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Exploration extravehicular activity (EVA) places extraordinary physical and cognitive 

demands on crewmembers. To characterize these demands, an ambulatory virtual reality 

(VR) simulation was developed. The objective of this work was to quantify gait patterns during 

the VR Translation Task to investigate the effects of training with the system. During the 

simulation, participants traverse along an undulating virtual lunar surface by walking on a 

passive treadmill. Each physical step is mapped to a virtual step using VR ankle trackers. 

During the VR Translation Task, the participants communicate waypoints in the scene while 

managing resources and monitoring systems using information in a heads-up-display 

projected through the VR headset. The immersive, shirtsleeve environment serves as a testbed 

and research tool for future technology and operations concepts with the ability to adjust the 

cognitive and physical demands of the simulation. Data was collected at NASA Johnson Space 

Center in the Human Physiology, Performance, Protection, and Operations (H-3PO) 

Laboratory with eight participants completing a training simulation and two testing 

simulations, in high and low cognitive workload configurations. Spatiotemporal gait metrics 

were calculated from the data recorded by the VR ankle trackers. Walking on the passive 

treadmill in VR improved from the training session to the testing sessions with faster average 

walking speeds, longer stride lengths, narrower step widths, and less variable stride length 

and stance time. Participants also adapted to the visual perturbations of the craterous 

stretches of the VR path. Step width variability was significantly higher in the craters for the 

first session but not for the second and third sessions. This knowledge will help tune the 

training protocol for future testing. Further work is needed to assess the sensitivity of the gait 

metrics to the cognitive workload level. 

I. Introduction 

xploration extravehicular activity (EVA) places extraordinary physical and cognitive demands on crewmembers. 

With future missions to the Moon and Mars, there is a need to characterize crew physical and cognitive state for 

successful implementation of future technology and operations concepts, particularly for surface operations which 

most recently occurred over fifty years ago with the Apollo missions. The physical demand of EVA has been well 

studied in laboratory and field environments. Laboratory testing in the Active Response Gravity Offload System 

(ARGOS) and the Neutral Buoyancy Laboratory (NBL) has focused on evaluating physiology, biomechanics, and 

human factors for exploration space suits and operations. Additionally, geologic field analogs, like Biologic Analog 

Science Associated with Lava Terrains (BASALT), have been used to study the planetary exploration nature of future 

operations.1,2 Missions at the underwater spaceflight analog, NASA Extreme Environment Mission Operations 

(NEEMO), have likewise investigated the effects of communication latencies on operations concepts.3 
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 To simulate the cognitive demand of EVA in a controlled environment, virtual reality (VR) has the ability to 

seamlessly integrate tasks into realistic settings with visual and auditory immersion, and with spacecraft and payload 

models true to scale and configuration. VR has long been considered a favorable technique to “train the mind for the 

rigors of exploration”.4 It has been used to train crewmembers for decades in the Virtual Reality Lab (VRL) to refine 

and rehearse for upcoming EVAs and to compliment training in the other facilities like the NBL and Space Vehicle 

Mockup Facility (SVMF).5 With a return to surface operations on the horizon, and in an effort to combine the physical 

and cognitive demands of EVA into a single simulation environment, virtual reality is being expanded to hybrid reality 

to allow for ambulation and interaction with physical objects. Hybrid reality is being implemented in laboratory and 

field settings with the Assessments of Physiology and Cognition in Hybrid-reality Environments (APACHE) and 

Scientific Hybrid Reality Environments (SHyRE).6 Spanning these various spaceflight analog environments, the 

Physical and Cognitive Exploration Simulations (PACES) project aims to develop a complement of tasks, procedures, 

information systems, and standard measures to assess physiology and performance during flight-like exploration 

scenarios.   

As a part of the larger PACES-APACHE effort, a novel VR Translation Task was created to simulate an 

ambulation from an airlock to a nearby station on the lunar surface.7 During the simulation, participants, as 

extravehicular (EV) crewmembers, move along a predetermined route on an undulating virtual lunar surface, viewed 

through a VR headset, by walking on a passive treadmill. The participants communicate waypoints in the scene while 

managing resources and monitoring systems using information in a heads-up-display projected through the VR 

headset. To objectively quantify cognitive workload during the simulation, performance is assessed on the EV’s ability 

to accurately and quickly complete the communication, resource management, and system monitoring tasks. 

Complementing these embedded cognitive performance metrics, gait performance metrics are of interest in this unique 

dual-tasking scenario. Ideally, the suite of performance metrics provides an objective measure of the availability of 

the EV’s cognitive resources. However, these metrics are also expected to be sensitive to training and familiarization 

with the novel task. Observationally, walking with the VR-treadmill system proved to be difficult at first, but 

participants were able to adapt quickly. To confirm these early observations, the objective of this work is to quantify 

gait patterns during the Translation Task, using data from the VR ankle trackers, to investigate the effects of training 

with the system.  

 Many previous studies have investigated the effect of virtual reality on gait in healthy young adults, often in 

comparison to overground walking, and sometimes including visual perturbations.8–14 Contradicting results in the 

literature suggest that changes in spatiotemporal gait parameters highly depend on the specific set-up (VR fixed 

screens or headsets) and mode of walking (fixed speed treadmill, self-paced treadmill, or overground walking).13 

Furthermore, the definition of self-paced varies. A participant can adjust a fixed speed treadmill to a comfortable, self-

selected walking speed with explicit, discrete controls. Alternatively, a passive treadmill, on which participants can 

walk uninterrupted and are able to come to complete stop, more closely resembles an overground experience. This 

work will address a gap in the literature to measure gait while dual-task walking with a VR headset on a passive 

treadmill for an extended period, over ten minutes. The simulation for this study is unique as the virtual scene includes 

built-in perturbations with the VR path traversing an undulating lunar surface. Additionally, this work aims to compute 

gait features using the VR ankle trackers, as opposed to dedicated motion capture equipment or an instrumented 

treadmill.  

II. Methods 

Eight participants (four female) completed three sessions of the VR Translation Task in the Human Physiology, 

Performance, Protection, and Operations (H-3PO) laboratory at NASA Johnson Space Center. The study was 

approved by the NASA IRB, protocol number 210. To best represent an astronaut population, all participants were 

between the ages of 30 and 55, with an average age of 40.15 Participants held bachelor’s degrees and had at least three 

years of related professional experience, which included advanced degrees, military service, and teaching experience. 

All participants were familiar with the H-3PO lab and NASA’s missions. Over half of the participants had previously 

experienced other EVA analogs such as ARGOS and NEEMO, and all but one participant had previous experience 

with a VR system.   

During the VR Translation Task, the participant, as the EV, moved along the VR lunar path, within Unreal Engine 

(UE 4.23.1.0, Epic Games, Inc., https://www.unrealengine.com/en-US/), by walking on a passive treadmill 

(Technogym SKILLMILL) while wearing a VR headset (HTC Vive Pro Eye), two VR ankle trackers, and two VR 

hand controllers. The VR ankle trackers, which rested on the backs of the ankles for the best line-of-sight to the VR 

base stations, allowed each physical step on the treadmill to be mapped to a virtual step on the generated lunar surface. 
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During the simulations, participants wore a weighted suit (Terrazign) with 25% bodyweight to add to the physical 

workload of the Translation Task and were secured to a safety harness system (Tuff Tread Speed Arch). Through the 

VR headset, the participants saw the virtual scene (lunar landscape) and basic status information in a projected heads-

up-display (HUD) (Figure 1). The HUD included two indicator lights (red and green), distance traveled (meters), 

elapsed time (H:M:S), oxygen (O2) remaining (%), and IV communication status (on/off).  

To create the most realistic visual scene possible, the virtual lunar surface was formed by repeating and stitching 

a segment of representative topology from the Apollo landing sites approximately 2.25 times to create a total 3-km 

path. As shown in Figure 1, the topology of the path varied and included craterous stretches. Craters were identified 

by large relative elevation changes (maximum - minimum elevation change in a unit of time). While these elevation 

changes were experienced visually in VR, the treadmill did not change in incline or resistance. In an ideal hybrid 

reality system, the treadmill would adjust accordingly. While the treadmill was not actively adjusted in this study, the 

craters were included to add to the realism and complexity of the task, particularly in the cognitive domain. The 

changing landscape required the EV to constantly scan the scene for waypoints, like the flag shown in Figure 1 A. 

Future iterations of the cognitive task may use elements of the landscape as additional waypoints, further adding to 

the cognitive demand of the task by requiring the EV to identity and recall specific craters. 

In addition to navigating visual lunar undulations, participates were challenged by the cognitive demands of the 

simulation, including resource management, communication, and system monitoring.7 Primarily, the EV was 

responsible for arriving at their destination within specified margins of time and O2. Balancing time and O2 constraints 

required carefully selecting a walking pace because a faster walking pace equated to a higher O2 consumption rate. 

Using the information in the HUD, the EV was also asked to provide estimates, such as estimated time of arrival 

(ETA), throughout the simulation. Simultaneously, the EV was verbally identifying and recalling waypoints, such as 

flags and other items, in the scene to a test conductor acting as an intravehicular (IV) crewmember. Finally, the EV 

was monitoring the red and green indicator lights in the HUD and responding to changes using the VR hand 

controllers. Each of these tasks were added to simulate cognitive demand and embed cognitive performance metrics 

into the simulation. The cognitive workload level was adjusted by varying the frequency and complexity of the 

resource management, communication, and system monitoring tasks. For example, the high cognitive workload 

configuration included eleven waypoints, such as the flag shown in the Figure 1 A, whereas the low cognitive 

workload configuration included only seven waypoints. Other waypoints included items like fuel tanks and solar 

panels. 

The three sessions of the VR Translation Task, each collected on different days, included a training session, with 

a 1-km training simulation, and two testing sessions, with a 3-km high or low cognitive workload simulation. The 

Figure 1.  The 3-km virtual lunar path included stretches without (A) and with (B) craters. 
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order of high and low simulations across sessions 2 and 3 was counterbalanced for the eight participants. With the 

participants self-selecting their walking speeds on the passive treadmill, the time to complete each simulation varied 

by participant as shown in Figure 2. Additionally, the time to complete each simulation varied by the task 

configuration. The participants were instructed to stop walking while giving their waypoint reports. These stops, of 

various lengths, are visible in time-distance plots in Figure 2. Participants rated perceived exertion (RPE) after each 

simulation.16 Prior to the training simulation, participants were given approximately ten minutes to familiarize 

themselves with the VR-treadmill system before adding any of the cognitive tasks. This time was used to introduce 

the participants to the system including the VR headset, the passive treadmill, and the safety harness. The resistance 

of the treadmill and the length of the safety harness system were adjusted during this time to the participants’ comfort. 

The harness was not meant to offload weight from the participants but to avoid striking knees on the treadmill in the 

event of a trip or fall.   

The data from the two VR ankle trackers, including 3-axis position, velocity, and rotation, was recorded at 45 Hz. 

A sample set of data is provided in Figure 3. The x, y, z positions for the ankle trackers are in relative virtual space 

which means the y position increases with increasing path distance and the z position increases with increasing 

elevation. Left and right heel strikes and toe offs were identified using the respective pitch data, with maximum pitch 

corresponding to toe off and minimum pitch corresponding to heel strike.  Using the heel strike and toe off locations, 

spatiotemporal gait parameters were calculated in MATLAB using 1-minute samples of data. For each 1-minute 

sample of data, stride length, stride time, stance time, double support time, and step width were calculated for left and 

right heel strikes. Stride length was defined as the y distance between the corresponding successive heel strikes of the 

same foot. Stride time was defined as the time between successive heel strikes of the same foot. Stance time was 

defined as the time between heel strike and toe off of the same foot. Double support time was defined as the time 

between the heel strike of one foot and toe off of the ipsilateral foot. Step width was defined as the x distance between 

the heel strike of one foot and heel strike of the ipsilateral foot. Stance time and double support time were normalized 

to the gait cycle by dividing by the total stride time. Left and right parameters were combined, and the means and 

standard deviations for the 1-minute samples of data were calculated. The final outcome variables from the gait data 

included average and variability for stride length, step width, normalized stance time, and normalized double support 

time. As shown in Figure 2, there were periods in the simulations in which the participants were not walking. 1-minute 

samples that did not contain at least 40 strides were excluded from the dataset. Each sample was labeled by the 

topology of the 1-minute stretch, i.e. having craters or not, based on the range of relative elevation change.  

A two-way repeated-measures analysis of variance (rmANOVA) was performed to determine main and interaction 

effects of session (three levels: sessions 1-3) and VR topology (two levels: yes craters, no craters) on the eight outcome 

variables. The dataset was unbalanced, with more data points for non-craterous stretches and for sessions 2 and 3, so 

the rmANOVA was run with Type III sum of squares. Post-hoc contrasts with the estimated marginal means were 

computed with Tukey adjustment to find differences across groups while accounting for multiple comparisons. 

Statistical analyses were run in R and statistical significance was set at p < 0.05. R is a programming language and 

free software environment for statistical computing and graphics.17 A p value of 0.05 corresponds to a 95% confidence 

Figure 2.  Path distance over time for the three simulation configurations. 
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interval. Considering the visible improvement in walking over the course of the three sessions, we hypothesized that 

the gait parameters would show improvements over time.  

III. Results 

Eight participants were included in this study. On average, participants rated perceived exertion (RPE) between 

11 (light) and 13 (somewhat hard exercise but feels okay to continue) for the high and low cognitive workload 

simulations.  

Figure 4 shows the means and standard deviations for each of the outcome variables across session and topology 

conditions. The p-values from the rmANOVA are listed on the plots for the main and interaction effects. The only 

significant session-crater interaction detected was for step width variability as shown in Figure 4 B2.  Except for mean 

stance time and mean and SD double support time, all the outcome variables exhibited significant main effects of 

session. Mean stride length (Figure 4 A1), stride length variability (Figure 4 B1), and step width variability (Figure 4 

B2) also exhibited significant main effects of crater presence.  

Craterous stretches were characterized by longer strides and greater stride length variability. From the contrasts, 

step width variability was significantly higher in the craters for session 1 (p < 0.01), but there was no significant 

difference between the two topology conditions for session 2 (p = 0.31) or session 3 (p = 0.51). Table 1 reports the 

results for the session contrasts, with the data averaged over the two levels of craters. Stride length variability, step 

width mean, and stance time variability demonstrated decreases from the training session (session 1) to the two testing 

sessions (session 2 and session 3). Stride length was significantly longer in session 2. Average walking speed results 

showed a similar trend to mean stride length, with faster walking in the testing sessions. Double support time did not 

exhibit significant effects of session or craters as listed in Table 1 and shown in Figure 4 A4 and Figure 4 B4. 

Table 1. P-values for session contrasts.  
Stride Length Step Width Stance Time Double Support Time 

 
Mean SD Mean SD* Mean SD Mean SD 

Session 1 - Session 2 < 0.01 < 0.01 < 0.01 < 0.01 0.60 < 0.01 0.10 0.95 

Session 1 - Session 3 0.07 < 0.01 < 0.01 < 0.01 0.94 < 0.01 0.23 0.53 

Session 2 - Session 3 < 0.01 0.21 0.58 < 0.01 0.14 0.10 0.83 0.50 

* Results may be misleading due to involvement of interactions 

IV. Discussion 

The objective of this work was to quantify gait patterns and adaptations in the novel VR Translation Task using 

the unobtrusive measurements from the VR ankle trackers. The first aim was to determine the feasibility of extracting 

meaningful spatiotemporal gait parameters from the two VR ankle trackers without the use of additional motion 

capture instrumentation. Despite the relativity of the measurements (i.e. in virtual space), gait data from the VR ankle 

trackers was sufficient to automatically extract gait features. With 1-minute moving windows of position, velocity, 

and rotation signals, the custom-made MATLAB scripts segmented steps and strides using the heel strike and toe off 

locations. The pitch signal proved the best signal to locate the heel strikes and toe offs. The offline feature extraction 

could be expanded in future work to support online analysis.  

Figure 3. Position (A), velocity (B), and rotation (C) data from the two VR ankle trackers. 
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The results support the original hypothesis that walking improved over time as participants became more familiar 

and comfortable with the VR-treadmill system and with the Translation Task. Participants walked faster in the testing 

sessions, with longer strides and narrower steps. Variability in stride length and stance time decreased in later sessions. 

Subjective observations during early testing of the Translation Task hinted at the difficulty of traversing the craters 

along the VR path. The mismatch in visual and physical sensations was disorienting to participants and appeared to 

affect their gait; although, this response appeared to diminish over time. The objective gait measures support the notion 

that gait differed in the craterous stretches of the Translation Task. Stride length and stride length variability were 

higher for the craters. From the literature, the stride length was expected to decrease and the stride length variability 

was expected to increase during perturbed gait.13 However, the gait effects are likely specific to the exact mechanism 

of visual perturbation. Previous work has used pseudo-random oscillations of the visual field.13 In this study, stretches 

in which participants descended and ascended the VR craters were considered visually perturbing. 

Interestingly, the interaction of session number and craters for step width variability suggests that participants did 

in fact improve in their ability to traverse the craters. In the training session (session 1), the craters were characterized 

by significantly higher step width variability. However, in the later sessions, the step width variability during the 

craterous stretches more closely matched the flat stretches. While not statistically significant, a similar interactive 

trend appears for the stride length variability.  

This study and analysis was needed to characterize the training effects of the specific system, with the VR headset 

and with the passive, self-paced treadmill. The knowledge gained from this study will help tune future training 

Figure 4. Mean outcome variables by session and VR topology. Error bars represent standard deviation. 
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protocols for the VR Translation Task. The gait patterns suggest that the 1-km training simulation was sufficient to 

familiarize the participants with the system and to reach relatively steady-state values for the two testing sessions. As 

shown in Table 1, there were minimal significant differences between gait parameters for sessions 2 and 3.  

The harness was not meant to offload weight from the participants but to avoid striking knees on the treadmill in 

the event of a trip or fall. However, depending on the exact fit, the harness system potentially offered some guidance 

to the participants during the task as the cable system helped maintain position in the middle of the treadmill. The 

treadmill resistance was also adjusted, within bounds, to ensure a comfortable self-selected walking pace. Depending 

on the weight of the participant, a higher or lower resistance offered more natural and more controlled walking. To 

look more closely at the effect of resistance on gait patterns, a resistance to body weight ratio could be included in 

future models. Although there may be some inter-participant differences, the resistance was controlled within each 

participant. The resistance was the same for each participant across all the sessions, according to their selection during 

the training session. 

The increase in stride length, and the accompanying increase in average walking pace, for the testing sessions was 

not anticipated and negatively affected the resource management task within the simulation. The O2 model and arrival 

time expectations were personalized for each participant using their average walking speed during the training 

simulation as their baseline, normal level. They were expected to walk at their baseline, normal levels in the low 

workload and high workload simulations. However, the participants generally walked faster in the testing sessions, 

equating to an abnormally high rate of O2 consumption in the simulation. In this feedback loop, the time and O2 

constraints built into the Translation Task were intended and expected to affect the participants’ self-selected walking 

speed. Future work is needed to create a more robust O2 consumption model for the simulation, one that does not 

assume a normal walking pace for an individual. This study has shown that the “normal” walking pace may vary as a 

participant learns the VR-treadmill system. Future models may incorporate physiological metrics to estimate 

metabolic load, such as heart rate, as more direct representations of resource consumption in a space suit environment. 

 The model presented in this study does not account for the changes in cognitive workload. Future work may 

investigate the cognitive workload effects on the spatiotemporal gait parameters. Rather than separating the data by 

session to identify order and training effects, the data may be separated by task, i.e. training, low workload, high 

workload, to identify effects of task load on gait patterns. Gait parameters are expected to change, not only with 

familiarization of the system as supported by this work, but also with the availability of cognitive resources. Previous 

work with dual-tasking while walking has reported decreased stance time and step duration while performing a 

cognitive task.18 

Seeing as the ultimate goal of PACES-APACHE is to have a suite of real-time metrics of physiology and 

performance to understand physical and cognitive demands during EVA simulations, this early work with assessing 

gait patterns during the Translation Task could be further explored with online implementation and analysis. 

V. Conclusion 

The VR environment for this study was created to represent the lunar equator region where the Apollo missions 

took place. A second VR environment is being developed to simulate the lunar south pole region, specifically the 

Shackleton Crater rim in support of upcoming Artemis missions.6 Understanding the training and topology effects of 

walking with the VR-treadmill system is important for the design of future experimentation. This work has proposed 

an integrated methodology of using the VR ankle trackers to assess gait during the VR exploration EVA task, and has 

provided results to quantify the VR-treadmill learning curve. While the VR headset and passive treadmill system 

require some familiarization time, the necessary training can be achieved with a ten-minute introduction period 

followed by a 1-km training simulation of the Translation Task. Spatiotemporal features reflect less variable gait after 

a single session of the Translation Task. While craters in the virtual lunar scene can be difficult and perturbing in the 

early sessions, participants are generally able to adapt and learn the VR system, as demonstrated by decreased step 

width variability. This knowledge will help tune the training protocol for future testing. Further work is needed to 

assess the sensitivity of the gait metrics to the cognitive workload level. Ideally, a participant’s gait is not only sensitive 

to perturbations such as craters in the scene, as shown in this study, but it is also sensitive to spare mental capacity 

while completing the resource management, communication, and system monitoring subtasks. 
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