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Virtual reality (VR) is an emerging technology offering tremendous opportunities to aid gait rehabilitation. To this date, real walking with users immersed in virtual environments with head-mounted displays (HMDs) is either possible with treadmills or room-scale (overground) VR setups. Especially for the latter, there is a growing interest in applications for interactive gait training as they could allow for more self-paced and natural walking. This study investigated if walking in an overground VR environment has relevant effects on 3D gait biomechanics. A convenience sample of 21 healthy individuals underwent standard 3D gait analysis during four randomly assigned walking conditions: the real laboratory (RLab), a virtual laboratory resembling the real world (VRLab), a small version of the VRlab (VRLab−), and a version which is twice as long as the VRlab (VRLab+). To immerse the participants in the virtual environment we used a VR-HMD, which was operated wireless and calibrated in a way that the virtual labs would match the real-world. Walking speed and a single measure of gait kinematic variability (GaitSD) served as primary outcomes next to standard spatio-temporal parameters, their coefficients of variant (CV%), kinematics, and kinetics. Briefly described, participants demonstrated a slower walking pattern (−0.09 ± 0.06 m/s) and small accompanying kinematic and kinetic changes. Participants also showed a markedly increased gait variability in lower extremity gait kinematics and spatio-temporal parameters. No differences were found between walking in VRLab+ vs. VRLab−. Most of the kinematic and kinetic differences were too small to be regarded as relevant, but increased kinematic variability (+57%) along with increased percent double support time (+4%), and increased step width variability (+38%) indicate gait adaptions toward a more conservative or cautious gait due to instability induced by the VR environment. We suggest considering these effects in the design of VR-based overground training devices. Our study lays the foundation for upcoming developments in the field of VR-assisted gait rehabilitation as it describes how VR in overground walking scenarios impacts our gait pattern. This information is of high relevance when one wants to develop purposeful rehabilitation tools.
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1 INTRODUCTION
Virtual reality (VR) is an emerging technology which offers access to a variety of yet partly unexplored possibilities in the field of physical rehabilitation, both from a clinical and research perspective (Canning et al., 2020). VR can be defined as a real-time computer-generated simulation of a three-dimensional environment that replaces the natural sources of stimulation of the real world by offering artificial visual, auditory, and even haptic stimuli (Steuer, 1992). VR technologies are rapidly advancing and nowadays allow users to experience virtual environments, where one can freely move and walk, via inexpensive, off-the-shelf head-mounted-displays (HMDs).
Driving factors for using VR in rehabilitation are that it offers great potential to increase intrinsic motivation, promote a more joyful and motivational exercise experience, and it was also shown to reduce the perception of pain and discomfort (Benham et al., 2019; Chen et al., 2021). As already demonstrated by Chen et al. (2021), VR might increase adherence in exercise, which is a key factor for an effective and efficient therapy. It is, therefore, not surprising that there is a constantly growing body of literature showing that VR can be a safe (Held et al., 2018) and effective tool in supporting physical rehabilitation. There are several recently published studies, including systematic reviews and meta-analysis, which underpin the potential VR offers in gait rehabilitation. It was demonstrated that VR can support gait rehabilitation for patients with Parkinson’s Disease (Mirelman et al., 2011; Lu et al., 2021), retrain gait symmetry (Shideler et al., 2021), restore function after stroke (Ahn and Hwang, 2019; Palacios-Navarro and Hogan, 2021; Peng et al., 2021), support neuro-psychomotor rehabilitation of children with cerebral palsy (de Oliveira et al., 2016), improve balance and gait in older adults (de Vries et al., 2020; Lee, 2020; Willaert et al., 2020; Delgado and Der Ananian, 2021), and is also being used to support gait training after amputation (Darter and Wilken, 2011).
In the field of gait rehabilitation, to date, VR is primarily used on treadmills. However, due to the rapidly advancing technology of HMDs (Saldana et al., 2020) there is also a growing interest in using VR to aid gait rehabilitation during overground scenarios. This would allow people to naturally walk and navigate through a virtual environment. These scenarios potentially offer yet mostly unexplored possibilities for gait rehabilitation, such as training of activities of daily living (Ahn and Hwang, 2019), obstacle crossing (Weber et al., 2021), among other environments that might not easily or safely be replicated in clinical settings. VR also allows the studying of effects of various conditions which are usually difficult to evaluate such as visual impairments, dual tasks, or environmental effects like diffuse lighting conditions, crowded places, and different room sizes (Almajid et al., 2020; Osaba et al., 2020; Taneda et al., 2021).
In light of this rapidly advancing field and the accompanying possibilities it offers for research and therapy, there is an urgent need to understand how VR environments impact individual gait patterns during overground walking. Otherwise, it will not be possible to put VR overground scenarios as a purposeful utility into both clinical and research practice for gait rehabilitation. While there are a few studies available describing the effect of walking in a VR on the treadmill (van der Krogt et al., 2014; Chan et al., 2019; Varas-Diaz et al., 2020), there is only very limited and partly contradictory research available which specifically addressed VR overground walking. For example, existing studies only partly reported adaptions to walking speed, cadence, step width, and step length next to increased variability of the same parameters (Janeh et al., 2018; Canessa et al., 2019; Martelli et al., 2019). One study reported kinematic gait adjustments in terms of increased center of mass excursion (Varas-Diaz et al., 2020). Besides the contradictory nature of the existing literature, it is limited to simple analysis of spatio-temporal gait parameters or center of mass excursion. To date, there is no information available on the effect of VR on standard full-body 3D gait analysis such as gait kinematics and kinetics and their variability. However, such analysis is necessary if the intention is to understand potential effects of VR environments on individual gait patterns during overground walking.
Therefore, the first goal of this work was to address that limitation by evaluating if overground walking in a VR environment in the context of a standard 3D gait analysis setting has a relevant effect on spatio-temporal parameters, full-body gait kinematics and kinetics, as well as on the variability of these variables.
VR offers tremendous possibilities in the design of VR environments. These environments can resemble real environments, in the case of a gait analysis setting this is most likely the gait laboratory, but they also allow to create environments with a freely chosen ‘physical dimension’ (i.e., the size of the virtual environment in real-world units) and design. From a gait analysis perspective, the walkway length is always an important factor, as the walkway length influences self-selected walking speed (Najafi et al., 2011; Stuck et al., 2020), and thus it will affect several important biomechanical variables. However, little is known if the physical dimension of the laboratory itself influences the individual gait pattern, independent by the length of the walkway. That information could be very important, especially when one wants to compare gait analysis data from different laboratories with different physical room dimensions but most likely comparable walkway lengths. Reasons for comparing or even combining data from different laboratories can be manifold, but one emerging topic is the field of data science and in particular big data and machine learning applications (Phinyomark et al., 2018). Furthermore, this information could be important to consider during the design of virtual environments for gait rehabilitation and analysis.
Thus, the second goal of our work was to investigate if the “physical dimension” of VR environments (i.e., the size of a virtual room) influences self-selected walking speed and subsequently relevant biomechanical gait variables during overground walking in VR.
2 METHODS
2.1 Participants
A convenience sample of 9 male and 12 female healthy volunteers (N = 21, age: 37.62 ± 8.55 years, weight: 70.80 ± 14.86 kg, height: 169.57 ± 6.83 cm) was recruited at our University’s campus. We included volunteers aged between 18 and 65 years and excluded participants presenting any temporary or long-term conditions affecting their ability to walk. This study was approved by the local ethics committee (GS1-EK-4/682-2020) and was performed in accordance with the relevant guidelines and regulations. All participants were informed prior to the study and gave written informed consent.
2.2 Study Design
All participants underwent standard 3D gait analysis in four randomly assigned walking conditions: the real laboratory (RLab), a virtual laboratory resembling the real world (VRLab, 11.9 × 5.4 m), a small version of the VRlab (VRLab−, 8.7 × 5.4 m) and a version which was twice as long as the VRlab (VRLab+, 23.5 × 5.4 m). The first two conditions are related to the first goal of evaluating if overground walking in a VR environment has a relevant effect on selected gait variables. The last two virtual environments (VRLab + vs. VRLab−) are related to the second research goal of investigating if the “physical dimension” of the VR environment, i.e., the size of the room, influences self-selected walking speed. The walkway length, which was approximately in the center of the real and all virtual environments, was approximately 7 m long and similar for all four conditions.
2.3 The Virtual Overground Environment
The VR environment was delivered to the participants using a head-mounted-display (HMD, HTC, Vive Pro) which was operated wirelessly and calibrated to the real-world (Figures 1, 2). Participants wore the HMD on average 7 ± 1 min per VR condition and approximately 21 min in total during the study. HTC Vive 2.0 trackers were strapped to the feet to track and display the feet in VR in real-time. Five HTC Vive Lighthouses (2.0) were positioned in the laboratory to continuously track the positions of the HMD and both trackers. The real laboratory was surveyed with a laser measuring device. A virtual 3D model of the laboratory and part of its interior was created from the collected data. Based on these models, the Unity3D game engine was used for visualizing the lab in VR in real-time, as well as for the development of the application. In addition, we developed a middleware service called “Sensor Tracking Hub”. It is able to communicate with and combine data from multiple sensor input systems (in this case data received from a Vicon motion capture system and its real-time data-stream and the HTC Vive 2.0 trackers). The VR application received a continuous data stream from this middleware via the User Datagram Protocol (UDP) and applied this to a virtual 3D avatar. The setup can be easily adjusted to visualize the full movement of each participant. However, it was decided to only display virtual feet so that participants would not be too distracted during the experiment and still have a visual indication of their position in the laboratory and their movement while walking.
[image: Figure 1]FIGURE 1 | Left: The Cleveland Clinic marker set was used for the lower body and the Vicon Plug-In-Gait model for the upper body. A wireless operated HTC Vive Pro was used to deliver the VR environment. HTC Vive 2.0 trackers were used to track the positions of the feet in real-time and display them in the VR. Right: Participants walked in a random order in the real lab and three VR-versions of the lab, one resembling the real one (VRlab), one down-sized lab (VRlab−), and one over-sized lab (VRLab+). The pink dashed line shows the approximate position of the motion capture volume (of the real-world) in respect to each virtual environment.
[image: Figure 2]FIGURE 2 | The real-world laboratory (upper picture) compared to the virtual environment resembling the real-world (lower picture) participants walked through when wearing the HMD.
2.4 Gait Analysis and Outcome Variables
Briefly described, a 12-camera motion capture system (Nexus, 2.11, Vicon, Oxford, United Kingdom) operating at 150 Hz, and one synchronized force plate (Kistler, Winterthur, CH) sampled at 300 Hz were used to acquire standard 3D gait analysis data (3DGA). An extended Cleveland Clinic marker set (Baker, 2013) was used as a kinematic model for the lower extremity, the Vicon Plug-In-Gait model for the upper extremity (see Figure 1), and the regression equation from Davis et al. was used to determine the hip joint center (Davis et al., 1991). Ground reaction force data were filtered using a 4th order zero-lag butterworth filter with a cut-off frequency of 20 Hz. Raw kinematic trajectories were filtered using the Vicon Nexus system integrated Woltring filtering routine with a MSE value of 15. 3DGA was performed barefoot in all conditions. All data was time-normalized to 100% gait cycle (gc). Joint moments and power were normalized to body mass (N/kg, W/kg). For the conditions using the HMD, the head markers had to be replaced directly on the HMD. To account for that bias, we recorded a calibration trial for each condition where participants were asked to stand still with the head in a neutral position. The head and neck angles of the subsequent trials were then re-calibrated using that trial. In total, five clean force plate strikes per body side were recorded for each condition. For kinematic variables, however, all available steps before and after the force plate were used, resulting in 23 ± 6 steps per participant, condition, and side. One randomly chosen body side per participant was used for data analysis.
Spatio-temporal parameters, kinematic, and kinetic waveforms served as outcomes. To evaluate if walking in the VR has an effect on gait variability we also calculated a single measure of gait kinematic variability, namely GaitSD, as proposed by Sangeux et al. (2016) and calculated the coefficient of variation (CV, %) by dividing the standard deviation by the mean and multiplying it by 100 for all spatio-temporal parameters. Walking speed and GaitSD served as our primary outcomes for both research questions.
To get an impression of how participants felt during walking in the VR we asked each participant to complete a short survey immediately after the last walking session. The survey included six questions asking how they felt during walking in the VR compared to the real-world. Each question was rated on a 5-point Likert scale (see Figure 5). Participants were also asked to complete a subset of seven items of the 16-items Simulator Sickness Questionniare (SSQ) which measures symptoms such as “Headache” or “Blurred vision” on a 4-point Likert scale (none to severe) and is widely adopted for estimating motion sickness symptoms (Kennedy et al., 1993). However, the SSQ was developed for measuring experienced symptoms during a simulator and not for VR applications with HMDs. Therefore, we only used a subset of its items which fit for our purpose to measure the quality of perceived experience in VR.
2.5 Statistical Analysis
Basic features of the data were summarized using frequencies, means, and standard deviations, unless otherwise stated. Assumption of normality was checked by using a Kolmogorow-Smirnow Test and by inspecting the histogram of each variable. Data analysis was conducted using Python 3.8 and SPSS Statistics 26 (IBM Corporation, NY, United States).
To identify any global gait pattern changes, each 3DGA waveform was first submitted to a repeated measures ANOVA having the four conditions as within-factors from the SPM1D package (v.0.4.2) available for Python (Pataky, 2012). In case the ANOVA indicated any significant differences, additional post-hoc tests were conducted using paired-sampled t-tests in SPM. If normality of the data distribution was violated, non-parametric tests were used. To keep the amount of tests low, we only compared the RLab vs VRlab to answer research question one, and VRLab + vs. VRLab− to answer research question two. To reduce type I errors resulting p-values were Bonferroni adjusted for each pair of post hoc tests by multiplying them by 2. For the discrete spatio-temporal variables and GaitSD the same procedure was used but with the standard statistical tests for discrete values.
Based on the intrarater-intersession minimal detectable change values reported by Wilken et al. (2012) relevant differences for lower-body kinematic and kinetic variables were defined as follows: for kinematics, differences exceeding 2 degrees; for joint moments, differences exceeding 0.1 Nm/kg; for joint power, differences exceeding 0.3 W/kg. Regarding walking speed a difference of greater than 0.1 m/s was considered relevant (Bohannon and Glenney, 2014).
3 RESULTS
Four out of the 21 participants reported to never have used VR-HMDs before, all others have used them only once or twice.
Regarding our first primary outcome, walking speed, the repeated measures ANOVA indicated significant differences for the four walking conditions [F (3, 60) = 24.678, p [image: image] 0.001, eta2 = 0.553]. Subsequent post hoc dependent t-tests indicated a significant [t (20) = 6.18, p [image: image] 0.001, Cohen’s d = 1.3] decrease of 0.09 ± 0.06 m/s in walking speed when walking in the RLab compared to the VRLab, but no differences between VRLab+ and VRLab− (Figure 3). Regarding the other spatio-temproal parameters the repeated measures ANOVA and subsequent post-hoc tests indicated significant differences (p [image: image] 0.001) in all spatio-temporal parameters between RLab and VRLab except for step width and no differences between VRLab+ and VRLab−. See Supplementary Figure S1; Supplementary Tables S1, S2 in the supplement. Following significant results of the repeated measures ANOVA (see Supplementary Table S3 in the supplement), subsequent post-hoc tests also identified the coefficient of variation for step width (p [image: image] 0.001) and foot off (p [image: image] 0.001) as statistically increased when walking in the VRLab compared to the RLab. Step time variability slightly missed the alpha level (p = 0.086). No other differences were found. See Supplementary Figure S2; Supplementary Tables S3, S4 in the supplement.
[image: Figure 3]FIGURE 3 | Walking speed during walking in the real lab (RLab), the virtual lab (VRLab), the over-sized (VRlab+), and down-sized (VRLab−) lab. The plot shows the data distribution (probability density function), the jittered raw data, the mean (red line), and a box plot showing quartiles where whiskers extend to the end of the data distribution except for outliers (diamonds) Allen et al. (2021).
Regarding our second primary outcome, GaitSD, the ANOVA indicated significant differences for the four walking conditions [F (3, 60) = 11.253, p [image: image] 0.001, eta2 = 0.360]. Post hoc analysis with a Bonferroni adjustment indicated a significant [t (20) = -4.831, p [image: image] 0.001, Cohen’s d = 1.05] increase of on average 57% in GaitSD (Figure 4) from the RLab (2.8 ± 0.8) to the VRlab (4.4 ± 1.6), but no differences between VRlab+ (4.4 ± 1.6) and VRlab− (4.4 ± 1.9).
[image: Figure 4]FIGURE 4 | Gait variability in terms of GaitSD during walking in the real lab (RLab), the virtual lab (VRLab), the over-sized (VRlab+), and down-sized (VRLab−) lab. The plot shows the data distribution (probability density function), the jittered raw data, the mean (red line), and a box plot showing quartiles where whiskers extend to the end of the data distribution except for outliers (diamonds) Allen et al. (2021).
SPM indicated some small but significant differences in lower and upper body kinematics, joint moments, and power. However, significant differences exceeding the relevance threshold were only found for decreased plantar-flexion (−3 degrees) and sole angle during push-off (−4 degrees), as well as a decreased ankle plantar-flexion power generation during push-off (−0.4 W/kg) when walking in VR compared to the real-world. The ankle plantar flexion moment during push-off (−0.1 Nm/kg) also demonstrated a reduction slightly greater than the relevance threshold, but was not significant. Details can be found in Supplementary Figures S3–S6 in the supplement.
Regarding the subset of the SSQ, most of the participants indicated that they have not noticed any or only slight symptoms. One participant (5%) reported severe eye strain along with moderate discomfort, and nausea. Five participants (24%) reported moderate difficulties in focusing and three reported moderately blurred vision (14%). For details see Figure 6. Regarding how participants perceived walking in the VR, two participants (10%) reported feeling moderately uncomfortable, 11 (52%) reported that they perceived a difference in their walking pattern while navigating through the VR, seven (33%) reported that it felt different compared to the real-world, six (29%) reported that the HMD limited them during walking, and two (10%) were moderately afraid to bump into real objects. 19 participants (90%) would like to see VR further developed in gait analysis settings (Figure 5).
[image: Figure 5]FIGURE 5 | Stacked bar graphs showing the percentage of participants reporting results of the six questions about how they perceived walking in the VR compared to the real-world. The extremes of the 5-point Likert scale are described in brackets next to each question on the y-axis.
[image: Figure 6]FIGURE 6 | Reported results of the subset of the Simulator Sickness Questionnaire (SSQ) used to measure the perceived quality of experience during VR exposure. The stacked bar graphs show the percentage of participants reporting each question on a 4-point Likert scale.
4 DISCUSSION
This study investigated if walking in an overground VR environment provided by an HMD has a relevant effect on selected 3D full-body gait variables in healthy individuals. We also investigated if the “physical dimension” of the VR environment influences self-selected walking speed and asked the participants to report how they perceived walking in the VR.
Participants demonstrated slight gait adaptions in spatio-temporal, kinematic, and kinetic variables during walking in the VR compared to walking in the real world. Walking speed was on average reduced by 0.09 ± 0.06 m/s (−7.3%) in the VR. Earlier research has already partly demonstrated that overground walking in VR can have an effect on spatio-temporal parameters. Martelli et al. (2019) found a decrease in stride length (∼ −4%). Janeh et al. (2017) found a decrease of walking speed (∼ −8%), step length (∼ −6%), and an increase of double support (∼ +7%) when walking in VR. Canessa et al. (2019) reported a decrease in cadence (∼ −10%). There is another particular study which analyzed whether overground VR environments that replicate freezing-of-gait (FoG) provoking situations for people with Parkinson’s disease would exacerbate gait adaptions relevant for FoG (Yamagami et al., 2020). While they have used similar motion capture techniques as in our study, they only reported a subset of spatio-temporal parameters along with step length variability. They found similar effects, such as reduced walking speed (∼ −13%), step length (∼ −11%) along with increased step width (∼ +8%) compared to the physical laboratory. However, they assessed the effect of VR overground walking in patients with impaired motor control and thus, their results cannot be directly compared to our sample of healthy individuals. In comparison to that earlier research, we have analyzed a complete set of standard spatio-temporal parameters used in clinical settings. Our results clearly support the initial findings of the preceding research with healthy participants and demonstrate that individuals change to a pattern of decreased walking speed, cadence, step/stride length, along with an increase in step/stride time, increased % double and decrease % single support (see Supplementary Tables S1, S2 for details in the supplement). In terms of statistically relevance, our results presented moderate to high effect sizes, but from a clinical perspective walking speed was slightly below our relevance threshold of 0.1 m/s (Bohannon and Glenney, 2014). Yet, in eight out of 21 participants that threshold was reached with differences ranging from 0.1 m/s to 0.23 m/s, and 0.15 ± 0.05 m/s on average.
Next to spatio-temporal adaptions, SPM indicated slight changes for lower and upper body kinematics as well as lower body joint moments and powers (see Supplementary Figures S2–S5 in the supplement). However, in almost all cases effects were small, even tough relevance thresholds were reached for plantar-flexion and sole angle during push-off, ankle plantar flexion moment during push-off, and ankle plantar-flexion power generation during push-off. These changes can be attributed to the decrease in walking speed in the VR.
Earlier research has linked HMD wear to increased neck flexion which consequently could place the musculoskeletal system of the head and neck under increased levels of stress. Knight and Baber (2007) evaluated the effects of HMDs on neck posture during HMD simulated paramedic training activities. In their study paramedics presented a greater percentage of postures with the neck flexed by greater than 20 degrees compared while immersed in VR with an HMD compared to the same condition without wearing an HMD. The HMD condition also had a greater percentage of postures that involved the neck being rotated or laterally flexed. They assumed that these changes could be either related to issues of comfort and fit, e.g., to reduce slippage, the wearers may modify their posture to better balance the HMD on the head. Their second explanation was that wearers modify their head posture to overcome a reduced field of view due to the HMD. Restricted field of view is associated with increased head movements and are assumed to have a disruptive effect on the efficient use of coordinated head and eye movements to acquire spatial information (Venturino and Wells, 1990). Our data did not indicate any changes to neck posture which is an important finding as altered neck position could limit the applicability of HMDs in clinical settings. To this end we can only make assumptions why we did not observe changes in head posture. One potential reason could be associated with the different technical advancements of the HMDs. The HMD used by Knight and Baber (2007) dates back several years whereas we have used a state-of-the-art HMD offering a much higher image resolution, a wider horizontal and vertical field of view, and a better head strap. These factors will presumably contribute to a more comfortable and natural VR experience.
Interestingly, participants also demonstrated an increased variability in spatio-temporal parameters and a markedly increase in the lower extremity gait kinematic pattern (in terms of the GaitSD) when walking in the VR. Martelli et al. (2019) already reported an increase in variability of step width (+13%) and a trend in step length variability (+24%). Also Yamagami et al. (2020) have reported an increase in step length variability (+67%) in their patients, however as mentioned above in patients with Parkinson’s disease. In line with this earlier research, we found an increase of 38% in step width variability, next to 40% in foot off variability. Our results extend that earlier results by showing that the increased variability can also be clearly seen in lower body gait kinematics (GaitSD). The demonstrated variability of spatio-temporal parameters during walking in the real world compare well to the optimal thresholds for movement performance in healthy controls described by Ravi et al. (2020). As our results show a significant increase in variability for some of the spatio-temporal parameters when walking in VR compared to the real world this could be an indication for instability induced by the VR during walking. Even tough there is also a well-documented link between reduced walking speed and increasing gait variability (Chien et al., 2015) our observed effects, especially for variability in kinematics, seem not in proportion to the expected increase due to slower walking speeds. This further corroborates the idea that the VR environment induced instability. A similar increase in variability was already reported in early research on gait adaptation for walking in VR environments on treadmills more than a decade ago (Hollman et al., 2006; Hollman et al., 2007). According to that research, individuals reduced stride length, increased step width and demonstrated pronounced variability in walking speed and step width. This was interpreted as a sign of a more conservative or cautious gait provoked by instability due to the VR environment. It was assumed that the instability may be caused by a mismatch of perception and optical flow or the fidelity of the VR system (Banton et al., 2005; Durgin et al., 2005; Sloot et al., 2014). Although we have used a much more advanced VR technology in terms of HMDs, our results point in the same direction. This seems a bit disappointing as one would assume that with better immersion technologies the walking pattern will tend to resemble a normal pattern. One reason why this was not the case might be the reduced field of view HMDs offer. Peripheral vision plays an important role in movement control and postural control and thus its limitation can influence movement (Sivak and MacKenzie, 1990; Iosa et al., 2012). Another reason might be occasionally occurring inaccuracies in alignment of the virtual to the real world caused by relative movements of the HMD to the head or blurred vision due to problems with focusing. This is also in line with the results of the questionnaires where some participants reported both, difficulty in focusing and blurred vision. These points should be addressed in future developments as they might help to increase the immersion grade while reducing unwanted effects on the gait pattern.
Regarding the results of the questionnaire, several participants reported that they perceived at least a moderate difference in their gait while walking and some also indicated that the HMD was a limiting factor during navigating through the VR. Compared to the VR-HMD, augmented reality headsets (AR-HMDs) using optical see-through displays such as Microsoft’s HoloLens 2 seem to offer advantages in that direction as AR-HMDs allow for full field of view of the real environment with digital elements superimposed to the real-world. Using AR-HMDs during overground walking could be a direction for future research. On the other hand, AR-HMDs still have the major drawback that superimposed virtual information can only be visualized with an even more narrow field of view compared to VR-HMDs. However, compared to the frequently used projection technologies for VR (such as curved screens combined with treadmills), a recent study clearly highlighted the advantages of VR-HMDs. Elor et al. (2020) compared the experience of exergaming between HMDs and a Cave Automated Virtual Environment (CAVE) and found that the HMD excelled in in-game performance, biofeedback response, and player engagement for both healthy individuals and users with cognitive disabilities. In addition, AR and VR as well HMDs are technologies that still undergo a tremendous development, so we can expect them to become even more capable, lighter, and robust in the near future.
Our second aim was to investigate if the “physical dimension” of the VR environment influences self-selected walking speed. Research has shown that walkway length influences self-selected walking speed (Najafi et al., 2011; Stuck et al., 2020), and thus it will affect several biomechanical variables. For example the recent systematic review by Stuck et al. (2020) found an overall median absolute difference of 0.04 m/s with a trend towards higher gait speed measured for longer walkway lengths compared to shorter ones. Our results did not indicate any differences in motor control adaptation between the small and the large VR environment. These results could be relevant for future studies developing virtual environments for gait rehabilitation. In addition, these results might also allow for the careful conclusion that data from different laboratories, which have similar walkway lengths but a different room-size might not be biased by the latter. This could be important especially when one wants to combine gait analysis data from different laboratories with different physical dimensions but comparable walkway lengths. Reasons for combining data from different laboratories can be manifold, but one emerging topic is the field of data science and in particular big data and machine learning applications (Phinyomark et al., 2018).
In summary, our most important findings are that people walk slightly slower and show increased gait variability when navigating in overground scenarios through virtual environments, independent by the size of the virtual room. These gait alterations need to be considered when researchers use VR environments in their investigations. In consequence, an important future direction of research should also be directed towards the identification of factors which potentially can contribute to a truly natural walking experience in VR.
There are some limitations in our work which need to be recognized. Firstly, our VR system had a limited size of the tracking area. Therefore, we had to confine the walkway length to about seven meters which is rather small and will presumably result generally in a slightly lower walking speed compared to natural walking. Secondly, our investigation is limited to healthy individuals, tough of varying age. Our study needs to be replicated with elderly people as well as with various patient groups, such as individuals with neurological disorders. Thirdly, the virtual representation of each participant in the VR was limited to their feet. Wirth et al. (2021) have recently shown that walking on a treadmill without self-representation and with different avatar self-representations, i.e., a point-cloud, a silhouette, and a humanoid representation, did not affect the gait pattern. However, the missing self-representation was rated significantly lower in terms of experienced degree of realism and the possibility to act. This could be an important factor for VR-based applications in rehabilitation as one driving factor of VR is to increase intrinsic motivation and promote a more joyful and motivational exercise experience (Chen et al., 2021). Fourthly, all walking conditions were assigned in complete random order. This means that some of our participants (N = 15/21) had one of the VR environments as their first condition. They might have developed a cautious gait already during that first condition which could have biased the following real-world walking condition to a certain extent. Lastly, since in our study the period of wearing the HMD was relatively short in comparison to the typical time spent in a rehabilitation session our findings should be cautiously used to inform the design of prolonged VR-assisted rehabilitation programs.
5 CONCLUSION
We have investigated if walking in an overground VR environment with an HMD has a relevant effect on full-body 3D gait biomechanical variables. Our results clearly demonstrate that people adopt a slightly slower walking pattern with small accompanying kinematic and kinetic changes. Most of the kinematic and kinetic differences were too small to be regarded as relevant, but reduced walking speed (−7.3%), increased lower body kinematic variability (+57%) along with increased percent double support time (+4.3%), and increased step width variability (+38%), among others, indicate gait adaptions toward a slightly more conservative or cautious gait due to instability induced by the VR environment. The “physical dimension” of the VR environment does not seem to have an impact on the gait pattern during a standard gait analysis protocol. We propose that these effects need to be taken into account in the design of VR-based overground training devices.
VR and HMDs are technologies that have been and still are undergoing a tremendous development, so we can expect them to become an even more capable tool in future to serve as a meaningful device in clinical practice and research. Our study lays the foundation for upcoming developments in the field of VR-assisted gait rehabilitation as it describes how that technology in overground walking scenarios impacts our gait patterns. This information is of high relevance when one wants to develop purposeful rehabilitation tools in future.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors on request, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics committee of the Lower Austrian state government. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
BH: Funding acquisition, Project administration, Conceptualization, Methodology, Writing—Original Draft, Formal analysis; MS: Methodology, Data Analysis, Data Curation, Formal analysis, Writing—Review and Editing; BD: Methodology, Data Analysis, Data Curation, Formal analysis, Writing—Review and Editing, LS: Methodology, VR Development, Writing—Review and Editing; AJ: Methodology, VR Development, Writing—Review and Editing; MH: Methodology, VR Development, Writing—Review and Editing.
FUNDING
This work received funding from the Austrian Research Promotion Agency (FFG) and the BMDW within the COIN-program (#866855) and from the Gesellschaft für Forschungsförderung NÖ (Research Promotion Agency of Lower Austria) within the Endowed Professorship for Applied Biomechanics and Rehabilitation Research (SP19-004).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank Tarique Siragy for his ideas, thoughts, and help.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.780314/full#supplementary-material
REFERENCES
 Ahn, S., and Hwang, S. (2019). Virtual Rehabilitation of Upper Extremity Function and independence for Stoke: A Meta-Analysis. J. Exerc. Rehabil. 15, 358–369. doi:10.12965/jer.1938174.087
 Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R., van Langen, J., and Kievit, R. A. (2021). Raincloud Plots: A Multi-Platform Tool for Robust Data Visualization. Wellcome Open Res. 4, 63. doi:10.12688/wellcomeopenres.15191.2
 Almajid, R., Tucker, C., Wright, W. G., Vasudevan, E., and Keshner, E. (2020). Visual Dependence Affects the Motor Behavior of Older Adults during the Timed up and Go (TUG) Test. Arch. Gerontol. Geriatr. 87, 104004. doi:10.1016/j.archger.2019.104004
 Baker, R. (2013). Measuring Walking: A Handbook of Clinical Gait Analysis. London: Mac Keith Press. 
 Banton, T., Stefanucci, J., Durgin, F., Fass, A., and Proffitt, D. (2005). The Perception of Walking Speed in a Virtual Environment. Presence: Teleoperators & Virtual Environments 14, 394–406. doi:10.1162/105474605774785262
 Benham, S., Kang, M., and Grampurohit, N. (2019). Immersive Virtual Reality for the Management of Pain in Community-Dwelling Older Adults. OTJR: Occup. Participation Health 39, 90–96. doi:10.1177/1539449218817291
 Bohannon, R. W., and Glenney, S. S. (2014). Minimal Clinically Important Difference for Change in Comfortable Gait Speed of Adults with Pathology: A Systematic Review. J. Eval. Clin. Pract. 20, 295–300. doi:10.1111/jep.12158
 Canessa, A., Casu, P., Solari, F., and Chessa, M. (2019). Comparing Real Walking in Immersive Virtual Reality and in Physical World Using Gait Analysis. In Proceedings of the 14th International Joint Conference on Computer Vision, Imaging and Computer Graphics Theory and Applications. Prague, Czech Republic: SCITEPRESS - Science and Technology Publications, 121–128. doi:10.5220/0007380901210128
 Canning, C. G., Allen, N. E., Nackaerts, E., Paul, S. S., Nieuwboer, A., and Gilat, M. (2020). Virtual Reality in Research and Rehabilitation of Gait and Balance in Parkinson Disease. Nat. Rev. Neurol. 16, 409–425. doi:10.1038/s41582-020-0370-2
 Chan, Z. Y. S., MacPhail, A. J. C., Au, I. P. H., Zhang, J. H., Lam, B. M. F., Ferber, R., et al. (2019). Walking with Head-Mounted Virtual and Augmented Reality Devices: Effects on Position Control and Gait Biomechanics. PLOS ONE 14, e0225972. doi:10.1371/journal.pone.0225972
 Chen, B., Liang, R.-Q., Chen, R.-Y., and Xu, F.-y. (2021). The Effect of Virtual Reality Training on the Daily Participation of Patients: A Meta-Analysis. Complement. Therapies Med. 58, 102676. doi:10.1016/j.ctim.2021.102676
 Chien, J. H., Yentes, J., Stergiou, N., and Siu, K.-C. (2015). The Effect of Walking Speed on Gait Variability in Healthy Young, Middle-Aged and Elderly Individuals. J. Phys. activity . nutrition and rehabilitation 2015, Available at: http://www.panr.com.cy/index.php/article/the–effect–of–walking–speed–on–gait–variability–in–healthy–young–middle–aged–and–elderly–individuals/. 
 Darter, B. J., and Wilken, J. M. (2011). Gait Training with Virtual Reality-Based Real-Time Feedback: Improving Gait Performance Following Transfemoral Amputation. Phys. Ther. 91, 1385–1394. doi:10.2522/ptj.20100360
 Davis, R. B., Õunpuu, S., Tyburski, D., and Gage, J. R. (1991). A Gait Analysis Data Collection and Reduction Technique. Hum. Mov. Sci. 10, 575–587. doi:10.1016/0167-9457(91)90046-Z
 de Oliveira, J. M., Fernandes, R. C. G., Pinto, C. S., Pinheiro, P. R., Ribeiro, S., and de Albuquerque, V. H. C. (2016). Novel Virtual Environment for Alternative Treatment of Children with Cerebral Palsy. Comput. Intelligence Neurosci. 2016, 1–10. doi:10.1155/2016/8984379
 de Vries, A. W., Willaert, J., Jonkers, I., van Dieën, J. H., and Verschueren, S. M. P. (2020). Virtual Reality Balance Games Provide Little Muscular Challenge to Prevent Muscle Weakness in Healthy Older Adults. Games Health J. 9, 227–236. doi:10.1089/g4h.2019.0036
 Delgado, F., and Der Ananian, C. (2021). The Use of Virtual Reality through Head-Mounted Display on Balance and Gait in Older Adults: A Scoping Review. Games Health J. 10, 2–12. doi:10.1089/g4h.2019.0159
 Durgin, F. H., Gigone, K., and Scott, R. (2005). Perception of Visual Speed while Moving. J. Exp. Psychol. Hum. Perception Perform. 31, 339–353. doi:10.1037/0096-1523.31.2.339
 Elor, A., Powell, M., Mahmoodi, E., Hawthorne, N., Teodorescu, M., and Kurniawan, S. (2020). On Shooting Stars. ACM Trans. Comput. Healthc. 1, 1–22. doi:10.1145/3396249
 Held, J. P., Ferrer, B., Mainetti, R., Steblin, A., Hertler, B., Moreno-Conde, A., et al. (2018). Autonomous Rehabilitation at Stroke Patients home for Balance and Gait: Safety, Usability and Compliance of a Virtual Reality System. Eur. J. Phys. Rehabil. Med. 54, 545–553. doi:10.23736/S1973-9087.17.04802-X
 Hollman, J. H., Brey, R. H., Bang, T. J., and Kaufman, K. R. (2007). Does Walking in a Virtual Environment Induce Unstable Gait?Gait & Posture 26, 289–294. doi:10.1016/j.gaitpost.2006.09.075
 Hollman, J. H., Brey, R. H., Robb, R. A., Bang, T. J., and Kaufman, K. R. (2006). Spatiotemporal Gait Deviations in a Virtual Reality Environment. Gait & Posture 23, 441–444. doi:10.1016/j.gaitpost.2005.05.005
 Iosa, M., Fusco, A., Morone, G., and Paolucci, S. (2012). Effects of Visual Deprivation on Gait Dynamic Stability. Scientific World J. 2012, 1–7. doi:10.1100/2012/974560
 Janeh, O., Bruder, G., Steinicke, F., Gulberti, A., and Poetter-Nerger, M. (2018). Analyses of Gait Parameters of Younger and Older Adults during (Non-)Isometric Virtual Walking. IEEE Trans. Vis. Comput. Graphics 24, 2663–2674. doi:10.1109/tvcg.2017.2771520
 Janeh, O., Langbehn, E., Steinicke, F., Bruder, G., Gulberti, A., and Poetter-Nerger, M. (2017). Walking in Virtual Reality. ACM Trans. Appl. Percept. 14, 1–15. doi:10.1145/3022731
 Kennedy, R. S., Lane, N. E., Berbaum, K. S., and Lilienthal, M. G. (1993). Simulator Sickness Questionnaire: An Enhanced Method for Quantifying Simulator Sickness. Int. J. Aviation Psychol. 3, 203–220. doi:10.1207/s15327108ijap0303_3
 Knight, J. F., and Baber, C. (2007). Effect of Head-Mounted Displays on Posture. Hum. Factors 49, 797–807. doi:10.1518/001872007x230172
 Lee, K. (2020). Virtual Reality Gait Training to Promote Balance and Gait Among Older People: A Randomized Clinical Trial. Geriatrics (Basel, Switzerland) 6. doi:10.3390/geriatrics6010001
 Lu, Y., Ge, Y., Chen, W., Xing, W., Wei, L., Zhang, C., et al. (2021). The Effectiveness of Virtual Reality for Rehabilitation of Parkinson Disease: An Overview of Systematic Reviews and Meta-Analyses. PrePrint 13. doi:10.21203/rs.3.rs-255702/v1
 Martelli, D., Xia, B., Prado, A., and Agrawal, S. K. (2019). Gait Adaptations during Overground Walking and Multidirectional Oscillations of the Visual Field in a Virtual Reality Headset. Gait & Posture 67, 251–256. doi:10.1016/j.gaitpost.2018.10.029
 Mirelman, A., Maidan, I., Herman, T., Deutsch, J. E., Giladi, N., and Hausdorff, J. M. (2011). Virtual Reality for Gait Training: Can it Induce Motor Learning to Enhance Complex Walking and Reduce Fall Risk in Patients with Parkinson's Disease?Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 66A, 234–240. doi:10.1093/gerona/glq201
 Najafi, B., Khan, T., and Wrobel, J. (20112011). Laboratory in a Box: Wearable Sensors and its Advantages for Gait analysisIEEE Engineering in Medicine and Biology Society. Annu. Int. Conf. IEEE Eng. Med. Biol. SocietyAnnual Int. Conf. , 6507–6510. doi:10.1109/IEMBS.2011.6091605
 Osaba, M. Y., Martelli, D., Prado, A., Agrawal, S. K., and Lalwani, A. K. (2020). Age-related Differences in Gait Adaptations during Overground Walking with and without Visual Perturbations Using a Virtual Reality Headset. Sci. Rep. 10, 15376. doi:10.1038/s41598-020-72408-6
 Palacios-Navarro, G., and Hogan, N. (2021). Head-Mounted Display-Based Therapies for Adults Post-Stroke: A Systematic Review and Meta-Analysis. Sensors 21, 1111. doi:10.3390/s21041111
 Pataky, T. C. (2012). One-dimensional Statistical Parametric Mapping in Python. Comp. Methods Biomech. Biomed. Eng. 15, 295–301. doi:10.1080/10255842.2010.527837
 Peng, Q.-c., Yin, L., and Cao, Y. (2021). Effectiveness of Virtual Reality in the Rehabilitation of Motor Function of Patients with Subacute Stroke: A Meta-Analysis. Front. Neurol. 12, 639535. doi:10.3389/fneur.2021.639535
 Phinyomark, A., Petri, G., Ibáñez-Marcelo, E., Osis, S. T., and Ferber, R. (2018). Analysis of Big Data in Gait Biomechanics: Current Trends and Future Directions. J. Med. Biol. Eng. 38, 244–260. doi:10.1007/s40846-017-0297-2
 Ravi, D. K., Gwerder, M., König Ignasiak, N., Baumann, C. R., Uhl, M., van Dieën, J. H., et al. (2020). Revealing the Optimal Thresholds for Movement Performance: A Systematic Review and Meta-Analysis to Benchmark Pathological Walking Behaviour. Neurosci. Biobehavioral Rev. 108, 24–33. doi:10.1016/j.neubiorev.2019.10.008
 Saldana, D., Neureither, M., Schmiesing, A., Jahng, E., Kysh, L., Roll, S. C., et al. (2020). Applications of Head-Mounted Displays for Virtual Reality in Adult Physical Rehabilitation: A Scoping Review. Am. J. Occup. Ther. 74, 7405205060p1–7405205060p15. doi:10.5014/ajot.2020.041442
 Sangeux, M., Passmore, E., Graham, H. K., and Tirosh, O. (2016). The Gait Standard Deviation, a Single Measure of Kinematic Variability. Gait & Posture 46, 194–200. doi:10.1016/j.gaitpost.2016.03.015
 Shideler, B. L., Martelli, D., Prado, A., and Agrawal, S. K. (2021). Overground Gait Training Using Virtual Reality Aimed at Gait Symmetry. Hum. Mov. Sci. 76, 102770. doi:10.1016/j.humov.2021.102770
 Sivak, B., and MacKenzie, C. L. (1990). Integration of Visual Information and Motor Output in Reaching and Grasping: The Contributions of Peripheral and central Vision. Neuropsychologia 28, 1095–1116. doi:10.1016/0028-3932(90)90143-C
 Sloot, L. H., van der Krogt, M. M., and Harlaar, J. (2014). Effects of Adding a Virtual Reality Environment to Different Modes of Treadmill Walking. Gait & Posture 39, 939–945. doi:10.1016/j.gaitpost.2013.12.005
 Steuer, J. (1992). Defining Virtual Reality: Dimensions Determining Telepresence. J. Commun. 42, 73–93. doi:10.1111/j.1460-2466.1992.tb00812.x
 Stuck, A. K., Bachmann, M., Füllemann, P., Josephson, K. R., and Stuck, A. E. (2020). Effect of Testing Procedures on Gait Speed Measurement: A Systematic Review. PLoS One 15, e0234200. doi:10.1371/journal.pone.0234200
 Taneda, K., Mani, H., Kato, N., Komizunai, S., Ishikawa, K., Maruya, T., et al. (2021). Effects of Simulated Peripheral Visual Field Loss on the Static Postural Control in Young Healthy Adults. Gait & Posture 86, 233–239. doi:10.1016/j.gaitpost.2021.03.011
 van der Krogt, M. M., Sloot, L. H., and Harlaar, J. (2014). Overground versus Self-Paced Treadmill Walking in a Virtual Environment in Children with Cerebral Palsy. Gait & Posture 40, 587–593. doi:10.1016/j.gaitpost.2014.07.003
 Varas-Diaz, G., Paralkar, S., Wang, S., and Bhatt, T. (2020). Kinematic Gait Adjustments to Virtual Environments on Different Surface Conditions: Do Treadmill and Over-ground Walking Exhibit Different Adaptations to Passive Virtual Immersion?Rehabil. Res. Pract. 2020, 8901973. doi:10.1155/2020/8901973
 Venturino, M., and Wells, M. J. (1990). Head Movements as a Function of Field-Of-View Size on a Helmet-Mounted Display. Proc. Hum. Factors Soc. Annu. Meet. 34, 1572–1576. doi:10.1177/154193129003401932
 Weber, A., Friemert, D., Hartmann, U., Epro, G., Seeley, J., Werth, J., et al. (2021). Obstacle Avoidance Training in Virtual Environments Leads to Limb-specific Locomotor Adaptations but Not to Interlimb Transfer in Healthy Young Adults. J. Biomech. 120, 110357. doi:10.1016/j.jbiomech.2021.110357
 Wilken, J. M., Rodriguez, K. M., Brawner, M., and Darter, B. J. (2012). Reliability and Minimal Detectible Change Values for Gait Kinematics and Kinetics in Healthy Adults. Gait & Posture 35, 301–307. doi:10.1016/j.gaitpost.2011.09.105
 Willaert, J., De Vries, A. W., Tavernier, J., Van Dieen, J. H., Jonkers, I., and Verschueren, S. (2020). Does a Novel Exergame challenge Balance and Activate Muscles More Than Existing Off-The-Shelf Exergames?J. Neuroengineering Rehabil. 17, 6. doi:10.1186/s12984-019-0628-3
 Wirth, M., Gradl, S., Prosinger, G., Kluge, F., Roth, D., and Eskofier, B. M. (2021). “The Impact of Avatar Appearance, Perspective and Context on Gait Variability and User Experience in Virtual Reality,” in 2021 IEEE Virtual Reality and 3D User Interfaces (VR) (Lisboa, Portugal: IEEE), 326–335. doi:10.1109/VR50410.2021.00055
 Yamagami, M., Imsdahl, S., Lindgren, K., Bellatin, O., Nhan, N., Burden, S. A., et al. (2020). Effects of Virtual Reality Environments on Overground Walking in People with Parkinson Disease and Freezing of Gait. Disabil. Rehabil. Assistive Tech. , 1–8. doi:10.1080/17483107.2020.1842920
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Horsak , Simonlehner , Schöffer , Dumphart , Jalaeefar  and Husinsky . This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_7.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Overground Walking in a Fully Immersive Virtual Reality: A Comprehensive Study on the Effects on Full-Body Walking Biomechanics		1 Introduction

		2 Methods		2.1 Participants

		2.2 Study Design

		2.3 The Virtual Overground Environment

		2.4 Gait Analysis and Outcome Variables

		2.5 Statistical Analysis





		3 Results

		4 Discussion

		5 Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/inline_6.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





OPS/images/fbioe-09-780314-g005.gif





OPS/images/fbioe-09-780314-g006.gif





OPS/images/fbioe-09-780314-g003.gif





OPS/images/fbioe-09-780314-g004.gif





OPS/images/inline_3.gif





OPS/images/inline_1.gif





OPS/images/inline_2.gif





OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Overground Walking in a Fully
Immersive Virtual Reality: A
Comprehensive Study on the
Effects on Full-Body Walking
Biomechanics





OPS/images/fbioe-09-780314-g001.gif





OPS/images/fbioe-09-780314-g002.gif





