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There are concerns that viewing two-dimensional (2D) content such as web pages on a head-mounted display (HMD) in the car may aggravate motion sickness. This is because when 2D content is fixed to a head-fixed coordinate system, the appearance of the content does not change even when the body moves; therefore, it is impossible to visually perceive the movement of one’s body, resulting in a sensory conflict between the visual and vestibular senses. A method for reducing motion sickness when displaying 3D content on an HMD has been investigated; however, when displaying 2D content, no such method has been investigated. Therefore, this study aims to verify to the possibility of reducing motion sickness from the change of appearance caused by fixing 2D content to the earth-fixed coordinate system when viewing it with an HMD in a moving environment. Participants sat on a seat that was mounted on a vibrating device and moved in the pitch direction while reading a book on the HMD. Consequently, the severity of motion sickness was significantly lower when the book was fixed to the earth-fixed coordinate system than when fixed to the head-fixed coordinate system. This result suggests that by fixing the content to the earth-fixed coordinate system, motion sickness can be reduced because the movement of one’s body can be perceived through changes in the appearance of the content, and the sensory conflict between visual and vestibular sensations can be resolved.
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1 INTRODUCTION
Motion sickness is a common syndrome associated with nausea/vomiting, and it primarily occurs because of exposure to certain types of real or perceived motions. Depending on the mode of transport or environment, motion sickness is classified as “car sickness,” “seasickness,” or “space sickness.” Visually induced motion sickness (VIMS) (Keshavarz et al., 2015) is a motion sickness caused by visual stimuli such as video games and driving simulators (Merhi et al., 2007; Brooks et al., 2010). In particular, VIMS caused by virtual environments using HMDs is classified as “cyber sickness” (McCauley and Sharkey, 1992), VIMS caused by video games as “game sickness” (Merhi et al., 2007; Keshavarz et al., 2015), and VIMS caused by driving simulators and flight simulators as “simulator sickness” (Brooks et al., 2010). The mechanism of motion sickness has been the subject of many hypotheses. The sensory conflict theory (Reason J., 1978; Reason JT., 1978; Rolland et al., 1995) postulates that motion sickness occurs when there is a mismatch between current input patterns from sensory modalities (vision and vestibular) and past input pattern experiences retained in the central nervous system. This means that an abnormal combination or discrepancy among neural signals from different sensory modalities, such as visual and vestibular signals, is one of the causes of this conflict. According to the subjective vertical conflict theory, which is a derivative of the sensory conflict theory, motion sickness is caused by a conflict between the subjective vertical direction estimated using input patterns from the eyes, vestibular system, and non-vestibular proprioceptors, and the subjective vertical direction estimated based on experience (Bles et al., 1998). Other possible causes of motion sickness are the stimulation of the vagus nerve by eye movement in the eye movement theory (Ebenholtz et al., 1994), posture instability in the postural instability theory (Riccio and Stoffregen, 1991), and the reaction of the toxin warning mechanism owing to the confusion of the spatial reference between the sensory organs in the evolutionary hypothesis (Treisman, 1977). In particular, according to the sensory conflict theory, the cause of motion sickness when reading a book in a car is a conflict between vision and vestibular sensation, in which the vestibular sensation responds without the sensory signal from vision (Reason J., 1978; Reason JT., 1978).
Recently, automated driving has made it possible to perform non-driving tasks in a car, such as reading or operating a tablet; however, this may increase the risk of motion sickness (Wada, 2016). In fact, viewing content on the in-vehicle display while driving causes motion sickness that is about twice as severe as when the task is not performed (Morimoto et al., 2008). According to Kato and Kitazaki (2008), this is caused by the conflict between vision and vestibular sensation, in which the vestibular senses respond without expected sensory signals from vision because viewing content prevents the perception of vehicle and body motion from vision. Therefore, they proposed a method for displaying content on the in-vehicle display that makes it appear to be fixed to the earth-fixed coordinate system. They reported that changing the visual appearance of the content enabled visual perception of body movements in the earth-fixed coordinate system, which minimized the conflict between the visual and vestibular senses and reduced motion sickness.
Head-mounted display (HMD) is expected to be a new way to provide content in a moving vehicle (Li et al., 2021; McGill et al., 2017; Hock et al., 2017) because it has an advantage in that it allows the user to watch videos and read books on a large virtual screen even in a small space. However, as with in-vehicle displays, there is concern that the use of HMDs may lead to motion sickness owing to a conflict between visual and vestibular sensations because the vehicle and body motions cannot be perceived when viewing the content (Li et al., 2021). Furthermore, viewing content on an HMD causes more severe motion sickness than viewing content on an indoor display (Dennison et al., 2016; Yildirim, 2020); there is also a concern that using an HMD in a moving vehicle will cause more severe motion sickness than when using an in-car display. While using an HMD in a moving vehicle, it was demonstrated that reducing the conflict between visual and vestibular sensations by allowing users to perceive vehicle and body movements through a 3D virtual environment corresponding to the real environment reduces motion sickness (Hock et al., 2017). Many studies have been conducted on measures to reduce cyber sickness (Shi et al., 2021), including the introduction of an earth-fixed frame (Shahnewaz Ferdous et al., 2021; Shi et al., 2021) and prediction methods for sickness reduction (Chang et al., 2021; Islam et al., 2021; Monteiro et al., 2021); however, in all these studies, HMD application in moving vehicles was not considered. Further research is required to determine whether these methods are effective for moving vehicles.
In addition to 3D content such as buildings and trees, viewing 2D content such as web pages and e-books displayed on a 2D plane can be considered a possible use of an HMD in a car. However, to the best of our knowledge, previous studies have not clarified whether it is possible to reduce motion sickness when viewing 2D content on HMDs in an externally moving environment, such as a car. Therefore, the purpose of our study is to verify whether fixing 2D content to the earth-fixed coordinate system can reduce motion sickness when viewing its projection on an HMD in an externally moving environment, such as a car. Based on the sensory conflict theory, we hypothesized that motion sickness can be reduced by fixing 2D content to the earth-fixed coordinate system when viewing it on an HMD in an externally moving environment because body movement can be perceived from vision and the conflict between vision and vestibular sensation can be reduced. We used a vibration device to give the participants body movement stimuli in the pitch direction while they read aloud text written on a 2D virtual plane in a virtual 3D space projected on the HMD, which we refer to as “book” in this study. We compared the severity of motion sickness in the earth-fixed and head-fixed conditions, in which the book was fixed to the earth-fixed coordinate system and the head-fixed coordinate system, respectively.
The structure of this paper is as follows. In Section 2, we describe the method of an experiment to verify the possibility of reducing motion sickness by fixing the book on the HMD to the earth-fixed coordinate system in an externally moving environment. In Section 3, the experimental results are described, and in Section 4, the results are discussed.
2 MATERIALS AND METHODS
2.1 Participants
Twenty adults [three females with an average age of 22.5 (M) ± 1.4 (SD) years, range 20–24] participated in the study. The following criteria were used to select the participants: 1) they should have sufficient vision to read a book in the Virtual Reality (VR) space with their naked eyes, contacts, or glasses, and 2) they must be able to calibrate their gaze with the HMD. All participants were unaware of the purpose of this study and were unfamiliar with the experimental task and rationale. All participants provided informed written consent prior to participating in the study. The Ritsumeikan University Ethics Review Committee for Medical and Health Research Involving Human Subjects approved all employed procedures.
2.2 Vibration Device
Participants wearing an HMD sat on a device that vibrated in the pitch direction (Figure 1). The pitch angle of the vibration device was controlled by transmitting waveform signals of the angle change at 20 ms intervals using MATLAB 2019b. The waveform signals consisted of a random combination of two waveforms and a stop interval, as shown Figure 2. The two waveforms differed only in phase: a sine wave with a phase ranging from 0 to π rad and a sine wave with a phase ranging from 0 to -π rad. Both waveforms had a frequency of 0.2 Hz and an amplitude of 0.15 rad. The pause interval between the two waveforms was randomly set between 1 and 3 s. The maximum vibration time was 20 min.
[image: Figure 1]FIGURE 1 | Vibration device.
[image: Figure 2]FIGURE 2 | Target angle in the pitch direction of the vibration device.
2.3 Head-Mounted Display Reading Task Under Vibration
The participants performed an HMD reading task while sitting on the device that vibrated in the pitch direction and reading aloud a book displayed in the VR environment of the HMD for up to 20 min, as shown in Figures 3, 4. The book was displayed 1.0 m in front of the participants and the background of the book was entirely white. The book was 0.5 m long and wide, with 44 characters (4 in length and 11 in width) printed within 0.3 m. The letters were 24 pt in size, which was large enough for the participants to see. The participants read aloud the book in front of them while vibrating, and when they finished reading a page, they pulled the trigger of the controller to turn the page and continued reading aloud. The VR environment was created using Unity 2018.3.7. HTC Vive Pro Eye with a resolution of 2880 × 1600 pixels (1440 × 1600 pixels per eye), a maximum field of view of 110°, and rendered at 90 Hz, was used as the HMD.
[image: Figure 3]FIGURE 3 | VR environment of HMD reading task.
[image: Figure 4]FIGURE 4 | A book displayed in the VR environment of the HMD.
2.4 Experimental Factor
The experimental factor was the reference coordinate system to which the book was fixed, and there were two conditions: head-fixed and earth-fixed. In the head-fixed condition, the book was fixed to the head-fixed coordinate system, and in the earth-fixed condition, the book was fixed to the earth-fixed coordinate system. In the head-fixed condition, the appearance of the book on the HMD does not change even when the body moves, and thus the body movement cannot be perceived. In the earth-fixed condition, the appearance of the book on the HMD changes when the body moves, and thus the body motion can be perceived.
2.5 Measure of Motion Sickness
We used the motion sickness susceptibility questionnaire (MSSQ) (Golding, 2006), MIsery SCale (MISC) (Bos et al., 2005), total symptom score (TSS) (Golding et al., 1995), and the relative evaluation questionnaire (REQ) as measures of motion sickness severity.
2.5.1 Motion Sickness Susceptibility Questionnaire
The MSSQ is a questionnaire that evaluates susceptibility to motion sickness based on the results of a five-point scale (never, never, seldom, sometimes, and often) in which participants rate how often they have experienced motion sickness in various types of vehicles (passenger cars, buses, trains, airplanes, small boats, ships, swings, spinning rides, and amusement park rides) in their childhood up to age 12 and in the past decade from the present.
2.5.2 MIsery SCale
MISC is an 11-point rating evaluation index for determining the severity of motion sickness (Table 1). Participants verbally reported the severity of motion sickness every minute during the HMD reading task under vibration for up to 20 min.
TABLE 1 | MIsery SCale.
[image: Table 1]2.5.3 Total Symptom Score
The TSS is an evaluation index that assesses the severity of motion sickness by the total value in each rating of motion sickness symptoms (dizziness, warm, headache, sweating, stomach awareness, salivation, nausea, pallor, and others) on a four-point scale (not at all: 0, slight: 1, rather: 2, and severe: 3). TSS was evaluated immediately after the reading task, 5 min later and 10 min later.
2.5.4 Relative Evaluation Questionnaire
The REQ is a five-point rating evaluation index that assesses the relative severity of motion sickness disease in both the head-fixed and earth-fixed conditions (Table 2). The participants were asked to choose which condition caused them more severe motion sickness after the two conditions were completed.
TABLE 2 | Relative evaluation questionnaire.
[image: Table 2]2.6 Procedure
We explained the experiment to the participants and asked for their informed consent. After the informed consent was obtained, the MSSQ was evaluated. The participants were then seated on the vibration device while wearing the HMD and holding the controller. Then, they calibrated their gaze. Following calibration, the participants began the HMD reading task under vibration in either the head-fixed or the earth-fixed conditions. During the task, the participants were required to answer the MISC every minute. They completed the TSS immediately after the reading task, 5 min later and 10 min later. The following day, the same procedure was repeated under different conditions, and the participants answered the REQ. To eliminate order effects, on the first day, half of the participants performed the head-fixed condition, while the other half performed the earth-fixed condition.
The HMD reading task lasted for up to 20 min, but if the participant answered six (weakly felt nausea or vexation) in the MISC, the reading task was extended for another 2 min before being terminated. When the participants answered seven (moderate nausea or vexation) on the MISC, the reading task was terminated immediately. To record the MISC when the reading task was interrupted, the blank space between the time of interruption and the end of the HMD reading task was supplemented with the MISC score at the time of interruption. The numbers of completed pages of the book in each condition at the time of the interruption were compared in the reading task performance.
2.7 Statistical Analysis
Because the Kolmogorov-Smirnov test indicated that the assumptions of data normality were violated for REQ, MISC, TSS, and reading task performance, we used non-parametric Wilcoxon signed-rank test for comparing the head-fixed and earth-fixed conditions.
3 RESULTS
In this experiment, six out of 20 participants interrupted the HMD reading task. Two out of six participants interrupted the task in both conditions, three participants interrupted the task in the head-fixed condition, and one participant interrupted the task in the earth-fixed condition.
3.1 Relative Evaluation Questionnaire
Figure 5 shows the mean and standard error of the REQ for all participants. The median REQ was significantly greater than zero, indicating that motion sickness was more severe in the head-fixed condition than in the earth-fixed condition ([image: image], [image: image], two-tailed, Wilcoxon signed-rank test). Moreover, the Wilcoxon signed rank test indicated that the experimental order had no significant effect on the REQ ([image: image], [image: image], two-tailed).
[image: Figure 5]FIGURE 5 | Relative evaluation questionnaire.
3.2 MIsery SCale
Figure 6 shows the mean and standard error of MISC for all participants. The Wilcoxon signed rank test indicated that the reference coordinate system factor had no significant effect on the average value of MISC over the entire time ([image: image], [image: image], two-tailed). Moreover, the Wilcoxon signed rank test indicated that the experimental order had no significant effect on the MISC ([image: image], [image: image], two-tailed).
[image: Figure 6]FIGURE 6 | MIsery scale.
3.3 Total Symptom Score
Figure 7 depicts the mean and standard error of the TSS for all participants. The Wilcoxon signed rank test revealed that the reference coordinate system factor had no significant effect on the average value of TSS over the entire time (z = 0.806, p = 0.506, two-tailed). Moreover, the Wilcoxon signed rank test indicated that the experimental order had no significant effect on the TSS ([image: image], [image: image], two-tailed).
[image: Figure 7]FIGURE 7 | Total symptom score.
3.4 Motion Sickness Susceptibility Questionnaire
Figure 8 shows the mean and standard deviation of the MSSQ for all participants ([image: image] and [image: image]).
[image: Figure 8]FIGURE 8 | Motion sickness susceptibility questionnaire.
3.5 Reading Task Performance
Figure 9 shows the mean and standard error of the reading task performance of all participants. There was no significant difference in the median for each condition ([image: image], [image: image], two-tailed, Wilcoxon signed-rank test).
[image: Figure 9]FIGURE 9 | Reading task performance.
4 DISCUSSION AND CONCLUSION
The purpose of this study was to verify the possibility of reducing motion sickness by fixing the 2D content to the earth-fixed coordinate system when viewing 2D content on the HMD in an externally moving environment. Participants sat on a device that vibrated in the pitch direction while reading aloud from a book projected on the HMD. As a result, the relative severity of motion sickness was significantly lower in the earth-fixed condition, where the book was fixed to the earth-fixed coordinate system, than in the head-fixed condition, where the book was fixed to the head-fixed coordinate system. In the head-fixed condition, the appearance of the book did not change even when the participant moved; therefore, the participant could not perceive body motion from vision. However, in the earth-fixed condition, the appearance of the book on the HMD changes as the body moves, allowing body motion to be perceived. Based on the sensory conflict theory, the reduction of the motion sickness in the earth-fixed condition can be interpreted as a decrease in the conflict between vision and vestibular senses. From the viewpoint of the postural instability theory, the experimental result can also be interpreted to mean that the earth-fixed condition improved postural stability. This study is the first to demonstrate that motion sickness can be reduced by fixing the 2D content to the earth-fixed coordinate system when viewing 2D content on the HMD in an externally moving environment, such as a car.
The findings of this study are consistent with those of studies on motion sickness reduction by Kato and Kitazaki (2008) and Hemmerich et al. (2020). Kato and Kitazaki (2008) proposed a method for reducing the conflict between vision and vestibular sensation, and motion sickness by displaying 2D content such that it can appear to be fixed to the earth-fixed coordinate system using an in-vehicle display, and by making people perceive body motion from the change in the appearance of the 2D content. The novelty of our study compared with the study by Kato and Kitazaki (2008) is that we used an HMD rather than an in-vehicle display. When using an in-vehicle display, the 2D content is fixed to the vehicle-fixed coordinate system, allowing the body motion in the earth-fixed coordinate system to be perceived visually by complementing the vehicle motion. However, when using an HMD, the 2D content is fixed in the head-fixed coordinate system, allowing the body motion to be perceived visually by complementing the body motion in the earth-fixed coordinate system. Although the motions complemented in in-vehicle displays and HMDs are different, our study is the first to demonstrate that motion sickness can be reduced not only in in-vehicle displays but also in HMDs by fixing the content to the earth-fixed coordinate system.
Hemmerich et al. (2020) used an HMD in their motion sickness reduction study, but unlike ours, it was not in an environment where the body was moved. In their experiment, a participant wore an HMD and sat still while being shown 3D content that included a starfield diffused conically from the front. The starfield gave the participant the illusion that the body was moving, causing motion sickness. They reported that presenting a horizon line fixed to the earth-fixed coordinate system significantly reduced the visually induced motion sickness because the horizon made the participant perceive the body motion in the earth-fixed coordinate system as stationary, thereby reducing the conflict between the visual and vestibular senses. A difference between their study and ours is the state of external movement of the body, i.e., whether it is moving or stationary. Another difference is that viewing the content displayed on the HMD causes the body to perceive movement or stillness. Therefore, in their study, there was a sensory conflict, in which the body was visually moving while viewing diffused starfield but was stationary in the vestibular sense. In this study, there was a different type of sensory conflict, in which the body was visually stationary while viewing a book fixed to the head-fixed coordinate system but moved in the vestibular sense. In their study, the sensory conflict was reduced by presenting a horizon line fixed to the earth-fixed coordinate system because the horizon line makes the body perceive itself as stationary. In our study, the sensory conflict was reduced by presenting a book fixed to the earth-fixed coordinate system because the book causes the body to perceive movement. Although the method for presenting content fixed to the earth-fixed coordinate system on the HMD is common, this study is the first to demonstrate that motion sickness can be reduced when viewing 2D content on HMDs in an externally moving environment.
Our method has a limitation in terms of reducing motion sickness. In this study, motion sickness was evaluated using three indices, and only REQ showed a significant reduction in motion sickness, while MISC and TSS showed no significant reduction. Therefore, it is necessary to improve the method to further reduce motion sickness. In our method, the body motion is perceived from the appearance of 2D content in the central visual field, but body motion cannot be perceived from the peripheral visual field because of the white background of the 2D content. Morimoto et al. (2008) showed that the discomfort was significantly reduced by projecting vehicle motion information on the background of the video while watching it on the in-car display. This is thought to be because body motion can be perceived through peripheral vision, thereby reducing the conflict between the visual and vestibular senses. Therefore, our method may further reduce motion sickness by adding visual information of body movements to the background of the 2D content. Another limitation is that there is only one type of vibration frequency and amplitude in the body movement stimuli. It is necessary to verify whether our method is effective in more general vibration environments, such as those with different motion directions, frequencies, and amplitudes. Another limitation of this study is that we have not examined the effect of the delay in displaying the book on motion sickness. Even in the earth-fixed condition, if there is a display delay, motion sickness may occur owing to new sensory conflict between vestibular sensuously perceived head movements and visually perceived head movements owing to the displayed book with the delay (Palmisano et al., 2020; Chang et al., 2020). Furthermore, the perceived scene instability was not considered in this study. Even in the head-fixed condition, the scene perception may be unstable owing to the pitch movement and motion sickness may occur (Kim et al., 2020). Future studies must examine the effects of the delay in displaying the book and perceived scene instability on motion sickness.
Future research could also focus on applying the motion sickness reduction method used in this study to vehicles. In our method, the 2D content was fixed to the earth-fixed coordinate system to perceive body motion from changes in the appearance of the 2D content. However, when translational motion is involved, such as in the case of a moving car, the 2D content that is fixed to the earth-fixed coordinate system will be left behind by the movement and will be out of view. Therefore, it is necessary to modify our method to make it vehicle-friendly. For example, instead of reflecting all degrees of freedom of body motion in the 2D content, a method that ignores the translational motion component and reflects only the rotational motion component in the appearance of the 2D content can be considered. With this method, the 2D content is not left behind and the rotational component of body motion can be perceived, which may lead to the development of a vehicle-based method for reducing motion sickness. Another possible method is to present body movement information in the background of the 2D contents fixed to the head-fixed coordinate system instead of the earth-fixed coordinate system. For example, a method for presenting a striped pattern or a virtual environment that reflects body movement, or a method for presenting an image of a camera that is fixed to the windshield of a vehicle can be considered. If the effect of reducing motion sickness can be confirmed using these methods, it may be possible to reduce motion sickness when viewing 2D content on an HMD in a real vehicle, which could help improve vehicle productivity.
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