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ABSTRACT

The U.S. Navy is increasingly incorporating immersive technologies such as virtual reality (VR) head-mounted displays
(HMDs) for training and operational use at sea. However, the impact of shipboard motion on VR HMD-induced cybersickness
remains underexplored. This study investigates whether VR HMD users experience greater cybersickness in simulated dynamic
maritime environments compared to static, land-based settings. A within-subjects design was used with 32 participants
completing VR tasks across four conditions: a static, land-based environment and three simulated maritime conditions
replicating calm, moderate, and rough sea states. Cybersickness symptoms were measured using the Simulator Sickness
Questionnaire (SSQ) and physiological data including heart rate (HR), heart rate variability (HRV), and galvanic skin response
(GSR). Results revealed significantly greater SSQ scores and physiological arousal in dynamic, simulated shipboard conditions.
These findings suggest that ship motion intensifies cybersickness symptoms, which may impact VR HMD effectiveness at sea.
The study provides empirical evidence to inform U.S. Navy decisions about immersive system integration and recommends
further work to develop mitigation strategies and adapt VR systems for shipboard use.
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INTRODUCTION
Background

The U.S. Navy increasingly relies on virtual reality (VR) head-mounted displays (HMDs) to enhance operational
training and readiness. These systems provide immersive, scalable, and cost-effective environments for mission
rehearsal and skill development. However, while land-based VR applications have shown promise, their use in
dynamic maritime environments introduces new human-system integration challenges. Specifically, the motion
experienced aboard ships may interact with VR visual stimuli to trigger cybersickness—a form of motion sickness
characterized by nausea, disorientation, and oculomotor strain (Kennedy et al., 1993; LaViola, 2000). The Department
of the Navy continues to invest in immersive technologies for Fleet-wide application, yet there remains limited
understanding of how underway ship motion may compromise their effectiveness or safety at sea.

Problem Statement

Most cybersickness research has been conducted in static, land-based settings. As a result, the physiological and
perceptual impacts of shipboard motion on VR users remain underexplored. Without operationally representative data,
the U.S. Navy risks deploying training systems that may degrade cognitive performance, increase fatigue, or pose
health risks in underway conditions. There is a clear need to quantify how real-world sea state motion affects
cybersickness in VR and to identify factors that may influence individual susceptibility aboard U.S. Navy vessels.

Research Questions
This study is guided by three core research questions:

1. To what extent does cybersickness experienced by VR HMD users differ between static, land-based settings
and simulated dynamic, maritime-based settings?

2. To what extent do individual differences—such as prior experience with immersive technology or experience
underway on a U.S. Navy ship—influence susceptibility to cybersickness in static versus dynamic motion
environments?

3. To what extent are objective physiological measures correlated with subjective cybersickness symptoms?

Research Approach

To assess the effects of simulated maritime motion on VR-induced cybersickness, the study employed a within-subject
experimental design using a telemetry-driven motion platform with immersive VR tasking. Thirty-two participants
completed four exposure conditions representing increasing sea states: static (land-based), calm, moderate, and rough.
Each condition featured identical VR content, allowing direct comparison of symptom progression across motion
intensities. Subjective symptoms were captured using the Simulator Sickness Questionnaire (SSQ), while
physiological responses—including heart rate (HR), heart rate variability (HRV), and galvanic skin response (GSR)—
were continuously collected throughout exposure.
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Implications of Research

This study contributes to the U.S. Navy’s growing body of research on immersive VR systems by addressing a critical
human factors challenge—cybersickness—within simulated shipboard environments. As the naval services
increasingly adopt HMD-based VR for distributed and underway training, understanding how dynamic maritime
motion impacts user tolerance is essential. While prior studies have examined cybersickness in static settings or while
using non-immersive displays, this research modernizes that work by integrating both physiological and subjective
metrics to evaluate user responses under ship-representative motion conditions with contemporary VR. By examining
symptom escalation across sea states and highlighting individual variability in susceptibility, the study informs future
design and deployment of motion-aware VR systems. Additionally, findings may influence Fleet policies regarding
crew readiness assessments, exposure thresholds, and adaptive system features to safeguard performance and training
effectiveness during VR use aboard U.S. Navy vessels.

LITERATURE REVIEW
Head-Mounted Displays in the Military: Past, Present, and Future

The use of HMDs in military contexts has evolved over decades, from analog targeting systems such as the Visual
Target Acquisition System (VTAS) and the Integrated Helmet and Display Sight System (IHADSS) to the cutting-
edge Gen III F-35 helmet, which integrates visual tracking, augmented overlays, and battlefield telemetry into the
pilot’s field of view (Bayer et al., 2009). More recently, VR HMDs have seen expanded use across training domains—
supporting applications from shipboard suicide prevention modules (DuBois, 2023) to medical rehabilitation, aircraft
maintenance, and tactical readiness. Projections indicate that by 2025, over 60% of military training will integrate
immersive HMD-based simulations (Vrgal, 2024).

Cybersickness

Despite their advantages, HMDs, especially VR, can trigger cybersickness—a condition resembling traditional motion
sickness, with several proposed causes including sensory conflict (LaViola, 2000), postural instability (Riccio &
Stoffregen, 1991), and neural mismatch theories (Reason & Brand, 1975). Symptoms span multiple domains,
including nausea, disorientation, headaches, and visual fatigue. These symptoms are influenced by hardware
characteristics such as field of view and refresh rate, environmental context, and individual traits such as prior VR
exposure, age, and sex (Stanney et al., 1997). Given these multisensory symptoms and their variability across users,
tools like the SSQ have become essential for standardizing symptom assessment. Although the SSQ remains the
standard for symptom assessment, recent research suggests that integrating physiological measures such as GSR and
HRYV to obtain objective markers of user discomfort can provide a more comprehensive assessment of cybersickness
symptoms (Setiowati et al., 2020; Seong & Park, 2024).

Individual differences, particularly prior to VR experience or motion sickness history, may moderate cybersickness
risk. Literature indicates that repeated VR exposure can reduce susceptibility through habituation, improving postural
stability, and decreasing symptom severity (Weech et al., 2019). Prior gaming or VR experience is often associated
with lower cybersickness, as users develop tolerance to sensory mismatches (Chang et al., 2020). However, this effect
may not generalize to dynamic environments, where novel motion cues could override prior adaptation. Motion
sickness history remains a strong predictor, with susceptible individuals experiencing heightened symptoms (Garrido
et al., 2022).

Cybersickness in Static versus Dynamic, Naval Environments

While most research on cybersickness has been conducted in static, land-based virtual environments, operational naval
contexts involve dynamic motion that may exacerbate symptoms. However, few empirical studies have examined this
contrast directly. One notable effort by Muth and Lawson (2003) involved placing a desktop simulator aboard a ship
operating in calm seas to evaluate simulator sickness effects. While foundational, their study was limited by low
simulator fidelity, the absence of physiological measurements, and minimal sea state motion. Recent studies have
advanced this area, demonstrating that dynamic VR environments elicit stronger cybersickness than static ones,
particularly in maritime settings where ship motion amplifies sensory conflicts (Caserman et al., 2021). For instance,
at-sea use of augmented reality (AR) HMDs has been shown to induce cybersickness due to vestibular-visual
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mismatches (Champney et al., 2024). Additionally, tracking motion sickness in dynamic VR using Electrodermal
Activity (EDA) signals highlights interval-based symptom progression in moving platforms (Seong & Park, 2024).
Given advances in motion simulation, immersive VR, and physiological monitoring, it is essential to reexamine
cybersickness in more representative, dynamic maritime conditions.

Hypotheses

This study builds on the foundations of Muth & Lawson (2003) by implementing modern VR HMDs, using telemetry-
driven motion simulation, and capturing both subjective and physiological markers. It hypothesizes that (1)
cybersickness will intensify with increasing maritime motion severity, (2) prior VR or shipboard experience will be
associated with less severe symptoms, and (3) physiological metrics, HRV and GSR, will be significantly correlated
with SSQ scores, with » > +0.30 per Cohen’s (1988) benchmark for medium effect sizes.

METHODOLOGY

This study employed a repeated-measures, within-subjects design to evaluate the effects of simulated ship motion on
cybersickness induced by HMD-based VR exposure. Each of the 32 participants completed four trials: one static land-
based baseline and three motion-enabled trials corresponding to calm, moderate, and rough sea states. The simulated
motion was delivered through a DOF Reality P3 Universal motion platform. Input motion data sent to the platform
via telemetry and User Datagram Protocol (UDP) packets included real-world, validated sea trial data collected and
shared via NSWC Carderock, a naval research laboratory in Bethesda, MD. The order of exposure was randomized
via Latin square design to control for order effects, and each participant served as their own control. SSQ scores and
physiological markers were collected across all four conditions and subsequently compared. Baseline data were
collected at the start of each session for both subjective and physiological measures. This included administration of
the SSQ to screen for pre-existing symptomology and continuous recording of resting-state GSR, HR, and HRV.
Participants were only eligible to continue if they exhibited low SSQ scores and physiologically stable baselines,
ensuring that all observed symptom changes could be attributed to the experimental motion exposures rather than
confounding factors.

Pilot Study

Prior to the main experiment, a pilot study involving three subjects was conducted to determine safe and effective
exposure durations. Pilot participants reported the onset of symptoms—including oculomotor fatigue and mild
nausea—within the first 45 to 60 seconds of dynamic VR exposure. Consequently, dynamic trial durations were
limited to two minutes to avoid adverse effects while preserving fidelity. The static condition was set to six minutes
to match the total exposure time across dynamic trials. All other aspects of the original experimental design were
validated by the pilot study procedure.

Participants

Thirty-two individuals (87.5% active-duty military) participated, with ages ranging from 25 to 53 years (M = 34.2,
SD =7.85). The participant pool was representative of the fleet demographic targeted for future VR HMD deployment.
Over half (65.6%) had prior VR experience, and 53.1% had previously served aboard ships underway. The military
participants represented various U.S. services (Navy, Army, Marine Corps) and international partners, with diverse
occupational specialties such as logistics, artillery, surface warfare, and IT support. Ranks ranged from O-2 to O-5,
and service lengths varied from two to 24 years. No participants reported prior conditions that would contraindicate
exposure to VR or motion simulation.
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Materials and Equipment

The immersive VR environment was delivered using the Meta Quest 3 standalone HMD. The Meta Quest 3 was
chosen for its high resolution (2064 x 2208 pixels per eye), low latency, and wireless operation, reducing external
hardware interference. Meta Quest 3 also represents the top-of-the-line commercial-off-the-shelf VR HMD, thereby
serving as a validated system worthy of DoD acquisition consideration. Participants used two Touch Plus controllers
to interact with the SimplePlanes VR flight simulator, which was selected for its consistent visual flow and low
cognitive workload, enabling the isolation of objective and subjective effects to the change in environmental motion
alone rather than the increased complexity of the VR tasking.

Ship motion was simulated using a DOF Reality P3 3-DOF motion
platform driven by real-world telemetry data from DDG-1000 sea trials.
Sim Racing Studio software was programmed to convert telemetry data
into precise pitch, roll, and heave instructions, replicating conditions
aligned with WMO-defined calm (Sea States 1-2), moderate (Sea State
3-4), and rough (Sea State 5-6) levels.

Physiological data collection included GSR measured using a
Shimmer3+ GSR module and cardiovascular data collected via a Polar
H10 chest strap, capturing both HR and HRV metrics with millisecond-
level precision. GSR was parsed into tonic (slow baseline changes) and
phasic (event-driven, acute bursts) components for analysis. Figure 1
shows the experimental set up.

Figure 1. Experimental Setup.

Procedure

Participants completed all four exposure conditions during a single session. Each session began with a pre-brief,
informed consent, and baseline screening that included administration of the SSQ and collection of resting-state
physiological data (GSR, HR, and HRV). Participants were only eligible to continue if their pre-exposure SSQ scores
were equal to zero and physiological baselines were stable, ensuring they were symptom-free prior to exposure.

Each trial required participants to complete a short VR training session involving sustained visual focus, moderate
controller input, and continuous dynamic orientation. After completing each experimental condition, participants were
provided a three-minute rest break to allow for symptom recovery, hydration, and confirmation of readiness before
the next exposure. At the end of each condition, participants completed the SSQ again, and physiological data were
saved for post-processing. Environmental conditions were held constant across all trials, including lighting,
temperature, headset fit, and posture.

RESULTS
Galvanic Skin Response

To comprehensively assess participants’ GSR markers across the four conditions of the study, two different metrics
were analyzed: tonic levels and phasic levels. The tonic component—represented by the mean skin conductance level
(SCL)—reflects sustained sympathetic nervous system activity and serves as an indicator of baseline arousal over
time. Elevated tonic levels have been linked to prolonged emotional and physiological arousal, consistent with the
expected effects of VR-induced cybersickness (Boucsein, 2012). In contrast, the phasic component captures short-
term and transient fluctuations in GSR and is represented as skin conductance responses (SCRs). These phasic
responses provide insight into the intensity of immediate reactions to stimuli and reflect more acute arousal rather than
ongoing arousal like its tonic counterpart. Higher SCR amplitudes are associated with strong bursts of emotional and
physical responses (Boucsein, 2012). By incorporating both tonic and phasic components, consistent with Seong and
Park (2024), the study aimed to capture both sustained and sudden changes in GSR activity.
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The analysis of the GSR data revealed significant differences in both tonic and phasic GSR levels across the four
experimental conditions, originally measured in microsiemens and subsequently normalized within each participant’s
dataset prior to signal decomposition. The resulting tonic and phasic mean Z-scores were then averaged across subjects
for each condition.

The tonic mean Z-scores showed a progressive decrease from the static condition (0.615 £ 0.643) to the dynamic
rough condition (-1.116 £ 0.667) suggesting increased baseline arousal with greater motion intensity. Similarly, phasic
mean Z-scores increased from static (0.475 £ 0.496) to rough (0.845 + 0.520) indicating that transient, stimulus-driven
arousal also intensified through the dynamic conditions. Figures 2 and 3 plot the Z-score results.
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Figure 2. Phasic Mean Z-Scores by Condition. Figure 3. Tonic Mean Z-Scores by Condition.

Heart Rate and Heart Rate Variability

A repeated measures ANOVA showed a significant effect of condition on HR (#(3, 93) = 14.10, p < 0.001), indicating
that HR differed significantly across the static and dynamic calm, moderate, and rough conditions. However, paired
t-tests comparing static to each individual dynamic condition revealed mixed results: static vs. calm (¢ =-2.15, p =
0.040), static vs. moderate (¢ =-1.44, p = 0.161), and static vs. rough (¢ = -4.81, p <0.001). These results indicate that
HR was significantly elevated in calm and rough conditions compared to static, but not so when comparing static vs.
moderate. The strong increase in HR under rough conditions shows a clear physiological response aligned with
increased cybersickness symptoms. The mixed results may reflect varying levels of physiological adaptation or
tolerance among participants to lower levels of motion. While calm conditions induced a modest, yet significant, HR
increase, moderate conditions did not reach significance. This could possibly be due to individual variability in
reaction to motion intensities. In contrast, simulated dynamic rough sea states elicited heightened arousal, as evidenced
by the statistically significant HR elevation.

HRYV, specifically the root mean square of successive differences (RMSSD), was analyzed to capture parasympathetic
responses to the changing of environmental motion for users in VR. Decreased HRV typically reflects increased
physiological stress (Shaffer & Ginsberg, 2017). A repeated measures ANOVA showed no significant effect of
condition on HRV, F(3,93) = 0.23, p = 0.88. Similar to HR, paired t-tests comparing static to each dynamic condition
confirmed no significant differences: static vs. calm (¢ = 1.20, p = 0.24), static vs. moderate (¢ = 0.37, p = 0.71), and
static vs. rough (¢=-0.31, p = 0.76). These results suggest that HRV remained relatively stable across the experimental
conditions.

Simulator Sickness Questionnaire Scores
The SSQ was administered immediately following each of the four VR exposure conditions—static, calm, moderate,
and rough—to assess participants’ symptom severity. Each SSQ was scored according to the method developed by

Kennedy et al. (1993), which calculates weighted subscale scores for Nausea (N), Oculomotor (O), and Disorientation
(D), then aggregates them into a Total Score. Subscale scores were computed by averaging symptom ratings (ranging
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0-3) across relevant items, applying the respective weightings (N: 9.54, O: 7.58, D: 13.92), and multiplying the sum
of each raw subscale result by 3.74 for the Total SSQ Score.

SSQ results revealed a clear and substantial increase in simulator sickness symptoms as motion intensity increased.
The mean Total SSQ Score rose from 9.58 (SD = 14.75) in the static baseline condition to 20.92 (SD = 25.93) in calm
seas, 29.60 (SD = 31.25) in moderate seas, and 41.37 (SD = 41.35) in the rough sea state—representing a more than
fourfold increase from static to rough. Each subscale demonstrated a similar trend. The Nausea subscale increased
from 6.26 (SD = 10.73) in static to 16.10 (SD = 22.40) in calm, 22.66 (SD = 24.08) in moderate, and 34.58 (SD =
33.04) in rough. Oculomotor scores rose from 8.29 (SD = 13.66) in static to 14.45 (SD = 18.60) in calm, 20.37 (SD =
24.69) in moderate, and 28.42 (SD = 32.79) in rough. Disorientation, the most sensitive subscale, climbed from 10.00
(SD = 17.04) in static to 25.66 (SD = 34.30) in calm, 36.10 (SD = 42.55) in moderate, and 48.28 (SD = 52.30) in the
rough sea state. Table 1 presents SSQ score summary statistics.

Table 1. Simulator Sickness Questionnaire Summary Statistics by Subscore

Total Total
.. N N () () D D
Condition 1(\/[2311 (SD) 1(\/[3311 (SD) 1(\/[2311 (SD) Score Score
Mean SD
Static, Land 6.26 10.73 8.29 13.66 10.0 17.04 9.58 14.75
Calm Seas 16.1 22.40 14.45 18.60 25.66 34.30 20.92 2593
Moderate Seas 22.66 24.08 20.37 24.69 36.1 42.55 29.60 31.25
Rough Seas 34.58 33.04 28.42 32.79 48.28 52.30 41.37 41.35

A repeated measures ANOVA was performed for each subscale and the Total SSQ Score to determine whether these
increases were statistically significant. Results confirmed significant effects of motion condition across all four
metrics: the Nausea scale yielded F(3, 93) = 31.89, p < 0.001; Oculomotor symptoms showed F(3, 93) = 15.50, p <
0.001; Disorientation scores produced F(3, 93) = 17.86, p < 0.001; and the Total SSQ Score had F(3, 93) =25.45,p
< 0.001. These results demonstrate a statistically significant increase in simulator sickness symptoms as a function of
motion intensity, with the most severe symptoms occurring during the rough sea condition across all domains. Given
the ordinal motion conditions and evident progressive trend in means, post-hoc pairwise comparisons beyond planned
contrasts (static vs. each dynamic) were not conducted to minimize Type I error risk.

In addition to within-subject effects of motion condition, between-group comparisons were conducted to assess
whether prior experience with VR or shipboard operations influenced cybersickness severity. Independent-sample ¢-
tests revealed that participants with prior VR experience reported significantly higher Oculomotor SSQ scores under
both moderate (#30) =-2.13, p = 0.041) and rough (#30) = -2.35, p = 0.025) sea state conditions compared to those
without prior VR exposure. This pattern suggests greater visual sensitivity or symptom awareness among experienced
users. For the Nausea and Disorientation subscales, however, no statistically significant differences emerged based on
VR experience at any motion condition.

Conversely, participants with prior underway shipboard experience generally reported lower SSQ scores than those
without such experience, although most differences did not reach statistical significance. A near-significant reduction
was observed for Total SSQ scores in the moderate condition (#30) = 1.95, p = 0.060), suggesting a possible protective
effect of prior motion habituation. While these group-level differences did not alter the overall trend of increasing
SSQ severity with motion intensity, they indicate that individual experience factors may modulate symptom
expression, particularly in high-motion environments.
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Correlation Analysis

Correlation Heatmap: SSQ_Total vs Physiological Measurf(s)o
To investigate the relationship between subjective measures of
cybersickness and objective physiological markers, a series of
statistical techniques were applied to the data. A correlation
matrix was generated by calculating Pearson correlation
coefficients to explore the basic relationships between Total SSQ
Scores and each physiological variable: tonic mean Z-scores,
phasic mean Z-scores, mean HR, and HRV. The results indicated
a moderate positive correlation between Total SSQ Scores and
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Figure 4. Correlation Heatmap.

Next, an ordinary least squares (OLS) regression was performed to model Total SSQ scores as a function of the
physiological variables. The model accounted for 22.5% of the variance in Total SSQ scores (R? = 0.225). HRV
emerged as a statistically significant predictor (»p < 0.001), while the other predictors were not significant at
conventional thresholds.

Table 2. Ordinary Least Squares Regression Results

Variable Coefficient Std. Error t Value P>|t|
Intercept -108.783 64.183 -1.695 0.093
Tonic Mean Z-Score -285.372 320.026 -0.892 0.374
Phasic Mean Z-Score -330.164 414.236 -0.797 0.427
Mean HR 1.688 0.891 1.895 0.060
HRV (RMSSD) 787.478 157.337 5.005 0.000

To further explore whether physiological markers varied significantly across different motion conditions, repeated
measures ANOVA tests were cgnducteq separateI.y for each Quadratic Fit: RMSSD and SSQ Total
measure. The results revealed significant differences in mean HR -

(F(3,93) = 14.21, p < 0.001), tonic GSR (F(3,93) = 6.30, p < 600¢
0.001), and phasic GSR (F(3,93) = 5.89, p < 0.001) across
conditions. In contrast, RMSSD did not significantly vary with 200
condition (F(3,93) = 0.54, p = 0.65), indicating that HRV
remained relatively stable irrespective of environmental changes. 400y
o
Recognizing the possibility of non-linear relationships, a é‘ 3007
quadratic regression model was tested to examine the link ©
between HRV (RMSSD) and SSQ scores. This model accounted 200¢
for a greater proportion of variance (R* = 0.256) compared to the
linear model. Both the linear and squared terms of HRV were 1001
significant, with HRV (B = -952.12, p = 0.021) and HRV? (B =
6141.26, p <0.001), suggesting that subjective sickness increases or, i i i i i i i
at both low and high extremes of HRV. Figure 5 shows a 000 0.05 0.0 0.15RM52.§0 0-25 030035

quadratic relationship between Total SSQ and HRV.
Figure 5. Quadratic Regression
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DISCUSSION

This study examined the differential effects of VR-induced cybersickness under static versus simulated maritime
motion conditions, with the aim of informing the integration of HMDs aboard U.S. Navy vessels. By employing both
subjective (SSQ) and objective (HR, HRV, GSR) measures, the results confirmed that dynamic motion environments
significantly exacerbate cybersickness symptoms, validating the need for mitigation strategies in operational use.

Research Questions and Hypotheses Evaluation

Three research questions guided this work: (1) To what extent does cybersickness experienced by VR HMD users
differ between static, land-based settings and simulated dynamic, maritime-based settings? (2) To what extent do
individual differences—such as prior experience with immersive technology or experience underway on a U.S. Navy
ship—influence susceptibility to cybersickness in static versus dynamic motion environments? (3) To what extent are
objective physiological measures correlated with subjective cybersickness symptoms?

Hypothesis 1 predicted that dynamic maritime motion would elevate cybersickness severity compared to static
conditions. This was supported by statistically significant increases in Total SSQ scores, all SSQ subscores, and
elevated HR and GSR responses under dynamic exposure. Symptoms were most pronounced in the rough condition,
demonstrating that the motion profile typical of U.S. Navy vessels underway intensifies the user’s sympathetic nervous
system response and subjective discomfort.

Hypothesis 2 proposed that prior VR or underway experience would attenuate symptom severity. This was not
supported. Participants with prior VR exposure reported higher oculomotor discomfort, and underway experience did
not significantly affect symptom levels. These findings suggest that prior experience alone does not protect against
VR-induced cybersickness and may in some cases increase visual sensitivity, contrasting with general literature trends
but highlighting context-specific effects in dynamic settings.

Hypothesis 3 predicted that physiological signals (HRV and GSR) would correlate with subjective symptom severity.
This was partially supported. HRV showed a moderate positive correlation with Total SSQ scores ( = 0.372), and a
quadratic model revealed that both high and low HRV values corresponded with increased symptom severity. GSR
measures, while responsive to motion intensity, were not strong predictors of SSQ scores. Notably, HR increased
significantly with motion intensity, and GSR fluctuated with condition severity, reinforcing their roles as general
arousal indicators even if not directly predictive of SSQ self-reports.

Implications

Findings emphasize that VR systems used successfully on land may not translate directly to shipboard contexts without
adaptation. Significant symptom escalation in dynamic conditions calls for mitigation protocols before fielding HMDs
at sea. This includes pre-use screenings to assess cybersickness resilience, adaptive VR systems that modify visual
parameters in real time, and command-level recognition of cybersickness as a planning factor.

Operational Applications of HRV Monitoring

HRV emerged as a robust predictor of subjective symptoms, suggesting its utility for real-time monitoring in
operational settings. Adaptive VR systems could leverage HRV (and GSR) to detect early arousal, automatically
adjusting content—for example, reducing optical flow or field of view—to mitigate symptoms (Islam et al., 2020).
Al-driven frameworks could personalize experiences based on physiological baselines, enhancing training efficacy
aboard ships (Reyero Lobo & Perez, 2022; Dennison & D'Zmura, 2025). The U.S. Navy could incorporate such
metrics into VR-based training pipelines to optimize learning while minimizing performance degradation.
Operationally, the strong performance of HRV as a predictor suggests that real-time physiological monitoring could
inform exposure duration, recovery timing, or automated system adjustments.

Actionable Mitigation Strategies for Shipboard VR Training

e Physiological Monitoring: Implement wearable sensors for HRV/GSR to trigger alerts or content pauses
when thresholds are exceeded.
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e Adaptive Content Adjustments: Use Al to dynamically reduce motion intensity, field of view, or visual
complexity in higher sea states.

e Habituation Protocols: Pre-assess crew susceptibility; limit VR use during rough seas and enforce
recovery breaks.

e Hardware Optimization: Select low-latency, high-refresh rate HMDs; incorporate grounding cues like
virtual horizons.

The counterintuitive finding that VR-experienced individuals reported more oculomotor strain opens new research
directions. It may suggest that acclimated users are more attuned to subtle discomfort, or that adaptation to land-based
VR environments does not generalize well to motion-enhanced contexts. Similar trends have been noted in earlier
studies, where experienced users exhibited heightened visual sensitivity due to greater familiarity with stabilized
virtual environments (Stanney et al., 2003; Rebenitsch & Owen, 2016). This finding could inform the development of
novel VR desensitization or resilience training modules tailored for underway deployment, where shipboard motion
is a persistent and unavoidable stressor.

Methodological Comparisons

This study used the Meta Quest 3 for its wireless operation and high resolution, minimizing interference in dynamic
simulations. However, trade-offs exist with other HMD platforms: for example, Varjo XR-3 offers superior resolution
but is tethered, potentially restricting mobility at sea; HTC Vive provides robust tracking but higher latency in wireless
modes. Extended Reality (XR) systems (blending VR/AR) may reduce cybersickness by anchoring users to real-world
visuals, though they trade immersion for stability (Lawson & Stanney, 2021). Non-HMD VR (desktop simulators)
avoids head-tracking mismatches but lacks full immersion, limiting naval training fidelity. Future work should
compare maritime-specific scenarios (e.g., ship deck tasks) to neutral ones (e.g., static flights) to isolate motion-
induced causes.

Limitations

The study's findings are limited by a relatively homogenous sample of mid-career officers, short exposure durations,
and a laboratory environment that, while motion-validated, did not fully replicate shipboard variability. Additional
work is needed to test longer exposures, more cognitively demanding tasks, and broader demographic groups,
including enlisted Sailors. Moreover, only one HMD platform (Meta Quest 3) was tested, limiting generalizability
across commercial systems. Future studies should explore XR vs. pure VR for maritime use.

Future Work

Future efforts should explore how prolonged exposure impacts adaptation, whether HRV-based threshold alerts can
be operationalized, and whether mitigation strategies—such as automatic visual adjustments or modified training
schedules—can be implemented at scale. Comparative testing across hardware platforms and sea states, as well as
incorporating cognitive workload variables, would further advance this research. Ultimately, physiological data
streams could drive real-time adaptation in VR content delivery to maintain training effectiveness while safeguarding
user health. Comparative testing of HMD platforms and scenario types as noted above will help refine these
approaches for operational maritime environments.

CONCLUSION

This research offers a comprehensive assessment of cybersickness in dynamic maritime environments, providing
strong evidence that VR use aboard ships introduces operational risk if unmitigated. By quantifying the physiological
and subjective impacts of shipboard motion on immersive system users, the study supplies the empirical foundation
for Navy decision-makers, system developers, and training designers to adapt future VR deployments for maritime
success. As HMD technology continues to expand in military use, these insights ensure that its integration enhances
rather than hinders warfighter readiness.
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