 Empatica, was used to measure the occupant’s 

physiological response in the moving vehicle such as heart rate, heart rate variability, perspiration, 

and skin temperature [253]. Since there is a physical barrier between occupant and driver areas in 

the vehicle, multiple cameras, and a two-way audio communication system (consisting of 

microphones and speakers) was used to facilitate communication between the onboard researcher 

and the occupant for safety. The video was also used to track and monitor the overall demeanor of 

the occupant as they experienced motion sickness. 

SENSOR LOCATION MEASUREMENT ERROR / RESOLUTION 

ICM-20948 9-
axis IMU 

Occupant Head and Torso 
Vehicle center of gravity 
and base of occupant seat 

Acceleration, 
Angular velocity, 

and Magnetic field in 
3 dimensions each 

Acceleration: ± 4g, 16 bit 
Angular velocity: ± 500 ͦ/s, 16 bit 
Magnetic field: ± 4900µT, 16 bit 

BNO-080 9-
axis IMU 

Occupant Head and Torso 
Vehicle center of gravity 

and base of occupant seat 

Angular position in 3 
dimensions 

Rotation Dynamic Error: 2.5 ͦ 
Rotation Static Error: 1.5 ͦ 

Rotation Heading Drift: 0.5 ͦ/min 

GPS NEO-
M9N 

Vehicle center of gravity 
(roof mounted antenna) 

GPS Position, 
Speed, and Heading 

of vehicle 

Position Accuracy: ± 1.5 m 
Heading Accuracy: ± 1ͦ 

Speed Accuracy: ± 0.05 m/s 

DHT22 
Temperature 
and Humidity 

Occupant area in vehicle Temperature and 
Relative Humidity 

Temperature Accuracy: ± 0.5 ͦC 
Humidity Accuracy: ± 5% 

Force Sensitive 
Resistor  

Vehicle brake and 
accelerator pedals 

Contact pressure of 
driver when pressing 

pedals 
Force Error: ± 6% 

E4 Empatica 
Physiological 

Sensor 

Occupant wrist, worn on 
non-dominant hand 

Heartrate 
Skin temperature 

Heartrate Accuracy: ± 12 bpm 
Temperature Accuracy: ± 0.5 ͦC 

Delsys 
Wireless sEMG Occupant neck and back Muscle activity 

Range: 11 mV 
Channel Noise: < 1µV RMS 

AruCo Marker 
Position 
Tracking 

Occupant Head and Torso 
Vehicle steering wheel 

Angular position Angular position error: ± 2ͦ 

Table 4-2 Summary of Instrumentation Sensors 
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4.4.5 Real Time GPS-based System Triggering Software 

To investigate the efficacy of preemptive solutions to motion sickness mitigation using real 

vehicles and under realistic driving conditions, it was critical to (accurately and) precisely trigger 

the actions of the mitigation systems onboard the research vehicle. To ensure precise and accurate 

triggering, a real time global positioning system (GPS) based stimuli triggering software was used 

(Fig 4-12). The software used apriori knowledge of the test path.  

For example, if the research vehicle is approaching a right turn on the predetermined path, the 

software used the real time GPS position to determine if the vehicle had entered the predefined 

geofence (Time A, Fig 4-12). When the software determined that the vehicle had entered the 

geofence (Time B, Fig 4-12), using real time instantaneous GPS position and vehicle speed, the 

software determined the instantaneous time to the start of the motion event (i.e., right turn). If the 

instantaneous time to the start of the motion event was approximately equal to (or less than) the 

preemption time (e.g., 3 seconds), the software triggered the appropriate mitigative system 

onboard the vehicle.  

In addition, the software can also account for variations in the driving styles of different drivers. 

For example, if it is known from prior data that driver ‘A’ tends to slow down more than usual 

when approaching a specific right turn (during Time B, Fig 4-12), then the software can slightly 

alter the preemption time for that right turn event to account for the reduced speed of driver ‘A’ to 

ensure that the mitigation system is not triggered too early (i.e., more than the defined preemption 

time to the start of the turn). 

The software ensured that the average error in preemption times was 300 milliseconds, with a 

median error of 120 milliseconds (Fig 4-13). The inter-quartile range is approximately 200 

milliseconds. Across all the data collected experimentally (over 2000 preemptive trigger events), 
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less than 7% (135 preemptive trigger events) of the preemption times are outliers (Fig 4-13). Prior 

work on preemptively triggered sensory stimuli systems had not provided any information 

regarding the precision of the sensory stimuli system triggering. This is the first research that 

establishes a precision benchmark for future studies using preemptively triggered sensory stimuli 

systems. 

 

Fig 4-12 Real Time GPS-Based Preemptive Triggering of Mitigative Systems 
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Fig 4-13 Boxplot of Error in Preemption Trigger Times  

4.5 Development of Other Research Tools 

In addition to the M-LoW research vehicle, this study required other crucial research tools to 

address the gaps identified in current literature (Chapter 2). These include: (a) A Representative 

Non-Driving Related Task (NDRT or task) and (b) University of Michigan Transportation 

Research Institute (UMTRI) motion sickness scale. 

4.5.1 Representative Task: Non-Driving Related Task (NDRT) 

Typical tasks used in prior literature include (a) N-back [254], (b) Reading, (c) Watching videos, 

(d) Listening to audio, and (e) playing video games (Section 2.2). While these types of tasks have 

been widely used in prior research, it is worth noting that these tasks tend to be monotonous and 

only partially engage the cognitive system of a person. In a real, more natural scenario, a vehicle 

occupant can perform a large variety of tasks in succession or even simultaneously. Examples of 
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naturalistic tasks include holding a conversation with other occupants or over the phone, eating, 

watching and listening to videos, and some combination thereof [7]. Therefore, a representative 

non-driving related task must capture this wide spectrum of cognitive engagement. The NDRT in 

this study is designed to be a combination of low and high cognitive loading questions to better 

represent the wide range of cognitive burdens an occupant might experience in natural real-world 

conditions. The task used in this study was administered as a Qualtrics survey on a tablet.  

Low cognitive loading questions rely on lower order cognitive functions such as sensation, 

perception, memory, and attention and concentration [255], [256], [257]. Questions such as 

spotting the difference between two images, searching for words in an alphabet grid, or finding a 

hidden object in an image are all considered low cognitive loading (Fig 4-14). High cognitive 

loading questions rely on a combination of lower and higher order cognitive functions. In addition 

to lower order cognitive functions, higher order cognitive functions such as language and verbal 

skills, executive functioning and critical reasoning are required for high cognitive loading 

questions [255], [256], [257]. Questions such as reading and comprehension, finding a path on a 

map, arithmetic, and filling in the missing pattern are considered high cognitive loading (Fig 4-15). 

The task used in the study was adapted from prior research [103]. 

Participants were asked to perform the task in a lab setting first, before performing the task in 

the research vehicle. This task performance was used as a baseline measure to assess a candidate’s 

task performance in ideal conditions and identify any bias in the data. For example, if a participant 

struggles with getting high accuracy in answering word search questions in the lab setting, then 

they will likely have poor accuracy with word search questions during the experiment too. This 

result may not be influenced by their motion sickness or any mitigation system. 
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Fig 4-14 Example of Low Cognitive Loading Question Types used in this NDRT 

 

Fig 4-15 Example of High Cognitive Loading Question Types used in this NDRT 
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4.5.2 Motion Sickness Scale and Self-Reporting 

Since there are no direct objective measurements of motion sickness response, the 

quantification of motion sickness response relies on subjective self-reported estimates in one of 

the many motion sickness scales used in research (see Chapter 2). Objective sensory measurements 

of a person’s physiological response (e.g., heart rate, brain activity) have been correlated with their 

motion sickness response in prior literature. However, the correlations of motion sickness with 

physiological response are not currently robust or reliable enough to capture the nuances of motion 

sickness. This combined with the high person to person variability in symptoms associated with 

motion sickness makes subjective evaluation the best way to estimate motion sickness. 

The UMTRI Motion Sickness Scale is an improvement on the Fast Motion Sickness Scale. The 

UMTRI scale has been described in prior literature as a scale that goes from 0 to 10, with 0 being 

no motion sickness and 10 being such high motion sickness that the person would like the vehicle 

to come to a stop immediately (Fig 4-16) [103]. Unlike the MISC or other similar scales, the 

UMTRI scale does not correlate the motion sickness scores to specific symptoms. This allows the 

scale to account for individual variability. For example, an individual may experience significant 

motion sickness but may not vomit. Other individuals may vomit even under mild motion sickness 

conditions. A numerical scale based on the individual’s self-perceived intensity of sickness, as 

opposed to specific symptoms or outcomes, allows for more accurate estimation of motion 

sickness. 

Participants in this research were shown a visual reference of the UMTRI Motion Sickness scale 

at multiple times prior to in-vehicle testing (Fig 4-16). In addition to the scale, the participants 

were also given an extensive (but not exhaustive) list of possible symptoms associated with motion 

sickness (Table 4-3) [244]. These symptoms were a compilation of symptoms commonly 
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associated with motion sickness in prior research. It was important to ‘educate’ the participants 

about these symptoms so they could be more self-aware of their own motion sickness response 

and report any changes promptly. However, they were told not to limit themselves to the symptoms 

listed and could report any change in their overall experience during the in-vehicle testing. The 

researcher would prompt the participants to report their motion sickness score every 90 seconds. 

By recording motion sickness response throughout the experiment, we could track the rate of 

motion sickness accumulation. 

 

Fig 4-16 UMTRI Motion Sickness Scale with smiley face visual aids shown to study participants 

SENSATION GROUP EXAMPLES 

Discomfort felt at the 
head 

Sensations can include tension or pressure, fogginess, a fullness of the 
head, headaches, changes in mood, irritability, eye strain 

Body temperature 
changes 

Sensations of being very warm or cold, feeling of body warmth, excessive 
sweating, clammy/cold sweats 

Drowsiness Yawning, shortness of breath or heavy/labored breathing, feeling of haze 
or drowsiness, fatigued/tired, inability to concentrate or focus 

Dizziness 
Lightheaded-ness, feeling shaky, disoriented, sense of spinning, dizziness 
with eyes open/eyes closed, whirling, tilting, rocking, falling or motion, 
imbalance 

Unpleasant feelings in 
the mouth 

Sensations can include increased salivation or drooling, dry mouth, 
burping 

Discomfort felt at the 
stomach 

Sensations include general nausea, feeling ill or uneasy, hypersensitivity 
and awareness of stomach movements, queasiness, feeling like imminent 
vomiting or vomiting, feeling bloated 

Others Any sensation that is abnormal or atypical leading to feeling unpleasant 

Table 4-3 Summary of common symptoms and sensations associated with Motion Sickness  
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4.6 Conclusion 

This chapter presents the design and development of the Motion Laboratory on Wheels (M-

LoW) research vehicle platform. The M-LoW is a unique research platform that allows for the 

study of an occupant’s response (i.e., physiological, cognitive, and physical or biomechanical 

response) including motion sickness and comfort, in a moving environment. The M-LoW was 

designed to ensure that the research vehicle could emulate the experience of riding in an automated 

vehicle for its occupants using the Wizard of Oz approach. Through extensive training of the 

drivers, highly repeatable driving was ensured even though the vehicle was manually driven. Over 

hundreds of drives, the peak mean lateral position error of vehicle on the path was less than 4m. 

In addition, mean variation in lateral and longitudinal acceleration of the vehicle was limited to 

less than 0.6m/s2.  

The vehicle included multiple sensors to track its real time motion and GPS position. The M-

LoW also included software capable of precisely and preemptively triggering various onboard 

motion sickness mitigation systems such as a haptic stimuli and tilting seat system. Throughout 

the study, the mean error in preemption times was limited to 200 milliseconds (less than 10% error) 

with minimal outlier events (less than 7% of all events). The M-LoW also included various sensors 

and instrumentation so that the occupant’s motion and physiological responses to vehicle motion 

can be captured. In addition to the M-LoW, this chapter also presented other key research tools 

such as the vehicle path, representative task, and the UMTRI motion sickness scale.
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Chapter 5 Haptic Stimuli System to Mitigate Motion Sickness 

This chapter presents the experimental design, execution, and results from a human subject 

study (or experiment) evaluating the efficacy of a preemptively triggered haptic stimuli system in 

mitigating motion sickness. Prior research has shown that haptic stimuli can help reduce CS. 

However, investigations studying efficacy of preemptively triggered haptic stimuli in reducing CS 

when the passenger is performing tasks and performed under realistic driving conditions are 

limited (see Chapter 2, Section 2.4).  

A study was conducted to quantify passenger CS response while performing representative task 

along with preemptively triggered haptic stimuli. Twenty-four healthy adults with varying levels 

of self-reported motion sickness susceptibility participated in the study, across three test conditions 

conducted over three days, on a closed test track in a research vehicle (M-LoW). This is the first 

in-vehicle study that assessed both CS response and quality of passenger task performance for a 

diverse sample of passengers under realistic driving conditions (on a test track).  

5.1 Introduction and Background 

It is expected that passengers of autonomous vehicles will want to focus on work and/or 

entertainment during their commute [7]. Engaging in these work or entertainment activities/tasks 

in a moving vehicle significantly exacerbates carsickness (CS) or motion sickness and leads to 

increased discomfort [7], [15], [103], [258], [259], [260]. In addition to causing discomfort, CS in 

moving vehicles can also significantly impact the performance of tasks, such as motor and 

arithmetic skills [23], [25], [26], [27], [64]. Therefore, mitigating CS while preserving task 
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performance is a key adoption challenge that needs to be solved to realize the future that 

autonomous vehicles promise (AV) [16], [61], [261]. 

It has been observed that in manually driven cars, the driver is never carsick. Drivers are road 

focused (i.e., observing the road ahead) and are in control of the car [48], [49]. This allows drivers 

to anticipate how the car (and by extension they themselves) will move in response to the road and 

their driving actions. It has been theorized that drivers use this information to take subtle 

preemptive corrective actions (e.g., move their head and stiffen their neck muscles, activate their 

core muscles, etc.) in response to car motion [48], [49], [61]. This combination of anticipation (of 

what is about to happen next) and the corrective preemptive actions leads to drivers not feeling 

CS. The benefits of anticipation can be recreated for passengers using sensory stimuli systems. 

Based on a review of current literature (see Chapter 2), there is evidence to indicate that 

preemptively triggered sensory stimuli can help reduce carsickness, and that preemptively 

triggered sensory stimuli may be more effective than reactively triggered sensory stimuli at 

reducing carsickness (based on the higher proportion of preemptively triggered sensory stimuli 

studies demonstrating a reduction carsickness as compared to reactively triggered sensory stimuli 

studies). Therefore, this research leverages the benefits of preemptively triggered sensory stimuli, 

while addressing some of the gaps in existing research literature. 

Sensory stimuli systems provide passengers with information about vehicle motion events 

encoded in various sensory stimuli and help reduce carsickness [125], [129], [132], [141], [145], 

[193], [262]. Sensory stimuli can include visual stimuli, auditory stimuli, olfactory stimuli, and 

touch stimuli [137], [145]. Specifically, preemptively triggered sensory stimuli systems can 

provide anticipatory information about the upcoming vehicle motion to the passenger which helps 

reduce carsickness [49], [128], [147], [148], [149], [262], [263]. For example, a preemptively 
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triggered audio stimulus can provide encoded information about upcoming vehicle motion through 

audio such as a single “beep” sound indicating a left turn and a double “beep” sound indicating a 

right turn. However, the experimental methods used in the studies from current literature have 

many limitations (Chapter 2, Section 2.4). Namely, these limitations include: (a) lack of realistic 

driving conditions due to the use of static or motion simulators instead of real vehicles (limitations 

of vehicle simulators described in Chapter 4), (b) lack of precise preemptive triggering of the 

sensory stimuli system, and (c) inclusion of the passenger performing a representative NDR task 

along with an assessment of the task performance. 

This research addresses the above gaps in prior work by investigating the efficacy of 

preemptively triggered APS systems in mitigating CS as evaluated under realistic driving 

conditions while the passenger is performing a representative real-world task. It is expected that 

the sensory stimuli system will warn the passenger about upcoming vehicle motion, allowing the 

passenger to take actions to minimize their sensory conflict, thereby leading to a reduction in their 

motion sickness. This research leverages the M-LoW research vehicle platform to recreate realistic 

driving conditions, run on a closed test track to ensure safety and repeatability (see Chapter 4). 

This research also leverages the UMTRI motion sickness scale, and various instrumentation 

described in Chapter 4 to track the motion of the vehicle, the passenger, and the passenger’s 

physiological response to the moving vehicle. Also, this research utilizes a representative NDR 

task (Chapter 4, Section 4.5.1) that will place a cognitive load on the passenger while they are 

seated in the M-LoW so that their carsickness response can be investigated while they perform a 

task. 

A haptic (or vibrotactile) APS was chosen (as compared to audio or visual APS) as it is expected 

to be least distracting for a passenger performing a task. It was assumed that visual APS was likely 
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to interfere with the NDR task that a passenger was performing. Similarly audio stimuli may also 

distract from the task. For example, audio stimuli might interfere with the passenger having a 

conversation and visual stimuli might take attention away from the NDR task at hand for the 

passenger. In addition, it was important to ensure that the specific sensory stimuli chosen must be 

easy for the passenger to understand. Prior literature has compared error in responding to several 

types of sensory stimuli, including visual, audio, and haptic. This prior literature demonstrated that 

there was no significant difference between the response error across visual, audio, and haptic 

stimuli [264]. Also, current literature already has some evidence that preemptively activated haptic 

stimuli systems have demonstrated the ability to reduce CS [127], [130], [138], [167], [263]. 

Therefore, to minimize distraction to the passenger performing a task and provide them with the 

easiest sensory stimuli to interpret, a haptic APS system was chosen.  

Across the current literature on preemptively triggered sensory stimuli studies, varying 

preemption times between 0 to 5 seconds have been used. There is no evidence to determine the 

most optimal preemption time to be used. The most common preemption time that was used across 

most studies demonstrating reduction in carsickness was 3 seconds. It is also known from prior 

literature on driver perception response times that a driver can take up to 3 seconds to perceive and 

response to an unexpected situation [265]. Since this research is attempting to recreate the driver 

experience for the passenger, a preemption time of 3 seconds was chosen. Due to practical 

constraints, this research did not attempt to determine the optimal preemption time.  

5.2 Design of Experiment 

This study focused on investigating two specific hypotheses: (1) that preemptively triggered 

haptic APS can reduce CS even when the passenger is performing a task, and (2) that preemptively 

triggered haptic APS can help improve task performance of the passenger. Investigating these 



99 
 

hypothesis will help address the gaps in current research identified in Chapter 2. Therefore, to 

evaluate the performance of the haptic APS, an experiment with three test conditions was devised. 

The experiment includes two independent variables: haptic stimuli and representative tasks (Table 

5-1). Haptic stimuli being ‘ON’ means that for that test condition the haptic system was operational 

whereas ‘OFF’ means the haptic system was not operational. When the haptic system was 

operational, it provided preemptive stimuli to the passenger informing them about upcoming 

vehicle motion (additional details on haptic stimuli system are presented in section 5.4). Similarly, 

representative task being ‘ON’ means the participant was performing a task during that test 

condition whereas ‘OFF’ means the participant was not performing a task. The study has three test 

conditions as the haptic APS OFF and task OFF test condition was not included (i.e., TC 4).  

Since prior research has already demonstrated that performing a task exacerbates CS [103], 

[260], a comparison between TC 4 and TC 2 is not required. Similarly, prior research has shown 

that preemptively activated APS systems can be effective in reducing CS [49], [262]. Therefore, a 

comparison between TC4 and TC1 is not required. Therefore, an experiment with all four test 

conditions was not required for this study to address the hypothesis defined earlier. To investigate 

the first hypothesis, that preemptively triggered haptic APS can reduce CS even when the 

passenger is performing a task, a comparison of motion sickness response and task performance 

across TC 1 and TC 3 is required. Investigating the second hypothesis, that preemptively triggered 

haptic APS can help improve task performance of the passenger, required a comparison of motion 

sickness response and task performance across TC 2 and TC 3. 

TEST 
CONDITION 

INDEPENDENT VARIABLES DEPENDENT VARIABLES 
HAPTIC STIMULI TASK 1. Self-reported motion sickness scores 

2. Accuracy of responses 
3. Percentage of questions skipped 
4. Response time of questions 

TC 1 ON OFF 
TC 2 OFF ON 
TC 3 ON ON 
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5. Qualitative description of experience 

Table 5-1 Summary of Experimental Test Conditions and Variables for Haptic APS Experiment 

A within-subject design was implemented since motion sickness response has high variation 

across different individuals, and within subject studies are ideally suited to deal with this variation 

[266]. Within subject studies also offer other benefits such as less noise in the data, as compared 

to between subject designs. The order of test conditions was randomized using Latin square 

randomization to eliminate any order effects and biases. Since it is known that passengers can learn 

and get habituated to the motion sickness elicited during the study, it was important to eliminate 

learned effects through the use of randomization of test conditions. Test conditions were conducted 

with a minimum separation of 48 hours to ensure that any accumulated CS response would not 

persist from one test condition to the other [244]. All experimental protocols and procedures were 

evaluated and approved by the University of Michigan Institutional Review Board to ensure the 

physical safety, data privacy, and confidentiality of any participant in the study [HUM00199425]. 

5.3 Haptic Stimuli Study Protocol 

A systematic and repeatable protocol for researcher and participant interaction was developed 

to ensure near identical interaction of researchers with participants across repeated participation 

for test conditions (i.e., repeated participation refers to participating in the multiple test conditions 

of this experiment). Any deviation in how the researcher interacts and prepares the participant for 

the test condition can lead to an uncontrolled variance in the experimental data. Broadly, the 

protocol consists of four stages: (a) Reception, (b) Vehicle Preparation, (c) Vehicle Drive, and (d) 

Post Vehicle Drive (Table 5-2). This four-stage protocol is repeated for every test condition that a 

participant participates in. 

The first stage is the Reception stage. The research team greeted the participants and as required 



101 
 

by IRB protocols stepped the participant through a consent form and a description of the test 

condition (Table 5-2, Consent). The researcher also collected demographic and other basic 

information from the participants, including their height, weight, age, and gender (Table 5-2, 

Personal Info). To ensure that the participant has a similar motion sickness response across test 

conditions, the researcher collected information about the participants diet, sleep, physical activity, 

and mental state to look for any notable deviations from the participants’ typical schedule (Table 

5-2, Food & Activities). The participant was then instrumented with the various sensors (see 

Chapter 4, Section 4.4.4) used to track the motion of their head and torso (Table 5-2, Sensor 

placement). The researcher introduced the representative task to the participant and provided 

training to help the participant build familiarity with the type of questions and how to answer them 

(Table 5-2, Task training). After receiving the training, the participant performed the baseline task 

(Table 5-2, Baseline task). After completing the baseline task, the participant was introduced to the 

haptic stimuli system used in the study, and they got a chance to experience the haptic stimulation 

associated with various vehicle motion (Table 5-2, APS training). The purpose of the APS training 

is for the participant to build familiarity with the haptic stimuli system, and learn the sensory 

encoding used to provide information about upcoming vehicle motion. As part of the APS training, 

the researcher would provide haptic signals to the participant and ask them to verbally respond 

with the vehicle motion event that was encoded in the signal. Only after the participant had 

accurately identified the sensory encoding multiple times, would the researcher proceed to the next 

step of the protocol. Finally, once the participant was comfortable with both the task and haptic 

stimulation system, the researcher introduced the UMTRI motion sickness scale to the participant 

(Table 5-2, UMTRI motion sickness scale training). It was important for the participants to 

understand the motion sickness scale as they will use that scale to self-report their motion sickness 
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response. To ensure that the participant had understood the motion sickness scale, the researcher 

would address any questions or clarifications that the participant had regarding the motion sickness 

scale. The researcher also used role play activities with the participant so that the participant could 

practice using the motion sickness scale. Once the participant was familiar with the motion 

sickness scale, the researcher could take the participant to the research vehicle for the next stage 

of the protocol. 

PROTOCOL 
STAGE RECEPTION VEHICLE 

PREPARATION VEHICLE DRIVE POST VEHICLE 
DRIVE 

ACTIVITIES 

• Consent 
• Personal Info 
• Food & Activities 
• Sensor placement 
• Task training 
• Baseline Task 
• APS training 
• UMTRI motion 

sickness scale 
training 

• Seat participant in 
occupant space 

• Safety briefing 
• APS training 
• Task training 
• UMTRI motion 

sickness scale 
training 

• Drive vehicle on 
test path 

• Onboard 
researcher 
prompts for self-
reported motion 
sickness score 

• Onboard 
researcher 
monitors 
participant for 
safety 

• Participant 
recovery from 
motion sickness 

• Remove all 
sensors 

• Subjective 
Responses 
Questionnaire 

 

Table 5-2 Summary of Haptic Stimuli study protocol stages and associated activities 

The second stage is Vehicle Preparation. The researcher brought the participant to the M-LoW 

and seated the participant in the occupant space (Chapter 4, Section 4.4.1). The participant was 

secured using a seat belt. The participant was given a safety briefing to ensure that the participant 

knew what they can do to keep themselves safe during the test (Table 5-2, Safety briefing). The 

safety briefing included instructions on how the participant can request to stop the vehicle at any 

time during the study. The researcher reminded the participant about the haptic APS and task that 

they will perform during the study (Table 5-2, APS and Task training). Finally, the researcher 

reminded the participant about the motion sickness scale and addressed any questions the 

participant might have. These training sessions were repeated to ensure that the participant did not 

forget or misremember anything, which may influence the results of the study. After this, the 
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researcher secured the door of the vehicle, and the next stage of the study protocol could begin.  

The third stage of the study is Vehicle Drive. The onboard researcher (seated in the driver space 

of the motion laboratory on wheels) spoke to the participants and checked if they were ready to 

begin the study. The participant was told that the onboard researcher would be onboard the vehicle 

to monitor the participants carsickness and would not be involved in driving the vehicle. The M-

LoW was driven on the test path. While the vehicle was being driven, the onboard researcher 

routinely (every 90 seconds) prompted the participant to report their motion sickness score. In 

addition, the onboard researcher used video cameras in the occupant space to monitor the 

participants for their safety. Once the vehicle had driven the entirety of the test path or the 

participant had reported a MS score of 10 (i.e., asking the vehicle to be stopped), the vehicle would 

stop, and the next stage of the study protocol would begin. 

The fourth and last stage of the study protocol is the Post Vehicle Drive. The participant and 

onboard researcher exited the M-LoW. The participant was allowed to recover from their motion 

sickness. Once the participant had recovered from their motion sickness, all sensors would be 

removed. The researcher then asked the participant questions to describe the participants 

experience inside the motion laboratory on wheels while it was being driven in the previous stage. 

This included questions about the participants’ subjective experience performing tasks, qualitative 

descriptions of their motion sickness response, and their preferences for the haptic stimulation 

system. 

5.4 Haptic Stimuli System 

A haptic system providing stimuli from the seat was chosen for this study. Prior research on 

response times to type of stimuli had shown that haptic stimuli elicited response times as fast 

(possibly even faster) than audio or visual stimuli [267]. Also, unlike visual or audio stimuli, haptic 
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stimuli are less likely to interfere with the passenger performing a task.  

A commercially available seat massager was modified to provide haptic stimuli through the seat 

(Fig 5-1). Through benchtop testing and evaluation, a vibration frequency of approximately 30 Hz 

was selected to prevent annoyance or discomfort for the seat occupant. The stimuli were encoded 

as follows: “left turn” events were indicated by vibration at the left-back position (LB), “right turn” 

events were indicated by vibrations at the right-cushion position (RB), and “brake/stop” events 

was indicated by vibrations at all positions (RB, LB, RC, LC). The vibrations were provided for 3 

seconds, an alternating cycle vibration ON and vibrations OFF, each cycle lasting 0.5 seconds. The 

pilot study helped ensure that the haptic stimuli was easy to understand and interpret. 

 

Fig 5-1 Haptic Stimuli System using commercially available Seat Cover 

A custom controller board (Fig 5-2) was designed using off the shelf motor controller chips 
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(DRV 8871 chips). An Arduino UNO was used to provide the PWM input signals to each of the 

four haptic motors (Motor 1 to Motor 4 in Fig 5-2) in the seat. The circuit required a 12V DC 

power supply with a peak current consumption of 5A. The real time GPS-based triggering software 

would determine if the upcoming vehicle motion were a left or right turn, or a brake event. Based 

on the type of event, the software would trigger and activate the corresponding haptic stimulation 

via the controller board. 

 

Fig 5-2 Haptic Motor Controller Board 

5.5 Study Participants 

Thirty-five participants were recruited for the study. Of those participants, only twenty-four 

completed their participation in the study (i.e., they completed all three test conditions) (Fig 5-3). 

This represents an attrition of approximately 30%, which is similar to prior studies [260]. Of these 

twenty-four participants, thirteen were female and eleven were male. The average age of the male 

participants was twenty-five years (25yrs ± 5yrs), and the average age of the female participants 

was twenty-four years (24yrs ± 5yrs). There was no statistically significant difference in the age 

of the participants, such that age of participants would not influence their carsickness response. 
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Fig 5-3 Summary of Study Participant Demographics (participants that completed participation) 
including self-reported motion sickness susceptibility for Haptic APS Study 

Participants self-reported their motion sickness susceptibility and motion sickness frequency. 

Based on their susceptibility and frequency, participants were grouped into three categories of 

motion sickness response: low, moderate, and high motion sickness susceptibility. By grouping 

participants by their motion sickness susceptibility, the influence of the preemptive tilting seat 

could be assessed by their susceptibility. A numeric value was assigned to self-reported 

susceptibility and frequency. To indicate their motion sickness susceptibility, participants could 

select one of five options: (a) Not at All, (b) Minimally, (c) Moderately, (d) Very, and (e) 

Extremely. Each of those options is assigned a numerical score between 1 and 5, with “Not at All” 

being assigned a score of 1 and “Extremely” being assigned a score of 5. To indicate their 

frequency of motion sickness, participants could select one of four options: (a) Never, (b) Rarely, 

(c) Sometimes, and (d) Frequently. Each of those options is assigned a numerical score between 1 

and 4, with “Never” being assigned a score of 1 and “Frequently” being assigned a score of 4. For 

each participant, by summing their response score, they were bucketed into one of the three 
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categories of motion sickness response (i.e., Low = sum less than equal to 4, Mod = more than or 

equal to 5 and less than or equal to 7, High = more than or equal to 8 and less than or equal to 9).  

Seven participants (four females + three males) were categorized as low motion sickness 

susceptibility, twelve participants (six females + six males) were categorized as moderate motion 

sickness susceptibility, and five participants (three females + two males) were categorized as high 

motion sickness susceptibility. 

5.6 Research Vehicle Path 

The test vehicle (Section 4.4) was run at the Mcity test facility for all test conditions (Fig 5-4). 

A path was designed to traverse the various driving environments at Mcity, to ensure that the 

participants experience a suitable range of motion events and time between events (e.g., short vs. 

long right turns). The peak lateral and longitudinal acceleration associated with the path are 6 m/s2 

and 4 m/s2, respectively. These accelerations are typical of everyday driving conditions [244].  

Each test condition included 3 loops of the designed path, with each loop consisting of 

numerous brake/stop events, left turns, and right turns. The path consisted of 18 left turns, 10 right 

turns, and 13 stop events. The approximate ratio of left turns, to right turns, and stop events was 

representative of naturalistic driving as determined from large scale driving datasets [244]. The 

time between turns and stops varied between 3 seconds to as much as 10 seconds. The detailed 

description and driving instructions for the path are summarized in Table 5-3. Each loop of the 

path took approximately 8 minutes to complete, for a total time of approximately 24 minutes for 

all 3 loops. 
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+  

Fig 5-4 Test path on the Mcity Test Track for Haptic APS Study 

EVENT DRIVING INSTRUCTIONS EVENT DRIVING INSTRUCTIONS 

Start Event a) 15 mph 
b) Slight left Event 17 a) Left (Left turning lane) 

Event 1 a) Stop at light 
b) Left Event 18 a) Rolling left 

Event 2 a) Rolling right Event 19 a) Rolling right 
Event 3 a) Rolling left (Oncoming traffic) Event 20 a) Rolling left 

Event 4 
a) Stop at cone 
b) Right (Toward circle) 
c) 12 mph 

Event 21 a) Roundabout, 15 mph 

Event 5 Right at traffic circle, 12 mph Event 22 a) North exit 
b) Stop at light 

Event 6 a) Sharp left under canopy  Event 23 
a) 15 mph 
b) Stop at light 
c) Right (Ignore parking lines) 

Event 7 a) Stop at sign Event 24 a) Stop at flagged cone  
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b) Right b) Left 
Event 8 a) Rolling right (Ignore parking lines) Event 25 a) Left under canopy  

Event 9 a) Rolling left Event 26 a) 12 mph 
b) Sharp right (Around cone) 

Event 10 a) Rolling left Event 27 a) Left into traffic circle, 12 mph 

Event 11 a) Stop at light 
b) Left Event 28 a) Exit South, 15 mph 

b) Stop at light 

Event 12 a) Rolling right Event 29 

a) 15 mph 
b) Stop at light 
c) 15 mph 
d) Sharp right (Ignore lane lines) 

Event 13 a) U-turn, 10 mph 
b) 12 mph Event 30 a) Stop at sign 

b) Left 

Event 14 a) Stop at cone 
b) Left Event 31 a) Rolling left (re-enter roundabout) 

Event 15 
a) 15 mph 
b) U-turn (South Circle), 9 mph 
c) Exit into right-most lane 

Event 32 
a) 15 mph (toward Start Event) 
b) Stop (toward Start Event) 
c) Repeat APS path 

Event 16 

a) 15 mph 
b) Stop at cone 
c) 15 mph 
d) Stop at cone 

  

Table 5-3 Summary of Test Path and Driving Instructions for Haptic APS Study 

5.7 Experimental Results 

This section describes the results of analysis of three types of data collected during the study. 

This data represents a subset of the total data collected during the experiments. The three types of 

data are: (a) Self-Reported Motion Sickness Score, (b) Task Performance, and (c) Subjective 

Participant Responses. The motion sickness scores are based on the UMTRI Motion Sickness 

Scale described earlier (Section 4.5.2). Task performance data consists of accuracy and response 

time (additional details are described in Section 4.5.1). Subjective Participant Responses were 

collected in response to questionnaires administered to all participants at the end of the study. 

5.7.1 Motion Sickness Response 

In Fig 5-5, the mean CS scores for all twenty-four participants across all three test conditions 

are plotted as a function of time. Initially the CS response seems similar across all three test 
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conditions (before 5mins). The difference in rate of accumulation of CS is most apparent between 

5mins and 15mins. The rate of CS accumulation is highest for TC 2 (i.e., APS OFF Task ON), and 

lowest for TC 1 (i.e., APS ON Task OFF). The rate of CS accumulation for TC 3 (i.e., APS ON 

Task ON) is slightly higher than for TC 1. This data supports the hypothesis that even when the 

participant is performing a task, the preemptively triggered haptic stimuli system can help reduce 

the rate of CS accumulation. As expected, the CS score is lowest (at 23mins) for TC 1 where the 

participant is not performing a task and the haptic stimuli system is operational. The CS score is 

highest for TC 2, where the haptic stimuli system is not operational, but the participant is 

performing a task.  

CS scores aggregated across all participants may obscure trends in CS response by motion 

sickness susceptibility. In Fig 5-6, the mean and median CS scores for all 7 low motion sickness 

susceptibility participants are plotted as a function of time. In Fig 5-7, the mean and median CS 

scores for all 12 moderate motion sickness susceptibility participants are plotted as a function of 

time. In Fig 5-8, the mean and median CS scores for all 5 high motion sickness susceptibility 

participants are plotted as a function of time. A striking observation is that the peak CS score for 

low susceptibility participants, irrespective of test condition, is significantly lower than both 

moderate and high susceptibility participants (~4 vs ~6, 30% lower). This aligns with the 

expectation that participants with low susceptibility for CS will not experience as significant CS 

as other individuals for the same vehicle motion. 
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Fig 5-5 Mean Motion Sickness Scores across all Haptic APS Study Participants, grouped by Test 
Conditions 

Another observation is that the CS score responses by test condition differ the most for moderate 

susceptibility participants, with a difference of >1.5 in the mean CS score between TC 3 and TC 

2. This trend in data is similar to CS response by participant motion sickness susceptibility reported 

in prior experiments that have used the same motion sickness scale [103]. Finally, it is observed 

that the mean CS score trend for high susceptibility participants has similar peaks across all test 

conditions, but the rate of accumulation of CS is fastest for TC 2 (APS is OFF). Therefore, CS 

response as a function of participant motion sickness susceptibility provides additional insights 

into the influence of APS and task performance. To ensure that these trends in CS response are 

meaningful, statistical analysis to determine their significance is required. 

A Linear Mixed Modelling (LMM) approach with random intercept and slope was used to 

statistically model the CS response data across all participants. Linear modelling is sufficient as 
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the modelling error over the experimental data was minimal. The fixed effects for the model 

include test conditions (i.e., TC 1, TC 2, and TC 3) and time (i.e., 0 mins, 1.5 mins… 24 mins). 

The random slope for CS response measures individual variability over time for participants for a 

given test condition. Models with participant gender and age as fixed effects were also investigated 

to determine that they had no significant effect on the results (p-value > 0.2). 

 

Fig 5-6 Mean (Top) and Median (Bottom) Motion Sickness Scores for All Low Susceptibility 
Participants 

The results of the LMM are summarized in Table 5-4. The model uses TC 2 as a reference 

condition for analysis. The intercept refers to the CS score at time 0 min (i.e., beginning of the test 

condition). From the results, at the beginning of all three test conditions, the CS score across all 

participants is close to 0 (yet significantly non-zero), and there is no statistically significant 
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difference between the test conditions. This is expected as the experiment is designed to ensure 

that participants have the same or similar CS at the beginning of all the test conditions. 

Additionally, the first significant difference in CS response (i.e., difference in CS score) between 

TC 3 and TC 2 occurs approximately at 12 min, as compared to the 6 min for TC 1 and TC 2. This 

means that performing a task degrades efficacy of APS in mitigating CS. 

 

Fig 5-7 Mean (Top) and Median (Bottom) Motion Sickness Scores for All Moderate 
Susceptibility Participants 

The slope refers to the rate of accumulation of CS over the test condition. The difference in rate 

of accumulation of CS across test conditions is statistically significant, with the lowest rate for CS 

accumulation being associated with the TC 1 condition. The effect of performing a task on rate of 

CS accumulation is apparent, as the rate for TC 3 is ~30% higher than TC 1. However, without the 

mitigative action of the APS, the rate of CS accumulation would be even higher, as the rate for TC 
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2 is ~15% higher than TC 3. 

 

Fig 5-8 Mean (Top) and Median (Bottom) Motion Sickness Scores for All High Susceptibility 
Participants 

FIXED EFFECT COEFFICIENT ESTIMATE STANDARD 
ERROR P-VALUE 

Intercept of TC 2 (APS_OFF_Task_ON) 
Reference Condition 0.873 0.228 1.35 e-4 

Δ Intercept TC 1 (APS_ON_Task_OFF) 
vs TC 2 0.045 0.186 8.11 e-1 

Δ Intercept TC 3 (APS_ON_Task_ON) 
vs TC 2 0.030 0.180 8.68 e-1 

Slope of TC 2 (APS_OFF_Task_ON) 
Reference Condition 0.260 0.023 2.58 e-28 

Δ Slope TC 1 (APS_ON_Task_OFF) 
vs TC 2 -0.080 0.014 3.57 e-8 

Δ Slope TC 3 (APS_ON_Task_ON) 
vs TC 2 -0.032 0.014 2.50 e-2 

Table 5-4 Linear Mixed Effects Model Results (Fixed Coefficient Results) for Haptic APS Study 
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5.7.2 Task Performance 

Task performance was quantified using the following parameters: (a) accuracy of responses, (b) 

percentage of skipped questions, and (c) response time for answering questions. Accuracy of 

responses was defined as the ratio between the number of questions answered correctly and the 

sum of the number of questions answered correctly, questions answered incorrectly, and questions 

skipped. This sum of questions represents the total number of questions viewed by a participant 

during the test condition. The percentage of skipped questions was defined as the ratio between 

the number of skipped questions and the total number of questions viewed by the participant during 

the test condition. The response time for answering questions was defined as the time between the 

participant first viewing a question to them either finalizing their response or skipping the question. 

Of the 24 participants, task performance data for 4 participants was corrupted or lost due to system 

errors. Of these four participants, one participant was a low susceptibility female, one participant 

was a low susceptibility male, and remaining two participants were moderate susceptibility males. 

Therefore, task performance data analysis was only performed on data from 20 participants. 

Since the task performance was a continuous paired non-parametric dataset, Wilcoxon Signed-

Rank analysis was used to statistically model task performance to determine significance. Task 

performance aggregated across all 20 participants for a given test condition and compared against 

baseline task performance is summarized in Table 5-5. In addition, comparison of task 

performance across the test conditions (namely TC 2 and TC 3) is also summarized in Table 5-5. 

Task performance in both TC 2 and TC 3 conditions is far worse than baseline, across all 

participants. The accuracy was significantly lower for TC 2 and TC 3 as compared to baseline, 

when aggregated across all questions and when further analyzed by aggregating across questions 

of the same cognitive burden (i.e., low vs. high cognitive burden questions). This trend is 



116 
 

corroborated by prior research that has shown that task performance degrades when the task is 

performed in a moving environment like a car.  

PARAMETER BASELINE TC 2 – APS 
OFF 

Δ 
BASELINE 

& TC 2 
TC 3 – APS 

ON 
Δ 

BASELINE 
& TC 2 

Δ TC 3 & 
TC 2 

Mean Accuracy 
across all 
questions 

96% ± 5% 85% ± 9% 
Baseline > 

TC 2 
*** 

84% ± 10% 
Baseline > 

TC 3 
*** 

TC 3 ~ 
TC 2 

Mean Accuracy 
of only low 
cognitive 
questions 

99% ± 2% 95% ± 8% 
Baseline > 

TC 2 
* 

94% ± 9% 
Baseline > 

TC 3 
** 

TC 3 ~ 
TC 2 

Mean Accuracy 
of only high 

cognitive 
questions 

94% ± 8% 77% ± 14% 
Baseline > 

TC 2 
*** 

77% ± 14% 
Baseline > 

TC 3 
*** 

TC 3 ~ 
TC 2 

Mean 
Percentage of 

skipped 
questions 

0% ± 1% 1% ± 2% 
TC 2 > 

Baseline 
* 

1% ± 2% 
TC 3 > 

Baseline 
* 

TC 3 ~ 
TC 2 

Mean Response 
time across all 

questions 
19s ± 5s  30s ± 10s 

TC 2 > 
Baseline 

*** 
35s ± 15s 

TC 3 > 
Baseline 

*** 

TC 3 ~ 
TC 2 

Mean Response 
time across only 

low cognitive 
questions 

9s ± 3s 23s ± 9s 
TC 2 > 

Baseline 
*** 

28s ± 14s 
TC 3 > 

Baseline 
*** 

TC 3 ~ 
TC 2 

Mean Response 
time across only 
high cognitive 

questions 

26s ± 7s 35s ± 13s 
TC 2 > 

Baseline 
*** 

41s ± 18s 
TC 3 > 

Baseline 
*** 

TC 3 ~ 
TC 2 

Table 5-5 Summary of Task Performance Statistical Analysis by Test Conditions. Note: * p-
value < 0.05, ** p-value < 0.01, *** p-value < 0.001 

A comparison of task performance between TC 2 and TC 3 is required to determine the 

influence of APS on quality of task performance. Across all the data in Table 5-5, there is no 

statistically significant difference in quality of task performance across both those test conditions. 

For accuracy, the means across both TC 2 and TC 3 are similar and within only a couple of percent 

points of each other. For response time, the means across both TC 2 and TC 3 vary by as much as 

6 seconds of each other, but this difference is not statistically significant, and the size of this effect 
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is small to moderate in relation to their respective standard deviations. 

Table 5-6 summarizes task performance analysis within a test condition aggregated across 

questions of the same cognitive burden. As expected, the mean accuracy of responses is higher for 

low cognitive burden questions when compared to high cognitive burden questions across all tasks. 

Similarly, the mean response time if higher for high cognitive burden questions when compared 

to low cognitive burden questions across all tasks. 

TASK 
QUESTION 
COGNITIVE 

BURDEN 
MEAN 

ACCURACY 
Δ LOW & 

HIGH 
MEAN 

RESPONSE 
TIME 

Δ LOW & 
HIGH 

Baseline 
Low 99% ± 2% Low > High 

** 

9s ± 3s High > Low 
*** High 94% ± 8% 26s ± 7s 

TC 2 – APS 
OFF 

Low 95% ± 5% Low > High 
*** 

23s ± 9s High > Low 
** High 77% ± 14% 35s ± 13s 

TC 3 – APS 
ON 

Low 94% ± 9% 
Low > High 

*** 

28s ± 14s 
High > Low 

** High 77% ± 14% 41s ± 18s 

Table 5-6 Summary of Task Performance Statistical Analysis within Test Conditions. Note: * p-
value < 0.05, ** p-value < 0.01, *** p-value < 0.001 

5.7.3 Subjective Participant Responses 

Every participant was interviewed after their participation in every test condition and asked to 

describe their experience qualitatively. The interview consisted of various open and close ended 

questions to determine the quality of the participants experience during the test condition. 

Participants were asked about their overall experience inside the test vehicle to determine if any 

environmental factors such as temperatures or smells influenced their CS response. None of the 

participants reported any issues with these environmental factors during the study. Similarly, none 

of the participants reported any discomfort or annoyance associated with the instrumentation and 

sensors that were used to collect data. When asked about their experience performing the task 
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during the study, 21 out of 24 participants (88%) indicated that it was harder to perform the task 

in a moving car as compared to the baseline task performed in a room. This is corroborated by the 

trend in quantitative data observed in the previous section. 

When asked about their experience with the haptic stimuli during the study, 21 out of 24 (88%) 

participants indicated that the haptic stimuli system was comfortable and did not cause any 

annoyance or discomfort. The primary complaint of the remaining 3 participants was that they 

found it hard to simultaneously focus on both the stimuli and the task. This is corroborated by the 

quantitative data observed in the previous section where there is no statistically significant 

difference between task performance for TC 2 and TC 3. The efficacy of the haptic stimuli is 

dependent on the participant’s ability to accurately decipher the upcoming motion events from the 

stimuli they received. When asked if they found the stimuli to be informative (i.e., decipher the 

motion events from stimuli), 23 out of 24 (96%) participants indicated that APS was informative 

across both TC 1 and TC 3. Of those 23 participants, 3 participants initially struggled to decipher 

the first couple motion events but reported that they were able to quickly learn and accurately 

decipher all remaining events. This data supports the claim that the haptic stimuli used in this study 

is intuitive, easy to decipher, and causes minimal discomfort or annoyance to participants. 

At the end of the study, after participants had successfully completed participation in all test 

conditions, participants were asked if they liked the haptic stimuli system and would use the same 

or similar system in a car as a passenger. The goal of this question was to determine the participants 

overall preference for the haptic stimuli system, in addition to their subjective CS score. Of the 24 

participants, 18 participants (75%) indicated a positive preference for haptic stimuli as they 

believed the haptic stimuli system helped reduce their CS (as stated explicitly in their responses). 

Of those 18 participants, 4 participants had low motion sickness susceptibility, 10 participants had 



119 
 

moderate motion sickness susceptibility, and 4 participants had high motion sickness 

susceptibility. This means that over 80% of both moderate and high susceptibility participants 

found the haptic stimuli to be helpful in mitigating their CS. This trend in data is notable because 

even though the peak CS response for high motion sickness susceptibility participants did not 

differ due to the influence of stimuli, the qualitative preference for haptic stimuli indicates the 

significance of the positive effect of stimuli on CS. This is the first study to report qualitative data 

of this kind indicating a strong subjective preference for a haptic stimuli system that helps reduce 

CS. 

5.8 Discussion  

The data from this study indicated that nearly 90% of the participants could understand the 

haptic signals. This demonstrates that a preemptively activated haptic stimuli system can provide 

meaningful information to a passenger regarding the vehicle’s upcoming motion. Even though the 

study participant had a cognitive burden due to the task, they could successfully interpret the 

stimuli and discern the upcoming motion of the vehicle. 

The data from this study shows that a haptic stimuli system can help reduce CS, even when the 

person is performing a task. The mean motion sickness score data across all study participants 

shows a 1-unit difference (using the UMTRI motion sickness scale) in the peak motion sickness 

score at the end of TC 2 where the haptic stimuli system was OFF as compared to the motion 

sickness score at the end of TC 3 where the haptic stimuli system was ON. In addition, the rate of 

accumulation of motion sickness is approximately 13% lower for TC 3 as compared to TC 2. 

However, when the participant is performing a task, the haptic stimuli is less effective in reducing 

CS. The rate of accumulation of motion sickness is approximately 30% lower for TC 1 as 

compared to TC 2. Therefore, as measured by rate of motion sickness accumulation, task 
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performance reduces the efficacy of the haptic stimuli system by almost 50%. One plausible reason 

for this might be that when the participant was performing the task, they found it hard to focus on 

the stimuli signals. Even if they were able to pay attention to the signals, the cognitive demand of 

both the stimuli and task might have been overwhelming for the participant. If this were the case, 

it would be reasonable to expect a degradation in task performance due to the additional cognitive 

burden of the haptic stimuli system. However, the task performance data demonstrated that the 

haptic stimuli system had no effect on quality of task performance. There was no statistically 

significant difference in accuracy, skipped questions, or response times across the test conditions. 

While the quantitative data on task performance did not demonstrate any influence of the haptic 

stimuli system, subjective participant responses after their participation in the study indicated a 

strong positive preference for the haptic stimuli system. One plausible reason for this may be that 

the haptic stimuli system might have had a positive influence on the participants’ mood or overall 

demeanor due to the reduction in motion sickness. This may explain why the majority of the 

participants indicated a preference for the haptic stimuli system, even if the task performance data 

did not differ significantly across test conditions. In addition, this outcome may also indicate a 

deficiency in the motion sickness scale used in this study as a suitable metric for the motion 

sickness and comfort experience of the participant. While the UMTRI motion sickness scale allows 

for flexibility in how the participant can self-assess and report changes in their motion sickness 

state, some participants may find it challenging to be sensitive to subtle changes in their overall 

mood or demeanor. As a result, even though they may have a positive experience with the haptic 

stimuli system, that outcome may not be visible in their motion sickness scores. 

Even though the motion sickness data shows very little difference in the peak mean CS scores 

for low and high motion sickness susceptibility participants across all test conditions, their 
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subjective participant responses still indicated a positive preference for the haptic stimuli system. 

More than 50% of the low susceptibility participants, and more than 80% of the high susceptibility 

participants indicated a preference for the haptic stimuli system. This data seems to indicate that 

the positive utility of the haptic stimuli system may not be identifiable only by the subjective CS 

scores of the participants. For moderate motion sickness susceptibility participants, there was a 

significant difference in their CS scores across test conditions, and unsurprisingly more than 80% 

of the moderate susceptibility participants also indicated a strong positive preference for the haptic 

stimuli system. This result indicates that those participants belonging to groups most vulnerable to 

motion sickness (i.e., moderate, and high susceptibility) may value any reduction in motion 

sickness more than other groups (i.e., low susceptibility). It is reasonable to observe that preference 

for the haptic stimuli is lower for the low susceptibility participants as compared to high 

susceptibility participants. Since low susceptibility participants did not experience the same 

amount of CS as the high (or even moderate) susceptibility participants, the discomfort associated 

with CS may not be valued as highly by them as compared to moderate or high susceptibility 

participants. Therefore, studies on motion sickness mitigation must analyze motion sickness 

response along with participant motion sickness susceptibility. This result also highlights the 

importance of post study subjective and qualitative data collection from participants to get a more 

detailed picture of their experience in the study. Without the qualitative data on preference for the 

haptic stimuli system, the positive influence of the haptic stimuli system for high susceptibility 

participants may have been lost. 

While the results from this study are significant, this study has some practical limitations. First, 

there are limitations in participant recruitment. While the total number of participants in the study 

is higher than or the same as the typical range for similar studies, a larger pool of participants will 
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lead to higher quality data and more statistical power. This larger pool of participants must 

represent a broader range of motion sickness susceptibilities, age, height, weight, and any other 

factors which may influence a person’s motion sickness response. Also, it is difficult to recruit 

participants with a high susceptibility to motion sickness as they are reluctant to participate in a 

study that will make them sick, and they are also more likely to drop out of a study if they begin 

their participation (i.e., higher attrition rate as compared to low susceptibility participants). High 

motion sickness susceptibility individuals are most vulnerable to motion sickness in vehicles, and 

as indicated by the results of this study, value a reduction in their motion sickness highly. 

Second, the use of a test track to operate the research vehicle ensures participant safety but 

limits realistic recreation of the experience of a person in a car. For example, a car on the highway 

may turn for many seconds, but the path used in this study only has a maximum separation between 

events of 10 to 15 seconds. Lastly, it is nearly impossible to ensure identical experimental and 

physiological conditions for participants across the three test conditions. The study design requires 

that participants have nominal sleep, physical activity, and diet across the various test conditions, 

but it is impossible to recreate these perfectly. Any variance in the participants’ physiological 

conditions or experimental conditions (i.e., driving) can influence the participant’s motion sickness 

response in an unknown manner, which can introduce noise in the data. 

Despite these limitations, the findings from this study are significant. This is the first study to 

investigate preemptively activated haptic stimuli systems using a real car which relies on 

automated software activation of the haptic stimuli system for precise preemption. All other studies 

on preemptively activated stimuli using real cars have relied on manual/human activation of the 

sensory stimuli system. This is the first study to provide a detailed analysis of the participant’s task 

performance and demonstrate that an effective sensory stimuli system can both reduce motion 
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sickness and have no negative side effects on a passenger’s ability to perform a wide range of 

tasks. In addition, the results from this study also highlight the importance of including a task when 

assessing motion sickness mitigation, as performing the task reduced the efficacy of the mitigation 

system. Lastly, this is the first study of its kind to also use post participation questionnaires to 

gauge the participants subjective response and experience while participating in the study. Through 

these subjective responses, this study was able to show a strong positive preference for haptic 

stimuli system even in participants who did not show a reduction in their motion sickness score. 

These results motivate the need for future research using similar or improved study designs, 

especially with regards to precise preemption for the sensory stimuli systems. In addition, many 

intellectual areas of inquiry remain unaddressed by prior literature and this study. This study used 

a preemption of 3 seconds as that was similar to the preemption used in prior literature and similar 

to the perception and response times of drivers. However, the optimum preemption time to 

maximize motion sickness mitigation remains unknown. This study, like most of the prior 

literature, only used a single type of sensory stimuli system (haptic). However, there may be an 

optimal combination of stimuli (e.g., haptic, and visual or visual and audio) that may both reduce 

motion sickness and improve the passengers’ task performance.  

5.9 Conclusion 

In this chapter, the results from the study to investigate the efficacy of a preemptively triggered 

haptic stimuli in mitigating CS are presented (N=24 participants). The results from the study 

demonstrated that a haptic stimuli system triggered preemptively can help reduce CS, even when 

the participant is performing a representative task. The haptic stimuli system reduced the peak 

mean motion sickness score by 20% (1-unit) and reduced the rate of accumulation of motion 

sickness by 13% across all participants. The most dramatic difference in motion sickness response 
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was observed in moderate susceptibility participants who saw a reduction in peak mean motion 

sickness score of over 30%.  

The results from the analysis of task data showed that the preemptively triggered haptic stimuli 

had no statistically significant influence on task performance. The results from the study also 

underscored the importance of collecting subjective and qualitative responses from participants 

regarding their experience in the study and their preference for the haptic stimuli system. This 

qualitative data can provide a more detailed picture of the overall experience of a participant, which 

may not be captured by their motion sickness response (i.e., motion sickness scores). Lastly, results 

motivate the need for future research using similar or improved study designs to investigate open 

research questions such as optimal amount of preemption, and optimal type or combination of 

types of sensory stimulation.  
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Chapter 6 Tilting Seat System to Mitigate Motion Sickness  

This chapter presents the experimental design, execution, and results from a human subject 

study (or experiment) evaluating the efficacy of a preemptively triggered tilting seat system (AST) 

in mitigating carsickness. Limited evidence in prior literature has shown that preemptively 

triggered tilting seat systems can help reduce CS (Chapter 2, Section 2.2.2). However, there are no 

investigations studying the efficacy of preemptively triggered tilting seats in reducing CS that are 

both (a) conducted under realistic driving conditions and (b) with an assessment of the passengers 

NDRT performance.  

To address this gap, a human subject study was conducted to quantify a vehicle occupant’s CS 

response while performing representative task along with preemptively triggered tilting seat. 

Twenty-nine healthy adults with varying levels of self-reported motion sickness susceptibility 

participated in the study, across two test conditions conducted over two different days, on a closed 

test track in the research vehicle (M-LoW) described in Chapter 4. This is the first in-vehicle study 

with a tilting seat system that assessed both CS response and quality of passenger task performance 

for a diverse sample of passengers with varying motion sickness susceptibility under realistic 

driving conditions (on a test track). 

6.1 Introduction and Background  

Prior research literature has explored the possibility of recreating the driver’s anticipatory 

information and preemptive corrective actions for vehicle passengers. Specifically, it has been 

proposed that the use of active seats or tilting seat or moving seat systems can be used to alter the 
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posture of a passenger (just like a driver). This approach has shown positive results when applied 

to high speed trains, where tilting train cabins have helped reduce motion sickness in train 

passengers [268], [269] (see Chapter 2, Section 2.2.2). It is expected that by leaning the passengers’ 

body and head into the turn, the sensory conflict is reduced by aligning their head and torso with 

the direction of gravito-inertial acceleration, thereby reducing their motion sickness.  

Various studies have investigated the effects of moving seats on carsickness of passengers [89], 

[150], [161], [162], [164], [165], [166], [167] (see Chapter 2, Section 2.2.2). The majority of the 

relevant prior work (6 out of 8 studies discussed in Chapter 2) focused on moving seats that are 

triggered reactively (i.e., after the start of the vehicle motion event such as a turn); while only two 

studies investigated the efficacy of preemptively triggered moving seat systems. Of the 6 studies 

with reactively triggered active seats, only 3 studies demonstrated a reduction in carsickness. 

Whereas all of the preemptively triggered active seat studies (all 2 studies) demonstrated a 

reduction in carsickness. In addition, one study from prior literature also demonstrated that 

preemptively triggered moving seats are more effective at reducing motion sickness as compared 

to reactively triggered seats [162]. Therefore, there is evidence in support of preemptively 

triggered active seats being effective at reducing carsickness. However, as noted in Chapter 2, the 

experimental methods used in all of the above studies from current literature have many limitations 

(Chapter 2, Section 2.4). Namely, these limitations include: (a) lack of realistic driving conditions 

due to the use of static or motion simulators instead of real vehicles (limitations of vehicle 

simulators described in Chapter 4), (b) lack of precise preemptive triggering of the AST system, 

and (c) inclusion of the passenger performing a representative NDR task along with an assessment 

of the task performance 

This research addressed the above identified gaps in prior literature. This study investigated the 
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efficacy of a tilting seat system, that preemptively leaned a passenger into turns, in mitigating CS 

as evaluated under realistic driving conditions while the passenger was performing a representative 

real-world task. The study was performed using an instrumented test vehicle (M-LoW) run on a 

closed test track to ensure safety and repeatability (see Chapter 4). This research also leveraged 

the UMTRI motion sickness scale, and various instrumentation described in Chapter 4 to track the 

motion of the vehicle, the passenger, and the passenger’s physiological response to the moving 

vehicle. Also, this research utilized a representative NDR task (Chapter 4, Section 4.5.1) that 

placed a cognitive load on the passenger while they were seated in the M-LoW so that their 

carsickness response can be investigated while they perform a task. 

Across the limited current literature on preemptively triggered tilting seat studies, preemption 

times of either 0.5 or 3 seconds have been used (only 2 studies). There is no evidence to determine 

the most optimal preemption time to be used. According to prior literature on preemptively 

triggered sensory stimuli systems for carsickness mitigation, the most common preemption time 

that was used was 3 seconds. It is also known from prior literature on driver perception response 

times that a driver can take up to 3 seconds to perceive and response to an unexpected situation 

[265]. This research attempted to recreate the driver’s experience for the passenger to reduce their 

carsickness. For example, just as a driver uses anticipatory information to lean into a turn, this 

research proposed using a preemptively triggered tilting seat to lean the passenger into the turn. 

Therefore, a preemption time of 3 seconds (i.e., seat begins to move 3 seconds prior to vehicle 

turning) was chosen for this study. There are only 2 studies demonstrating the efficacy of 

preemptively triggered tilting seats, and these studies have many limitations. Therefore, it was 

important for this study to address those gaps in prior literature and demonstrate the efficacy of 

preemptively triggered tilting seats. That investigation was prioritized over an investigation to 
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determine an optimal preemption time. 

6.2 Design of Experiment 

This study focused on investigating two specific hypotheses: (1) that preemptively triggered 

tilting seats can reduce CS even when the passenger is performing a task, and (2) that preemptively 

triggered tilting seat system can help improve task performance of the passenger. Investigating 

these hypotheses helped address the gaps in current research identified in Chapter 2. Therefore, to 

evaluate the performance of tilting seat system, an experiment with two test conditions was 

devised. The experiment included one independent variable, namely the tilting seat system (Table 

6-1). Tilting Seat system being ‘ON’ meant that for that test condition the seat system was 

operational whereas ‘OFF’ meant the seat system was not operational. When the tilting seat system 

was operational, the tilting seat system would move the passenger in anticipation of the vehicle 

motion (additional details on tilting seat system are presented in Section 6.4). The study had two 

test conditions as the AST system OFF and task OFF test (i.e., TC 3) condition and AST system 

ON and task OFF condition (i.e., TC 4) were not included. 

Since prior research has already established that performing a task exacerbates CS [103], [260]. 

Therefore, a comparison between TC 3 and TC 2 is not required. Similarly, prior literature has 

shown that preemptively triggered tilting seat systems can be effective in reducing CS when the 

passenger is not performing a task [162], [163]. Therefore, a comparison between TC4 and TC1 

is not required. Thus, due to evidence in prior literature and practical considerations, only two test 

conditions were included in this study. An experiment with all four test conditions was not required 

for this study to address the hypotheses defined earlier. To investigate both hypotheses a 

comparison of motion sickness scores and task performance across TC 1 and TC 2 is required. 
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TEST 
CONDITION 

INDEPENDENT VARIABLE DEPENDENT VARIABLES 
TILTING SEAT SYSTEM 1. Self-reported motion sickness scores 

2. Accuracy of responses 
3. Percentage of questions skipped 
4. Response time of questions 
5. Qualitative description of experience 

TC 1 ON 

TC 2 OFF 

Table 6-1 Summary of Experimental Test Conditions and Variables for Tilting Seat Experiment 

A within-subject design was implemented since motion sickness response has high variation 

across different individuals, and within subject studies are ideally suited to deal with this variation 

[266]. Within subject studies also offer other benefits such as less noise in the data, as compared 

to between subject designs. The order of test conditions was randomized using Latin square 

randomization to eliminate any order effects and biases. Since it is known that passengers can learn 

and get habituated to the motion sickness elicited during the study, it was important to eliminate 

learned effects through the use of randomization of test conditions. Test conditions were conducted 

with a minimum separation of 48 hours to ensure that any accumulated CS response would not 

persist from one test condition to the other [244]. All experimental protocols and procedures were 

evaluated and approved by the University of Michigan Institutional Review Board to ensure the 

physical safety, data privacy, and confidentiality of any participant in the study [HUM00199425]. 

6.3 Tilting Seat Study Protocol 

A systematic and repeatable protocol for researcher and participant interaction was developed 

to ensure near identical interaction of researchers with participants across repeated participation 

for test conditions (i.e., repeated participation refers to participating in the multiple test conditions 

of this experiment). Any deviation in how the researcher interacts and prepares the participant for 

the test condition can lead to an uncontrolled variance in the experimental data. Broadly, the 

protocol consists of four stages: (a) Reception, (b) Vehicle Preparation, (c) Vehicle Drive, and (d) 
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Post Vehicle Drive (Table 6-2). This four-stage protocol is repeated for every test condition that a 

participant participates in. 

The first stage is the Reception stage. The research team greeted the participants and as required 

by IRB protocols stepped the participant through the consent form and a description of the test 

condition (Table 6-2, Consent). The researcher also collected demographic and other basic 

information from the participants, including their height, weight, age, and gender (Table 6-2, 

Personal Info). To ensure that the participant has a similar motion sickness response across test 

conditions, the researcher collected information about the participant’s diet, sleep, physical 

activity, and mental state to look for any notable deviations from the participants’ typical schedule 

(Table 6-2, Food & Activities). The participant was then instrumented with the various sensors 

(see Chapter 4, Section 4.4.4) used to track the motion of their head and torso (Table 6-2, Sensor 

placement). The researcher introduced the representative task to the participant and provided 

training to help the participant build familiarity with the type of questions and how to answer them 

(Table 6-2, Task training). After receiving the training, the participant performed the baseline task 

(Table 6-2, Baseline task). Finally, once the participant had completed the baseline task, the 

researcher introduced the UMTRI motion sickness scale to the participant (Table 6-2, UMTRI 

motion sickness scale training). It was important for the participants to understand the motion 

sickness scale as they will use that scale to self-report their motion sickness response. To ensure 

that the participant had understood the motion sickness scale, the researcher would address any 

questions or clarifications that the participant had regarding the motion sickness scale. The 

researcher also used role play activities with the participant so that the participant could practice 

using the motion sickness scale. Once the participant was familiar with the motion sickness scale, 

the researcher could take the participant to the research vehicle for the next stage of the protocol. 
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PROTOCOL 
STAGE RECEPTION VEHICLE 

PREPARATION VEHICLE DRIVE POST VEHICLE 
DRIVE 

ACTIVITIES 

• Consent 
• Personal Info 
• Food & Activities 
• Sensor placement 
• Task training 
• Baseline Task 
• UMTRI motion 

sickness scale 
training 

• Seat participant in 
occupant space 

• Safety briefing 
• Tilting Seat 

training 
• Task training 
• UMTRI motion 

sickness scale 
training 

• Drive vehicle on 
test path 

• Onboard 
researcher 
prompts for self-
reported motion 
sickness score 

• Onboard 
researcher 
monitors 
participant for 
safety 

• Participant 
recovery from 
motion sickness 

• Remove all 
sensors 

• Subjective 
Responses 
Questionnaire 

 

Table 6-2 Summary of Tilting Seat Study Protocol stages and associated activities 

The second stage is Vehicle Preparation. The researcher brought the participant to the M-LoW 

and seated the participant in the occupant space (Chapter 4, Section 4.4.1). The participant was 

secured using a seat belt. The participant was given a safety briefing to ensure that the participant 

knew what they can do to keep themselves safe during the test (Table 6-2, Safety briefing). The 

researcher introduced the participant to the tilting seat system (Table 6-2, Tilting seat training). 

The researcher triggered the tilting seat, just as it would while the vehicle was moving so that the 

participants could familiarize themselves with the motion of the tilting seat and acclimate to it. 

The researcher also reminded the participants about the task that they will perform during the study 

(Table 6-2, Task training). Finally, the researcher reminded the participant about the motion 

sickness scale and addressed any questions the participant might have. These training sessions 

were repeated to ensure that the participant did not forget or misremember anything, which may 

influence the results of the study. After this, the researcher secured the door of the vehicle, and the 

next stage of the study protocol could begin. 

The third stage of the study is Vehicle Drive. The onboard researcher (seated in the driver space 

of the motion laboratory on wheels) spoke to the participants and checked if they were ready to 

begin the study. The participant was told that the onboard researcher would be onboard the vehicle 
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to monitor the participants carsickness and would not be involved in driving the vehicle. The M-

LoW was driven on the test path. While the vehicle was being driven, the onboard researcher 

routinely (every 90 seconds) prompted the participant to report their motion sickness score. In 

addition, the onboard researcher used video cameras in the occupant space to monitor the 

participants for their safety. Once the vehicle had driven the entirety of the test path or the 

participant had reported a score of 10 (i.e., asking the vehicle to be stopped), the vehicle would 

stop, and the next stage of the study protocol would begin. 

The fourth and last stage of the study protocol is the Post Vehicle Drive. The participant and 

onboard researcher exited the M-LoW. The participant was allowed to recover from their motion 

sickness. Once the participant had recovered from their motion sickness, all sensors would be 

removed. The researcher then asked the participant questions to describe the participants 

experience inside the motion laboratory on wheels while it was being driven in the previous stage. 

This included questions about the participants’ subjective experience performing tasks, qualitative 

descriptions of their motion sickness response, and their preferences for the tilting seat system. 

6.4 Tilting Seat System: Hardware and Control 

A commercially available active seat system was modified to suit the needs of this study. A 

DoF Reality P3 active seat [270] was modified to suit the needs of this study (Fig 6-1). While the 

P3 system is capable of rotational motion about 3 axis, only the roll motion (i.e., rotation about the 

longitudinal or front and back axis) was used in this study. Thus, in this study the P3 active seat 

was operated as a tilting seat only. Since a commercially available active seat was used for this 

study, it limited the modifications which could be made to the seat. For example, the center of 

rotation of the seat could not be modified. Also, the peak tilt angle was limited to 7 degrees. Despite 

these limitations, the P3 active seat was suitably modified to suit the specific needs of this research. 
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Fig 6-1 DoF Reality P3 Tilting Seat System 

The tilting seat system relied on a parallel mechanism to provide the motion (Fig 6-1). It 

consisted of a ‘moving platform’ that can move with respect to the ‘base’. The moving platform 

was connected to the base via a universal joint (U-joint) and via linkages attached to the two 

actuators (Fig 6-1). The actuators are mounted to the base (Fig 6-1). Both actuators consist of a 

brushed DC motor with a worm drive gear box (Fig 6-2). To control the motion of the seat, a 

National Instruments myRIO microcontroller was used to implement a closed control logic on both 

actuators (high level control logic for the tilting seat) (Fig 6-3). The base was rigidly mounted to 

the research vehicle (M-LoW), to the floor of the vehicle in the occupant space. The participant 

sat on a seat that was rigidly mounted to the moving platform using the seat mounting points on 

the platform. The seat was equipped with a ‘belt-in-seat’ system to keep the participant safe.  

Moving
Platform

Base
U - Joint

2x Actuators
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Fig 6-2 Tilting Seat Actuator with Linkages 

The Real time GPS based triggering software (Section 4.4.5) determined the type of motion 

event (i.e., left turn or right turn, short turn vs long turn). Based on the type of motion event, a seat 

position trajectory, which was designed a 5th order Gaussian curve (equation 6-1), was selected. 

An inverse kinematic model was devised to convert the seat position trajectory to its corresponding 

actuator angular position trajectory. This commanded actuator position is used to command the 

motion of each individual actuator using a motor position control loop (Fig 6-4, described in detail 

below). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 (𝜃𝜃) = 𝑆𝑆1𝑆𝑆
−�(𝑡𝑡−𝑏𝑏1)

𝑐𝑐1� �
2

+ 𝑆𝑆2𝑆𝑆
−�(𝑡𝑡−𝑏𝑏2)

𝑐𝑐2� �
2

+ 𝑆𝑆3𝑆𝑆
−�(𝑡𝑡−𝑏𝑏3)

𝑐𝑐3� �
2

+ 𝑆𝑆4𝑆𝑆
−�(𝑡𝑡−𝑏𝑏4)

𝑐𝑐4� �
2

+

𝑆𝑆5𝑆𝑆
−�(𝑡𝑡−𝑏𝑏5)

𝑐𝑐5� �
2

  ;    𝑆𝑆 → 𝑆𝑆𝑃𝑃𝑡𝑡𝑆𝑆         ( 6-1 ) 

 

Fig 6-3 High Level Control Logic for Tilting Seat System Control 
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The trajectory for the seat angle was designed as a 5th order Gaussian curve as it provided an 

easy method to plot a trajectory by defining certain points on the trajectory and minimizing 

acceleration and jerk due to motion (i.e., smooth motion curve) (see Fig 6-5 as an example). It was 

assumed that the acceleration of the moving seat must be minimal so as to not contribute to motion 

sickness in addition to the motion sickness from the moving vehicle. Also, as per the study 

requirements, the seat trajectory would be such that the seat would begin moving 3 seconds prior 

to the start of the vehicle turn. Using the above constraints and requirements, the specific seat 

trajectory was determined using curve fitting tools.  

The equations used to define the seat motion trajectory as a function of time are shown in 

equation 6-1. Table 6-3 is a summary of the parameters used to define three types of trajectories, 

(Trajectory 1) one with no time spent holding the peak position,  and  two others (Trajectory 2) 

with 2 seconds and 5 seconds (Trajectory 3) of holding the seat at the peak position, respectively. 

GAUSSIAN CURVE 
CONSTANTS TRAJECTORY 1 TRAJECTORY 2 TRAJECTORY 3 

a1 1.851 5.348 2.0 

a2 -3.441 -465.9 -0.619 

a3 0.002 471 0.039 

a4 5.263 1.949 2.0 

a5 0 0 7.567 

b1 4.500 6.499 9.693 

b2 -1167 3.729 4.999 

b3 5.724 3.735 6.0 

b4 4.499 8.190 4.303 

b5 0 0 6.999 

c1 0.659 1.313 1.346 

c2 637.5 1.539 825.2 

c3 6.356 1.545 0.052 

c4 2.339 1.475 1.335 

c5 0 0 4.364 
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Table 6-3 Gaussian Curve Constants for different Tilting Seat Motion Trajectories 

The trajectory was designed such that the seat would begin moving/tilting before the 

acceleration due to the turn. The seat would hold its peak position as the vehicle acceleration 

peaked, and the seat would return to its starting position in phase (i.e., at the same time) or after 

(i.e., at a time after) the acceleration of the vehicle is nearly zero. The trajectory of the tilting seat 

(black) and vehicle lateral acceleration (blue) associated with a left turn is shown Fig 6-5. The 

trajectory was designed to provide a preemption of 3 seconds (i.e., the seat would begin moving 3 

seconds prior to the start of the turn). The tilting seat reaches its peak position (7-degree with 

respect to its’ base which is rigidly mounted to the vehicle) and then returns to its starting position 

after the acceleration due to the turn has ended. The trajectory moved the seat to near its full range 

of motion of the tilting seat system of 7-degree roll. It is worth noting that since the purpose of the 

tilting seat system was to align the participant head and torso with the direction of gravito-inertial 

acceleration, the tilt of the seat should correspond to the amount of lateral acceleration of the 

vehicle. However, the maximum tilt possible with the seat is 7 degrees (due to hardware 

limitations), which corresponds to a lateral acceleration of approximately 1 m/sec2. Since the 

participants in this study would experience lateral accelerations that are as small as or greater than 

1 m/sec2, the seat trajectory was designed to achieve its peak position for all turn events in this 

study. 

The same seat motion trajectory was used for both left and right turns, by simply flipping the 

direction. Since certain motion events were longer than others, some trajectories were designed to 

reach the peak position and hold its position for a few seconds before returning to the start position. 

As shown in Fig 6-6, for a long right turn, the seat trajectory holds its’ peak position for 

approximately five seconds before returning to the starting position. 
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The details of the motor position control loop are shown in Fig 6-4. A rotary potentiometer was 

used as a position sensor for each individual actuator, attached to the worm gear output (or load) 

shaft. A closed loop feedback and feedforward position control scheme was implemented. The 

feedforward controller was designed to account for losses in the system such as friction. The PID 

feedback controller was tuned to account for varying passenger weights and inertial acceleration 

due to the moving vehicle. As shown in Fig 6-5 and Fig 6-6, the motor position controller is able 

to move the tilting seat as commanded with minimal error even when the vehicle is moving. The 

mean error in peak seat position (i.e., 7 degree) was limited to less than 1 degree across all rides. 

As shown in Fig 6-7, the median error in peak seat position or target position was 0.3 degree. 

 

Fig 6-4 Low Level Control Logic, Detailed View of Motor Control Loop from Fig 6-3 

 

Fig 6-5 Trajectory of Tilting Seat and Lateral Acceleration of the vehicle for Left Turn 
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Fig 6-6 Trajectory of Tilting Seat and Lateral Acceleration of the vehicle for Right Turn 

  

Fig 6-7 Boxplot of Error in Peak Seat Position across all drives  

6.5 Study Participants 

Over forty participants were recruited for the study. Of those participants, only twenty-nine 

completed their participation in the study (i.e., they completed all two test conditions) (Fig 6-8). 

This represents an attrition of 28%, which is similar to the attrition in the APS study and prior 
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The average age of the male participants was twenty-five years (25yrs ± 4yrs), and the average age 

of the female participants was twenty-five years (25yrs ± 4.5yrs) (Fig 6-8). There was no 

statistically significant difference in the age of the participants, such that age of participants would 

not influence their carsickness response. 

Participants self-reported their motion sickness susceptibility and motion sickness frequency. 

Based on their susceptibility and frequency, participants were grouped into three categories of 

motion sickness response: low, moderate, and high motion sickness susceptibility. By grouping 

participants by their motion sickness susceptibility, the influence of the preemptive tilting seat 

could be assessed by their susceptibility. A numeric value was assigned to self-reported 

susceptibility and frequency. To indicate their motion sickness susceptibility, participants could 

select one of five options: (a) Not at All, (b) Minimally, (c) Moderately, (d) Very, and (e) 

Extremely. Each of those options is assigned a numerical score between 1 and 5, with “Not at All” 

being assigned a score of 1 and “Extremely” being assigned a score of 5. To indicate their 

frequency of motion sickness, participants could select one of four options: (a) Never, (b) Rarely, 

(c) Sometimes, and (d) Frequently. Each of those options is assigned a numerical score between 1 

and 4, with “Never” being assigned a score of 1 and “Frequently” being assigned a score of 4. For 

each participant, by summing their response score, they were bucketed into one of the three 

categories of motion sickness response (i.e., Low = sum less than equal to 4, Mod = more than or 

equal to 5 and less than or equal to 7, High = more than or equal to 8 and less than or equal to 9). 

Ten participants (five females + five males) were categorized as low motion sickness 

susceptibility, eighteen participants (eleven females + seven males) were categorized as moderate 

motion sickness susceptibility, and one participants (one female + zero male) were categorized as 

high motion sickness susceptibility. The majority of the participants were moderate and low 
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susceptibility. Unlike the previous APS study, recruiting high motion sickness susceptibility 

participants proved to be challenging. 

 

Fig 6-8 Summary of Tilting Seat System Study Participant Demographics including self-reported 
motion sickness susceptibility 

6.6 Research Vehicle Path 

The test vehicle (Section 4.3) was run at the Mcity test facility for all test conditions (Fig 6-9). 

A path was designed to traverse the various driving environments at Mcity, to ensure that the 

participants experience a suitable range of motion events and time between events (e.g., short vs. 

long right turns). The path was limited to different types of left and right turns only. No braking 

or stop events were included. This was to limit the motion of the tilting seat system to roll. Further 

research is required to determine optimal seat motion for stop events. The peak lateral associated 

with the path was 6 m/s2. This lateral acceleration are typical of everyday driving conditions [244].  
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Fig 6-9 Test path on the Mcity Test Track for Tilting Seat Study 

Each test condition included 3 loops of the designed path, with each loop consisting of 

numerous left turns and right turns. The path consisted of 9 left turns and 7 right turns. The time 

between turns varied between 3 seconds to as much as 10 seconds. The duration of the turns also 

varied, as some turns (e.g., about traffic circles) were longer than others. Thus, the participants 

could not learn or memorize the test path, and it represented realistic driving conditions by 

recreating similar accelerations as everyday driving. The detailed description and driving 

instructions for the path are summarized in Table 6-4. Each loop of the path took approximately 

6.5 minutes to complete, for a total time of approximately 20 minutes for all 3 loops. 

EVENT DRIVING INSTRUCTIONS EVENT DRIVING INSTRUCTIONS 

Start Event a) 15 mph 
b) Rolling Left Event 9 

a) Left (About traffic circle), 10 mph 
b) Exit circle, 15 mph 

Event 1 a) Rolling Left Event 10 a) Left (About traffic circle), 10 mph 
b) Exit circle, 15 mph 

START OF PATH
AND STOP EVENT

TRAVEL DIRECTION

S
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Event 2 a) Rolling Left Event 11 a) Rolling right 
b) 12 mph 

Event 3 a) Rolling Left  
b) 12 mph Event 12 a) Left (About traffic circle) 

b) Exit circle, 12 mph 

Event 4 a) Left (About traffic circle), 12 mph 
b) Exit circle,15 mph Event 13 a) Rolling Right 

Event 5 a) Rolling Right  
b) 12 mph Event 14 a) Rolling Right 

Event 6 a) Rolling Left 
b) 12 mph  Event 15 a) Right (About traffic circle), 12 mph 

b) Exit circle, 12 mph 

Event 7 a) Right (About traffic circle)  
b) Exit circle, 12 mph Event 16 a) 15 mph (towards Start Event) 

b) Repeat path 
Event 8 a) Rolling Right   

Table 6-4 Summary of Test Path and Driving Instructions for Tilting Seat Study 

6.7 Experimental Results 

This section describes the results of analysis of three types of data collected during the study. 

This data represents a subset of the total data collected during the experiments. The three types of 

data are: (a) Self-Reported Motion Sickness Score, (b) Task Performance, and (c) Subjective 

Participant Responses. The motion sickness scores are based on the UMTRI Motion Sickness 

Scale described earlier (Section 4.5.2). Task performance data consists of accuracy and response 

time (additional details are described in Section 4.5.1). Subjective Participant Responses were 

collected in response to questionnaires administered to all participants at the end of the study. 

6.7.1 Motion Sickness Response 

In Fig 6-10, the mean CS scores for all twenty-nine participants across both test conditions are 

plotted as a function of time. Initially the CS response seems similar across both test conditions 

(before 5 mins). The difference in the rate of accumulation of CS is most apparent between 5mins 

and 15mins. The rate of CS accumulation is highest for TC 2 (i.e., AST OFF), and lowest for TC 

1 (i.e., AST ON). This data supports the hypothesis that even when the participant is performing a 
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task, the preemptively triggered tilting seat system can help reduce the rate of CS accumulation. 

As expected, the final CS score is lower (at 19.5mins) for TC 1 as compared to TC 2. However, a 

small dip is observed in the final CS score (at 19.5mins) for TC 2. This sudden reduction in CS 

score may have been due to the inherent nonlinearity in a person’s motion sickness response caused 

by the body’s motion sickness recovery mechanism. Another possible reason for a sudden 

reduction in CS score may have been due to the participant disengaging from the task, leading to 

temporary relief. This may explain why the sudden dip is more pronounced in the TC 2 condition 

when the tilting seat system was not operational. 

A further analysis to determine the final MS score for all participants across test conditions 

showed that for 15 out of 29 (7 females + 8 males, 52%) participants the final MS score was higher 

for TC2 as compared to TC1. This is an indication that the tilting seat system is able to keep the 

CS score lower for at least 50% of the participants. 7 out of 29 (4 females + 3 males) participants 

had the same final CS score across both test conditions, and 7 out of 29 (6 females + 1 male) 

participants had a higher final CS score for TC 1 as compared to TC 2 (the delta was within 2 

points on the UMTRI scale). These results are summarized in Table 6-5. This motivated the need 

for analysis of CS score data by gender of the participant. The mean CS score was obscuring 

nuanced differences in the motion sickness response of the participants. 

Further analysis of the data revealed that there was a difference in CS response as a function of 

the gender and motion sickness susceptibility of the participants. The mean CS scores for all twelve 

male participants across both test conditions are plotted as a function of time in Fig 6-11. There is 

a significant noticeable difference in both the rate of accumulation of CS score and peak CS score 

across test conditions for male participants. Both the final CS score and rate of accumulation of 

CS was drastically lower for TC 1 as compared to TC 2. Therefore, the tilting seat had a significant 
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influence on the CS response of the male participants. 

 

Fig 6-10 Mean Motion Sickness Scores across all Tilting Seat Study Participants, grouped by 
Test Conditions 

FINAL CS 
SCORE 

LOW 
SUSCEPTIBILITY 

MODERATE 
SUSCEPTIBILITY 

HIGH 
SUSCEPTIBILITY TOTAL 

FEMALE MALE FEMALE MALE FEMALE MALE 

TC 2 > TC 1 1/5 5/5 6/11 3/7 0/1 0/0 15/29 

TC 2 ~ TC 1 1/5 0/5 2/11 3/7 1/1 0/0 7/29 

TC 2 < TC 1 3/5 0/5 3/11 1/7 0/1 0/0 7/29 

Table 6-5 Final CS Score Data Summary across test conditions and gender of participants 

However, the CS response for the female participants was very different from that of the male 

participants. The mean CS scores for all seventeen female participants across both test conditions 

are plotted as a function of time Fig 6-12. There is almost no noticeable difference in the rate of 

CS accumulation across test conditions, with the CS score for TC 1 rising slightly higher than the 

CS score for TC 2 towards the end of the study. This data indicates that the preemptively triggered 
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tilting seat system has no influence on CS response of female participants. There are several 

possible causes of this disparity in CS response of female participants versus male participants. 

 

Fig 6-11 Mean Motion Sickness Scores across Male Participants Only, grouped by Test Condition 

One possible reason for the disparity in female and male participant CS response may be due to 

the disparity in the number of female versus male participants. Since there are more female 

participants (as compared to males), and one of the female participants has high motion sickness 

susceptibility (no high susceptibility males), the female participant data may be disproportionately 

affecting the aggregated CS score data. A sensitivity analysis was performed to study the effect of 

this disparity. Data from certain female participants was removed from analysis to achieve parity 

between the number of male and female participants (equal numbers), including by motion 

sickness susceptibility. By ensuring equal numbers of male and female participants of each motion 

sickness susceptibility group, one set of participants should not be able to disproportionately affect 

the aggregated CS score data. Different strategies were used to determine which female 

participants to exclude. First, the high susceptibility female participant data was excluded as there 
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was no corresponding data for a male high susceptibility participant. Second, four moderate 

susceptibility females were randomly selected and removed from the data analysis to ensure an 

equal number of males and females. The mean CS scores for one such reduced female datasets is 

shown in Fig 6-13. As is evident from the figure, there is no statistically significant difference 

between the mean CS score trends for all seventeen female participants (Fig 6-12) versus a 

randomly chosen group of twelve female participants (Fig 6-13). Therefore, the CS score trend in 

female participant data is not sensitive to the response of a few participants only, and instead is 

representative of most female participants of the study. 

The CS scores aggregated across all participants may obscure the contrast in CS response by 

test conditions across motion sickness susceptibility and gender. In Fig 6-14, the mean CS scores 

for low susceptibility participants across both test conditions are plotted as a function of time. In 

Fig 6-14 (Left) the mean data for all five male participants with low motion sickness susceptibility 

is plotted. From this data, it is observed that the tilting seat system (AST) is able to reduce the male 

participants’ motion sickness. Both the peak CS score and rate of accumulation of CS for TC 1 

was lower than that for TC 2. The data seems to indicate that a preemptively triggered tilting seat 

system helps reduce motion sickness for low susceptibility male participants. 
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Fig 6-12 Mean Motion Sickness Scores across Female Participants Only, grouped by Test 
Condition 

 

Fig 6-13 Mean Motion Sickness Scores across one set of randomly selected Female Participants 
Only, grouped by Test Condition. 12x female participants, equal to number of male participants 

In Fig 6-14 (Right) the mean data for all five female participants with low motion sickness 

susceptibility is plotted. From this data, it is observed that the tilting seat system is not able to 

reduce the female participants’ motion sickness. The peak CS score and rate of accumulation of 
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CS appears to be similar, irrespective of test condition. In the second half of the study (at 

approximately 10 mins), the CS score for TC 1 is higher than the CS score for TC 2. The data 

seems to indicate that a preemptively triggered tilting seat system does not help reduce motion 

sickness for the low susceptibility female participants. It is also worth noting that, irrespective of 

test condition, the CS scores for male low susceptibility participants appears to be higher than the 

scores for female low susceptibility participants. 

  

Fig 6-14 (Left) Mean Motion Sickness Scores across Low Susceptibility Male participants. 
(Right) Mean Motion Sickness Scores across Low Susceptibility Female participants 

A similar trend in CS score data is observed for moderate susceptibility male and female 

participants. In Fig 6-15, the mean CS scores for moderate susceptibility participants across both 

test conditions are plotted as a function of time. In Fig 6-15 (Left) the mean data for all seven male 

participants with moderate motion sickness susceptibility is plotted. From this data, it is observed 

that the tilting seat system (AST) is able to reduce the male participants’ motion sickness. Both 

the peak CS score and rate of accumulation of CS for TC 1 was lower than that for TC 2. However, 

as shown in Fig 6-15 (Right) the mean data for all moderate susceptibility female participants does 

not show a decrease in CS score due to the tilting seat. Therefore, across both low and moderate 
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susceptibility participants, the preemptively triggered tilting seat system is able to reduce motion 

sickness for male participants, but not for female participants of this study. To ensure that these 

trends in CS response are meaningful, statistical analysis to determine their significance was 

required. 

A Linear Mixed Modelling (LMM) approach with random intercept and slope was used to 

statistically model the CS response data across all participants. Linear modelling is sufficient as 

the modelling error over the experimental data was minimal. The fixed effects for the model 

include test conditions (i.e., TC 1, TC 2, and TC 3) and time (i.e., 0 mins, 1.5 mins… 19.5 mins). 

The random slope for CS response measures individual variability over time for participants for a 

given test condition. Additional models with participant age as a fixed effect were also investigated 

to determine that it had no significant effect on the results. This result was expected as the 

experiment design and participant eligibility and selection criteria were deliberately chosen to 

ensure no significant effects due to participant age. The results of the LMM for all twenty-nine 

participants over the entire duration of the study (0 mins to 19.5 mins) are summarized in Table 

6-6. The model uses TC 2 as a reference condition for analysis. The intercept refers to the CS score 

at time 0 mins (i.e., beginning of the test condition). 
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Fig 6-15 (Left) Mean Motion Sickness Scores across Moderate Susceptibility Male participants. 
(Right) Mean Motion Sickness Scores across Moderate Susceptibility Female participants 

FIXED EFFECT COEFFICIENT ESTIMATE STANDARD 
ERROR P-VALUE 

Intercept of TC 2 (AST_OFF) 
Reference Condition 0.841 0.204 4.31 e-5 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.493 0.147 8.38 e-4 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.256 0.025 1.90 e-23 

Δ Slope TC 1 (AST_ON) 
vs TC 2 -0.018 0.013 1.63 e-1 

Table 6-6 Linear Mixed Effects Model Results (Fixed Coefficient Results) for Tilting Seat Study 

From the results, at the beginning of both test conditions, the CS score across all participants is 

nearly 0 (yet significantly non-zero). There is a small (yet statistically significant) difference 

between the test conditions, with the intercept of TC 2 being larger than TC 1. This is expected as 

the experiment is designed to ensure that participants have the same or similar CS at the beginning 

of all the test conditions. The slope refers to the rate of accumulation of CS over the test condition. 

The difference in rate of accumulation of CS across test conditions is not statistically significant, 

with the lowest rate for CS accumulation being associated with the TC 1 condition. 

Since the motion sickness response of participants has some non-linearity, an additional mixed 
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model was developed over a smaller time period of the study which had a lower model error. Based 

on the model fit statistics, the time period between 0mins and 12mins was modelled as it had nearly 

50% better model fit and at the same time provided enough time for motion sickness accumulation 

to be meaningful. The results of the LMM over a portion of the study (0mins to 12mins) are 

summarized in Table 6-7. From the results, at the beginning of both test conditions, the CS score 

across all participants is close to 0 (yet significantly non-zero). The difference in rate of 

accumulation of CS across test conditions is statistically significant, with the lowest rate for CS 

accumulation being associated with the TC 1 condition. The rate of CS accumulation for TC 1 is 

nearly 20% lower than for TC 2. This indicates that the tilting seat has a statistically significant 

reduction in the CS response of the participants. 

FIXED EFFECT COEFFICIENT ESTIMATE STANDARD 
ERROR P-VALUE 

Intercept of TC 2 (AST_OFF) 
Reference Condition 0.430 0.167 1.04 e-2 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.272 0.147 6.35 e-2 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.339 0.029 7.86 e-28 

Δ Slope TC 1 (AST_ON) 
vs TC 2 -0.062 0.021 2.48 e-3 

Table 6-7 Linear Mixed Effects Model Results (Fixed Coefficient Results) for Tilting Seat 
Study, from 0mins to 12mins for all participants 

While the experiment was designed to have an even balance between participant genders, the 

data indicated a significant influence due to participant gender. Therefore, additional LMM models 

were used to statistically model male and female participant data. The results of the LMM of only 

female participant data, over different time periods, are summarized in Table 6-8. From the results, 

as expected, the intercepts for TC 1 and TC 2 are close to each other. While the experiment was 

designed to ensure participants have similar CS at the beginning of all test conditions, this was 

impossible to enforce. Also, there was no statistically significant difference in rate of accumulation 
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of CS scores across test conditions (0mins to 12mins). There is a small statistically significant 

effect on rate of CS score accumulation across test conditions when modelled over the entire 

19.5mins duration. However, the model fit error is larger for this mixed model. This data indicates 

that the tilting seat does not have any statistically significant effect on the CS response of female 

participants. However, the LMM results of only male participant data paints a different picture. 

LINEAR MIXED MODEL RESULTS OVER 0MINS TO 19.5MINS 

FIXED EFFECT COEFFICIENT ESTIMATE STANDARD 
ERROR P-VALUE 

Intercept of TC 2 (AST_OFF) 
Reference Condition 1.159 0.287 6.36 e-5 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.582 0.193 2.77 e-3 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.232 0.037 7.27 e-10 

Δ Slope TC 1 (AST_ON) 
vs TC 2 0.038 0.017 2.42 e-2 

LINEAR MIXED MODEL RESULTS OVER 0MINS TO 12MINS 
Intercept of TC 2 (AST_OFF) 

Reference Condition 0.671 0.238 5.15 e-3 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.401 0.203 4.86 e-2 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.332 0.041 1.36 e-14 

Δ Slope TC 1 (AST_ON) 
vs TC 2 -0.001 0.028 9.82 e-1 

Table 6-8 Linear Mixed Effects Model Results (Fixed Coefficient Results) for Tilting Seat 
Study, Female Participant Data only 

The results of the LMM of only male participants’ data, over different time periods, are 

summarized in Table 6-9. From the results, the intercepts for both test conditions are non-zero but 

with no statistical significance (i.e., the null hypothesis of intercept being 0 cannot be ignored). 

This is supported by the experiment design where all participants should have the same or similar 

CS score at the beginning of all test conditions. The noteworthy result is the difference in rate of 

accumulation of CS across test conditions. The results indicate that the tilting seat system 

dramatically reduced the rate of CS accumulation for male participants (statistically significant) 
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by over 30% when modelled over the entire 19.5mins duration. When modelled over a duration of 

12mins (with better model fit), the results indicate that the tilting seat system reduced the rate of 

CS accumulation for male participants (statistically significant) by over 40%. These results 

indicated that the tilting seat system helped reduce the CS response of male participants. 

LINEAR MIXED MODEL RESULTS OVER 0MINS TO 19.5MINS 

FIXED EFFECT COEFFICIENT ESTIMATE STANDARD 
ERROR P-VALUE 

Intercept of TC 2 (AST_OFF) 
Reference Condition 0.448 0.248 7.15 e-2 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.343 0.189 7.04 e-2 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.287 0.029 1.18 e-20 

Δ Slope TC 1 (AST_ON) 
vs TC 2 -0.093 0.017 3.73 e-8 

LINEAR MIXED MODEL RESULTS OVER 0MINS TO 12MINS 
Intercept of TC 2 (AST_OFF) 

Reference Condition 0.087 0.195 6.56 e-1 

Δ Intercept TC 1 (AST_ON) vs TC 2 -0.091 0.190 6.34 e-1 
Slope of TC 2 (AST_OFF) 

Reference Condition 0.348 0.037 1.86 e-17 

Δ Slope TC 1 (AST_ON) 
vs TC 2 -0.150 0.027 5.66 e-8 

Table 6-9 Linear Mixed Effects Model Results (Fixed Coefficient Results) for Tilting Seat 
Study, Male Participant Data only 

In summary, the CS response results from this study paint a confusing picture. Aggregated data 

across all 29 participants showed that a preemptive tilting seat can reduce carsickness (slightly). 

However, when the CS response is analyzed by gender, we saw that the preemptive tilting seat had 

a dramatic reduction of CS for male participants, while it had no statistically significant effect on 

female participant CS response. Despite identical experimental conditions and strict participant 

inclusion and exclusion criteria, the CS response varied as a function of the gender of the 

participant. It is likely that a larger sample size of participants (recommend more than 50) can 

provide more insight and data to reduce this disparity in motion sickness response due to gender. 
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6.7.2 Representative Task Performance 

Task performance was quantified using the following parameters: (a) accuracy of responses, (b) 

percentage of skipped questions, and (c) response time for answering questions. Accuracy of 

responses was defined as the ratio between the number of questions answered correctly and the 

sum of the number of questions answered correctly, questions answered incorrectly, and questions 

skipped. This sum of questions represents the total number of questions viewed by a participant 

during the test condition. The percentage of skipped questions was defined as the ratio between 

the number of skipped questions and the total number of questions viewed by the participant during 

the test condition. The response time for answering questions was defined as the time between the 

participant first viewing a question to them either finalizing their response or skipping the question. 

Of the 29 participants, task performance data for 5 participants was corrupted or lost due to system 

errors. Of these five participants, one participant was a moderate susceptibility female, one 

participant was a low susceptibility female, one participant was a low susceptibility male, and 

remaining two participants were moderate susceptibility males. Therefore, task performance data 

analysis was only performed on data from 24 participants. 

Since the task performance data was a continuous paired non-parametric dataset, Wilcoxon 

Signed-Rank analysis was used to statistically model task performance to determine significance. 

Task performance data was aggregated across all 24 participants and comparison of task 

performance across the test conditions (namely TC 1 and TC 2) is summarized in Table 6-10. A 

comparison of task performance between TC 1 and TC 2 is required to determine the influence of 

tilting seat system on quality of task performance. Across all the data in Table 6-10, there is no 

statistically significant difference in quality of task performance across both those test conditions. 

For accuracy, the means across both TC 2 and TC 1 are similar and within only a couple of percent 
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points of each other. For response time, the means across both TC 2 and TC 1 vary by as much as 

3 seconds of each other, but this difference is not statistically significant, and the size of this effect 

is small to moderate in relation to their respective standard deviations. This means that the tilting 

seat system had no statistically significant influence on task performance.  

Since there was a significantly different CS response due to gender of the participant, the task 

performance was also analyzed by participant gender. Task performance data was aggregated 

across all 15 female participants and comparison of task performance across the test conditions 

(namely TC 1 and TC 2) is summarized in Table 6-11. Across most of the data for female 

participant task performance, there was no statistically significant difference in quality of task 

performance across both those test conditions. Notably, there was a small (yet statistically 

significant) spike in accuracy of high cognitive burden questions in TC 1 condition. This is an 

indication that while the tilting seat might have had a negative influence on their CS response, it 

may have slightly improved their task performance. For response time, the means across both TC 

2 and TC 1 vary by as much as 7 seconds of each other, but this difference was not statistically 

significant. 

Since the tilting seat system had a significant reduction on the CS response of male participants, 

a similar positive influence on task performance was expected. Task performance data was 

aggregated across all 9 male participants and comparison of task performance across the test 

conditions (namely TC 1 and TC 2) is summarized in Table 6-12. Across all the data, there is no 

statistically significant difference in quality of task performance across both those test conditions. 

For accuracy, the means across both TC 2 and TC 1 are similar and within only a couple of percent 

points of each other. For response time, the means across both TC 2 and TC 1 vary by as much as 

8 seconds of each other, but this difference is not statistically significant. This means that the tilting 
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seat system had no statistically significant influence on task performance of male participants. 

PARAMETER TC 2 – AST OFF TC 1 – AST ON Δ TC 1 & TC 2 
Mean Accuracy across all 

questions 84% ± 8% 85% ± 8% TC 1 ~ TC 2 

Mean Accuracy of only low 
cognitive questions 88% ± 8% 87% ± 6% TC 1 ~ TC 2 

Mean Accuracy of only high 
cognitive questions 79% ± 12% 83% ± 13% TC 1 ~ TC 2 

Mean Percentage of skipped 
questions 1% ± 1% 1% ± 1% TC 1 ~ TC 2 

Mean Response time across 
all questions 27s ± 8s 27s ± 12s TC 1 ~ TC 2 

Mean Response time across 
only low cognitive questions 23s ± 7s 26s ± 12s TC 1 ~ TC 2 

Mean Response time across 
only high cognitive questions 30s ± 14s 29s ± 20s TC 1 ~ TC 2 

Table 6-10 Summary of Task Performance Statistical Analysis by Test Conditions for All 
Participants. Note: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 

PARAMETER TC 2 – AST OFF TC 1 – AST ON Δ TC 1 & TC 2 
Mean Accuracy across all 

questions 84% ± 8% 86% ± 8% TC 1 ~ TC 2 

Mean Accuracy of only low 
cognitive questions 91% ± 8% 87% ± 6% TC 1 ~ TC 2 

Mean Accuracy of only high 
cognitive questions 78% ± 12% 85% ± 10% TC 1 > TC 2 * 

Mean Percentage of skipped 
questions 2% ± 2% 2% ± 1% TC 1 ~ TC 2 

Mean Response time across 
all questions 27s ± 9s 25s ± 6s TC 1 ~ TC 2 

Mean Response time across 
only low cognitive questions 23s ± 8s 26s ± 11s TC 1 < TC 2 

Mean Response time across 
only high cognitive questions 30s ± 16s 23s ± 8s TC 1 ~ TC 2 

Table 6-11 Summary of Task Performance Statistical Analysis by Test Conditions for Female 
Participants. Note: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 

PARAMETER TC 2 – AST OFF TC 1 – AST ON Δ TC 1 & TC 2 
Mean Accuracy across all 

questions 83% ± 7% 84% ± 10% TC 1 ~ TC 2 

Mean Accuracy of only low 
cognitive questions 85% ± 8% 88% ± 6% TC 1 ~ TC 2 

Mean Accuracy of only high 81% ± 11% 79% ± 16% TC 1 ~ TC 2 
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cognitive questions 
Mean Percentage of skipped 

questions 1% ± 1% 1% ± 0% TC 1 ~ TC 2 

Mean Response time across 
all questions 26s ± 7s 32s ± 17s TC 1 ~ TC 2 

Mean Response time across 
only low cognitive questions 24s ± 6s 26s ± 15s TC 1 ~ TC 2 

Mean Response time across 
only high cognitive questions 30s ± 11s 38s ± 29s TC 1 ~ TC 2 

Table 6-12 Summary of Task Performance Statistical Analysis by Test Conditions for Male 
Participants. Note: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 

6.7.3 Subjective Participant Response 

Every participant was interviewed after their participation in every test condition and asked to 

describe their experience qualitatively. The interview consisted of various open and close ended 

questions to determine the quality of the participants experience during the test condition. 

Participants were asked about their overall experience inside the test vehicle to determine if any 

environmental factors such as temperatures or smells influenced their CS response. None of the 

participants reported any issues with these environmental factors during the study. Similarly, none 

of the participants reported any discomfort or annoyance associated with the instrumentation and 

sensors that were used to collect data. Like the APS study, when participants were asked about 

their experience performing the task during the study, majority of the participants indicated that it 

was harder to perform the task in a moving car as compared to the baseline task performed in a 

room. 

When asked about their overall comfort and ability to notice the motion of the tilting seat 

system, 23 out of 29 (80%) participants indicated that they did not find the motion of the tilting a 

source of annoyance or discomfort or even noticeable. The remaining 6 participants found the seat 

motion to be noticeable, especially during sharp turns, but did not find it to cause any discomfort. 

Since the motion sickness response varied by the gender of the participants, their subjective 
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preferences were also analyzed by participant gender. 12 out of 17 (71%) of female participants 

indicated that they did not find the motion of the tilting a source of annoyance or discomfort or 

even noticeable. This indicates that while the tilting seat system did not reduce motion sickness 

for most female participants, majority of those participants did not find the motion of the tilting 

seat to be annoying or noticeable. 11 out of 12 (92%) of male participants indicated that they did 

not find the motion of the tilting a source of annoyance or discomfort or even noticeable. This 

indicates that not only did the tilting seat system reduce motion sickness for male participants, the 

motion of the seat also did not cause any annoyance. This data supports the claim that at least for 

some of the study participants, the chosen tilting seat trajectory was both effective in reducing CS 

and did not cause any annoyance. 

At the end of the study, after the participants had successfully completed participation in all test 

conditions, participants were asked if they liked the tilting seat system and would the same or 

similar system in a car as a passenger. The goal of this question was to determine the participants 

overall preference for a tilting seat system, in addition to their subjective CS score. Of the 29 

participants, 20 participants (70%) indicated a positive preference for the tilting seat system. Some 

participants believed that the tilting seat system helped them perform the task better. Other 

participants believed that the tilting seat increased their overall comfort and reduced their motion 

sickness. Specifically, one male participant mentioned that the tilting seat leaned them into the 

turn allowing them to relax their body which increased overall comfort. This data is summarized 

in Table 6-13. 

Of those 20 participants with a positive preference for the tilting seat system, 9 participants 

(9/17, 53%) were female and 11 participants (11/12, 92%) were male. This indicates that while the 

CS score data suggests that the tilting seat did not reduce motion sickness for female participants, 
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about half of them still indicated a positive preference for the tilting seat system. When asked to 

expand on the reason for their preference, some of these female participants indicated that they 

believed the tilting seat system made it easier to perform the task. One female participant indicated 

that the tilting seat system made the ride feel smoother. Further analysis looked at the combination 

of tilting seat experience and preference. Across 12 male participants, 11 participants indicated 

that they have, both a preference for the tilting seat system and did not find the motion of the seat 

to be noticeable or annoying. Only 1 male participant indicated that they did not prefer the tilting 

seat system and found the motion of the seat to be noticeable. One male participant’s feedback was 

that they did not find the motion of the seat to be proportional to the intensity of the turn.  

The data for female participants was more varied. Across the 17 female participants, 9 

participants indicated a positive preference for the tilting seat system, and 7 of these 9 found the 

motion of the seat to not be noticeable or annoying. The remaining 8 female participants indicated 

that they do not prefer the tilting seat system, and 5 of these 8 found the motion of the seat to not 

be noticeable or annoying. 

PREFERENCE 
FOR TILTING 

SEAT 

MOTION OF 
SEAT 

NOTICEABLE 

MOTION SICKNESS SUSCEPTIBILITY 

TOTAL LOW MODERATE HIGH 

FEMALE MALE FEMALE MALE FEMALE MALE 

Yes No 3/5 5/5 4/11 6/7 0/1 0/0 18/29 

Yes Yes 1/5 0/5 1/11 0/7 0/1 0/0 2/29 

No No 0/5 0/5 5/11 0/7 0/1 0/0 5/29 

No Yes 1/5 0/5 1/11 1/7 1/1 0/0 4/29 

Table 6-13 Summary of Tilting Seat Preference and Motion of Seat Noticeable subjective 
responses across all participants 

This data is an indication that the tilting seat system may have had a positive effect on the 

overall experience of the female participants, and this positive effect was (possibly) not captured 

by their self-reported CS score data or task performance data. This is the first study to report 
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qualitative data of this kind indicating a subjective preference for a tilting seat system that has 

mixed efficacy in reducing CS. 

6.8 Discussion 

The data from this study shows an unexpected and unexplainable influence of a tilting seat 

system on motion sickness. The data from this study shows a difference in CS response as a 

function of gender of the participant. There is limited evidence in prior literature to suggest that 

the carsickness response varies as a function of participant gender [63]. Therefore, it is unlikely 

that the disparity in CS score was simply due to gender effects. 

The preemptively triggered tilting seat reduces motion sickness for male participants but had 

no effect on the motion sickness response of the female participants of the study. Yet, just over 

half the female participants still indicated a positive preference for the tilting seat system. When 

combined with the data on female participant task performance (which showed a small positive 

effect on task performance of female participants), it is possible that the tilting seat system might 

have had a positive effect on the female participants, and this effect was not observable in their 

self-reported CS scores. This may be due to the inherent limitation of the self-reported CS score 

system which is subjective in nature and is susceptible to the varying levels of participant’s self-

awareness.  

Majority of the male participants who indicated a preference for the tilting seat system also 

indicated that they did not find the motion of the seat noticeable or annoying. This was by design, 

as the trajectory of the seat motion was chosen to minimize acceleration and provide a smooth 

motion. Nearly half of the participants who did not prefer the tilting seat system also indicated that 

they found the motion of the seat noticeable (but not necessarily annoying). This data seems to 

indicate that the trajectory and type of motion of the tilting seat might play a significant role in CS 
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mitigation, and its subjective perception and acceptance by passengers. Further investigation is 

required to determine optimal seat motion trajectories that will maximize both CS mitigation and 

positive preference for the tilting seat. 

The available data from this study does not provide a clear indication of why the CS response 

of the participants varied by gender. One possible reason could be the lack of repeatability in 

experimental conditions. However, the data across all participants shows minimal error in seat 

motion, vehicle driving experience, and preemptive triggering of the seat. Therefore, it is unlikely 

that poor experimental repeatability was the cause for this variance in CS response. Another 

possible reason could be the participants themselves, in that the participants in this study had some 

unknown or unconscious prejudice against the tilting seat system. However, participants were 

recruited from a participant pool of hundreds of potential candidates and were not given any 

specific information about the expected relationship between the tilting seat system and CS 

response which could have biased them. Therefore, it is unlikely that an unknown bias or prejudice 

is responsible for the disparity in CS mitigation across participant gender. It is likely that a larger 

sample size of participants may help address this disparity in CS scores and provide definitive 

insights regarding the behavior of the tilting seat system. Using the CS score data from this study, 

future researchers can use statistical power estimation and statistical sample size estimation tools 

to determine the minimum number of participants required to provide definitive insights. 

The data also shows that the tilting seat has no statistically significant influence on task 

performance. This means that the tilting seat system can reduce motion sickness for the male 

participants of the study without interfering with their task performance. While there is no 

measurable difference in task performance, the majority of the male participants indicated a strong 

preference for the tilting seat system. Some of the male participants also mentioned that the tilting 
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seat system “seemed” to help them perform the task better. Similarly, even female participants 

who did not see a reduction in motion sickness indicated that the tilting seat system “seemed” to 

help them perform the task better. For female participants, the response time for high cognitive 

burden questions reduced when the tilting seat system was on (statistically significant). There was 

no other statistically significant difference in task performance. Therefore, while the task was 

meticulously designed to be a faithful representation of real-world tasks that a passenger may 

perform, further development and improvements may be required to be able to detect more 

nuanced changes in the quality of task performance. This development may include investigating 

different types of questions and/or other modes of task performance assessment such as gaze 

tracking of the passenger. For example, by tracking the gaze of the passenger we can determine 

differences in time spent looking/gazing at the tablet to perform the task and time spent looking 

elsewhere. 

While the results from this study are significant, this study has some practical limitations which 

limit the realism of the test conditions. First, there are limitations in participant recruitment. While 

the total number of participants in the study is within the typical range for similar studies, a larger 

pool of participants (recommend more than 50) will lead to higher quality data. Also, it is difficult 

to recruit participants with a high susceptibility to motion sickness as they are reluctant to 

participate in a study that will make them sick, and they are also more likely to drop out of a study 

if they begin their participation (i.e., higher attrition rate as compared to low susceptibility 

participants).  

Second, the use of a real vehicle on a test track ensures participant safety but limits realistic 

recreation of the experience of a person in a car. For example, a car on the highway may turn for 

many seconds, but the path used in this study only has a maximum separation between events of 
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10 to 15 seconds. Similarly, the path used in this study does not include braking or stop events, 

which is unlike real world driving conditions. Lastly, it is nearly impossible to ensure identical 

experimental and physiological conditions for participants across the three test conditions. While 

the study design requires that participants have nominal sleep, physical activity, and diet across 

the various test conditions, it is impossible to recreate these perfectly. 

Despite these limitations, this is the first study of its kind to investigate the effects of a 

preemptively triggered tilting seat system on CS response while the participants are performing a 

task. This is the first study to investigate the differences in CS response due to tilting seat system 

and task performance on participants grouped by their motion sickness susceptibility. The study 

included driving participants in a real vehicle under realistic driving conditions simulated on a test 

track. Lastly, this is the first study of its kind to also use post participation questionnaires to gauge 

the participants subjective response and experience while participating in the study. Through these 

subjective responses, this study was able to show a positive preference for the tilting seat system 

even in participants who did not show a reduction in their motion sickness score.  

These results motivate the need for future research using similar or improved study designs, 

especially with regards to optimal preemption for the CS mitigation systems. This study used a 

preemption of 3 seconds as that was similar to the preemption used in prior literature and similar 

to the perception and response times of drivers. However, the optimum preemption time to 

maximize motion sickness mitigation remains unknown. This study, like most of the prior 

literature on preemptively triggered tilting seat systems only used the tilting seat to mitigate CS. 

However, there may be an optimal combination of various CS mitigation systems such as 

combining sensory stimuli with tilting seat that can be more effective at reducing CS and may even 

improve the passengers task performance. 
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6.9 Conclusion 

In this chapter, the results from the study to investigate the efficacy of a preemptively triggered 

tilting seat system in mitigating CS are presented (N=29 participants). The results from the study 

demonstrate that a preemptively triggered tilting seat can reduce CS, at least for some participants, 

even when the participant is performing a representative task. Even the participants who did not 

see a reduction in CS indicated a positive preference for the tilting seat system as they believed it 

helped them perform the task better. However, this was not observable in the statistical analysis of 

the task performance data. 

Lastly, results motivate the need for future research using similar or improved study designs to 

investigate open research questions such as optimal amount of preemption, and optimal type of 

seat motion. Further investigations are required to understand the full extent of the positive and 

negative effects of preemptively activated stimuli systems on a vehicle passenger’s motion 

sickness response and overall well-being. 

  



165 
 

 

Chapter 7 Conclusion & Future Work  

The first significant contribution of this research was an improved model to predict motion 

sickness response of a person when they are riding in a vehicle. Unlike the previous MS models 

presented in literature, the model proposed and validated in this research includes visually sensed 

motion (in addition to vestibular sensed motion) as a model input to predict motion sickness. This 

contribution is significant, as the proposed model has a more accurate prediction of motion 

sickness in response to low frequency motion (i.e., at or below 0.1Hz) as compared to models in 

prior literature. A more accurate motion sickness prediction model can allow for benchtop 

evaluation of motion sickness response, without the need for complex human subject experiments. 

In addition, accurate predictions of motion sickness response can be used to trigger motion 

sickness mitigation systems onboard a vehicle. However, the proposed model does have some 

limitations that must be addressed in future research.  

A key limitation of the proposed model is that it relies on visual and vestibular motion sensory 

organs only. The proposed model does not include the proprioceptive organ. As stated in Chapter 

2, the proprioceptive organ is a major motion sensing organ of the body. However, unlike the eyes 

or the vestibular organs, the understanding of how the proprioceptive organ works and senses 

motion is limited. Due to this limited understanding of the proprioceptive organ, there are no 

mathematical models in existing research literature describing its function. Therefore, a key area 

of future research investigation is to develop a better understanding of the physiological and 

biological mechanisms of how the proprioceptive organ senses motion, which can then be used to 

create mathematical models of the proprioceptive organ.  
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In addition, current literature on motion sickness modelling and theory does not provide insights 

into the relative contribution of the various sensory organs to motion sickness. For example, while 

we know that eyes, vestibular organs, and proprioceptive organs can all sense motion, it is not 

known if the motion sensed by one of those organs plays a more significant role than the others in 

causing motion sickness. This insight can not only help improve our understanding of how a person 

gets motion sick, but it can also improve the predictions of motion sickness models. Similarly, 

current literature on the causes of motion sickness is limited by the lack of deeper understanding 

of the human brain. For example, it is not known how the brain (and the nervous system) processes 

the sensed motion leading to a person feeling motion sick. While there are many theories 

attempting to explain the brain’s processing of the sensed motion, there is no definitive evidence 

in support of those theories in current literature. Therefore, a key area of future research 

investigations is to develop a better understanding of the physiological and neurological processes 

of the brain, in response to a person experiencing motion which leads to motion sickness. 

The second significant contribution of this research was the development of a unique research 

vehicle platform (the M-LoW) to study motion sickness response of passengers under realistic 

driving conditions. Some of the unique qualities of the M-LoW include the real time GPS 

information based precise preemptive triggering of the onboard mitigation systems. The M-LoW 

also included extensive instrumentation to track the motion of the vehicle, the motion of the 

passenger, and the passenger’s physiological response while in a moving vehicle. The M-Low also 

had sufficient space for the integration of multiple motion sickness mitigation systems such as the 

haptic stimuli and tilting seat system used in this research. However, the M-LoW had some 

practical limitations.  

The M-LoW was a manually driven vehicle and had to rely on the Wizard of Oz approach (from 
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existing research literature) to emulate autonomous vehicle driving. Manual driving, even after 

extensive training of the drivers, led to some variation in the vehicle speed and acceleration across 

the participants. Since motion sickness response is closely related to the actual motion (and sensed 

motion) of a person, any variation in actual motion of a passenger due to inconsistencies in driving 

can lead to uncontrolled variance in the motion sickness response. To address this limitation, a 

proposed improvement for future research with the M-LoW would be to give the M-LoW some 

type of automated driving capability to reduce variability in vehicle acceleration and speed due to 

manual driving.  

The third significant contribution of this research was the experiment design, execution, and 

results from a human subject’s study evaluating the efficacy of preemptively triggered haptic 

stimuli system in reducing carsickness in passengers performing a NDR task, under realistic 

driving conditions. With data from 24 participants of varying motion sickness susceptibility, it was 

demonstrated that not only did the preemptively triggered haptic stimuli system reduce their 

carsickness, but it did so without negatively affecting the participant’s ability to perform tasks. 

This contribution is significant as this was the first research study to evaluate the effect of a 

participant performing a task on the efficacy of sensory stimuli system in reducing carsickness 

under realistic driving conditions. The data also demonstrated that when a participant is performing 

a task, the preemptive haptic stimuli system was not as effective at reducing carsickness as when 

the participant was not performing a task. Also, this was the first study to provide an assessment 

of the participant’s task performance under the influence of preemptive haptic stimuli system. The 

data demonstrated that the preemptive haptic stimuli system had no effect on the participant’s task 

performance. In addition, this was the first study to use questionnaires to gauge the subjective 

experience of the participants, in addition to their self-reported motion sickness scores to get a 
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better understanding of the participant’s overall experience while participating in the study. The 

data demonstrated that even participants who did not show a reduction in their motion sickness 

score still indicated a positive preference for the haptic stimuli system. Despite its many ‘firsts’, 

this study had its share of limitations. 

A key limitation of this study was participant recruitment. While the total number of participants 

in this study was higher than or the same as the typical range for similar studies, a larger pool of 

participants would lead to higher quality data and more statistical power. This larger pool of 

participants must represent a broader range of motion sickness susceptibilities, age, height, weight, 

and any other factors which may influence a person’s motion sickness response. Also, it was 

difficult to recruit participants with a high susceptibility to motion sickness as they are reluctant to 

participate in a study that will make them sick, and they are also more likely to drop out of a study 

if they begin their participation (i.e., higher attrition rate as compared to low susceptibility 

participants). High motion sickness susceptibility individuals are most vulnerable to motion 

sickness in vehicles, and as indicated by the results of this study, value a reduction in their motion 

sickness highly.  

Another key limitation of this study was in the choice of sensory stimuli (haptic) and encoding 

(i.e., mapping of specific stimuli signals to vehicle motion) of the vehicle motion to the chosen 

sensory stimuli. Based on prior literature, it was assumed that haptic stimuli would be least 

distracting and easy to interpret. However, thorough investigation is required to evaluate this 

assumption. This future research should explicitly test and compare the CS mitigation efficacy of 

(a) different types of sensory stimuli and (b) different encoding for the same sensory stimuli to 

determine the most optimal type and encoding of sensory stimuli to maximize CS mitigation, under 

realistic driving conditions. In addition, while extensive benchtop testing was conducted to 
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determine the haptic sensory encoding and majority of the participants reported that they could 

easily decode the haptic stimuli to determine the upcoming vehicle motion event, further 

investigations are required to determine the optimal encoding of vehicle motion information to the 

haptic stimuli. The optimal encoding may mean that all of the participants (instead of ~90% of the 

participants in this study) would be able to decode information about upcoming vehicle motion, 

which may further reduce their motion sickness response. To address this limitation, future 

research should determine which type of sensory stimuli and associated encoding is most effective 

at reducing carsickness, even when the passenger is performing a task. Only by investigating 

various types of sensory stimuli, including combinations of sensory stimuli (e.g., both audio and 

haptic stimuli or both visual and audio stimuli), can it be determined which type (or combination) 

of stimuli system is most effective at reducing carsickness. 

The fourth (and final) significant contribution of this research was the experiment design, 

execution, and results from a human subject’s study evaluating the efficacy of preemptively 

triggered tilting seat system in reducing carsickness in passengers performing a NDR task, under 

realistic driving conditions. With data from 29 participants of varying motion sickness 

susceptibility, it was demonstrated that the preemptively triggered tilting seat system dramatical 

reduced carsickness for some of the participants (~50% reduction in rate of carsickness 

accumulation of male participants) but had no impact on the carsickness response of remaining 

participants (female participants showed no change in carsickness response). The data also 

demonstrated that the tilting seat helped reduce carsickness without negatively affecting the 

participant’s ability to perform tasks. This was the first study to provide an assessment of the 

participant’s task performance under the influence of preemptive tilting seat system. The data 

demonstrated that the preemptive tilting seat system had no effect on the participant’s task 



170 
 

performance. In addition, this was the first study to use questionnaires to gauge the subjective 

experience of the participants, in addition to their self-reported motion sickness scores to get a 

better understanding of the participant’s overall experience while participating in the study. The 

data demonstrated that even participants who did not show a reduction in their motion sickness 

score still indicated a positive preference for the tilting seat system. Despite its many ‘firsts’, this 

study had its share of limitations. 

A key limitation of this study was the unexpected carsickness response of male versus female 

participants. As stated in Chapter 6 (Section 6.8), it is likely that a larger sample size of participants 

would provide more insights to explain this unexpected carsickness response. While the total 

number of participants in this study was higher than or the same as the typical range for similar 

studies, a larger pool of participants (recommend more than 50) would lead to higher quality data 

and more statistical power. This larger pool of participants must represent a broader range of 

motion sickness susceptibilities, age, height, weight, and any other factors which may influence a 

person’s motion sickness response.  

Another limitation of this study was that only a tilting seat was used which could move the 

passenger in response to the vehicle making a turn (i.e., only lateral accelerations), instead of a tip-

tilt seat that could move the passenger in response to both vehicle making turns and stops (i.e., 

both longitudinal and lateral accelerations). This study was intentionally limited in scope to just 

tilting motion as this research is part of a step by step, thorough investigation process. It is 

recommended that the efficacy of preemptively triggered (only) tilting seat first be established, 

followed by efficacy of preemptively triggered (only) tipping seat, finally leading to an 

investigation of preemptively triggered combined tipping and tilting seat. In addition, this study 

had practical constraints due to limited access to the test track. Since real world driving includes 
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both longitudinal and lateral accelerations, future research to address this limitation must 

investigate the efficacy of a tip-tilt seat system in reducing carsickness.  

Similarly, future research must also determine the optimal seat motion trajectory that can 

maximize motion sickness mitigation. In this study, it was assumed that a smooth and slow 

trajectory of the seat would be least noticeable for participants and would cause least additional 

acceleration of the passenger’s head and torso (thereby not causing motion sickness due to seat 

motion). While the subjective participant data from the tilting seat study appears to support the 

above assumption, further systematic investigation are required to determine the optimal seat 

motion trajectory (for both tip and tilt motion) which maximizes carsickness mitigation. For 

example, it is likely that the assumption that a slow and smooth trajectory would be the right choice 

for a tilting seat. However, further optimization of the trajectory using methods other than 

Gaussian curves may lead to better CS mitigation outcomes. 

Lastly, this study leveraged a commercially available active seat to move the participant during 

the study. As noted earlier, using a commercially available active seat limited the modifications 

which could be made to how the seat would move the passenger. For example, the seat had a 

maximum tilt of 7 degrees which limited the amount of alignment of the person’s head and torso 

with the gravito-inertial acceleration direction for turns with lateral accelerations greater than 1 

m/sec2. Similarly, the center of rotation of the tilting seat used in this study was located just below 

the participant. Prior literature has some evidence to indicate that the center of rotation of a tilting 

seat can influence carsickness response [166]. Therefore, it is recommended that for future 

research, an active seat be developed which would allow for more flexibility in modifying its 

operating parameters (e.g., maximum tilt, center of rotation of tilt, etc.) to study how the attributes 

of the tilting seat may influence carsickness response of the passengers. 
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It is also worth noting that there are critical areas of future research that are common to both the 

haptic stimuli and tilting seat study mentioned above. First, across both the studies a preemption 

time of 3 seconds was chosen as the above studies were attempting to recreate the experience of a 

driver for the vehicle passenger, and prior literature had established that a driver’s perception and 

response time to vehicle events can be as large as 3 seconds. However, the optimal preemption 

time for maximizing carsickness mitigation remains unknown. Further investigations are required 

to determine optimal preemption times, and if they differ due to (a) whether a participant is 

performing a task or not, (b) type or combination of carsickness mitigation system (e.g., sensory 

stimuli and/or tilting seat system), (c) type of vehicle motion, and (d) due to individual variability 

in preference.  

Second, both of the above studies relied on self-reported subjective measurements of the 

participants motion sickness response. Self-reported subjective measurements of motion sickness 

are commonly used in current research as there are no objective measurements of motion sickness, 

and correlations with physiological parameters such as heart rate or perspiration are currently not 

robust enough to replace self-reported measurements. However, self-reported measurements of 

motion sickness, irrespective of the motion sickness scale used, are susceptible to error due to 

individual variability. For example, if a participant is not sensitive to the subtle changes in their 

motion sickness response, they will not report a change in their motion sickness scores, leading to 

lost data. Future research should address this limitation by strengthening correlations between 

objective physiological measurements of a participant (e.g., heart rate, perspiration, muscle 

activity, etc.) and their motion sickness response. The physiological data collected from the studies 

in this research can be used to strengthen the correlations between objective physiological 

measurements of a participant and their motion sickness response. The ideal goal of this future 
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research should be to develop a new method to measure the motion sickness response of an 

individual as objectively as possible.  

Third, both of the above studies limited the view of the outside environment for the participants. 

This was done to reduce uncontrolled variance in motion sickness response of participants due to 

high variability in motion sickness response across individuals as a function of their analysis of 

the vehicle’s environment. However, realistic driving includes vehicles with windows and 

passengers have at least some view of the outside environment. Therefore, there is a need for future 

research evaluating the efficacy of preemptive haptic stimuli system and tilting seat system with 

the participant being able to view the outside environment of the vehicle. 

In summary, despite its limitations, this research identified two promising strategies for motion 

sickness mitigation and provides strong experimental evidence in support of their efficacy. This 

research is the first of its kind to use a real research vehicle, recreate realistic driving conditions, 

and assess both motion sickness response and quality of task performance under the influence of 

preemptively triggered motion sickness mitigation systems. 
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