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avoidance of virtual pedestrians

Marco A. Buhler'?*, Sean D. Lynch??, Trineta M. Bhojwani®?,
Ahlam Zidan??, Félix Fiset*®, Bradford J. McFadyen**> and
Anouk Lamontagne'?*

YIntegrated Program in Neuroscience, McGill University, Montreal, QC, Canada, 2Jewish Rehabilitation
Hospital-CISSS de Laval Site of the Centre for Interdisciplinary Research in Rehabilitation of Greater
Montreal, Laval, QC, Canada, *School of Physical and Occupational Therapy, McGill University, Montreal,
QC, Canada, “Centre for Interdisciplinary Research in Rehabilitation and Social Integration de la Capitale
Nationale, Laval, QC, Canada, *Département de réadaptation, Université Laval, Laval, QC, Canada

To combat the COVID-19 pandemic, governments around the world have
proposed a series of mitigation strategies. While responses varied across
different governing bodies, recommendations such as social distancing and the
use of surgical masks were nearly universal. These recommendations, as well as
the social anxiety that emerged during the pandemic, are likely to have influenced
pedestrian interactions. In this study, we have examined the effect of surgical
masks on locomotor circumvention strategies in response to virtual pedestrians.
We further explored the relationship between measures of obstacle clearance and
feelings of anxiety related to community ambulation in the context of the
pandemic. Using virtual reality, locomotor circumvention strategies in response
to approaching pedestrians with and without surgical masks were measured in a
sample of 11 healthy young individuals. Additionally, a questionnaire was
developed and used to gain insights into participants’ behaviours during and
after a strict period of restrictions that were in effect before the summer of 2020.
Results showed that participants maintained a larger clearance when virtual
pedestrians wore a surgical mask. Furthermore, clearance was positively
associated with anxiety toward community ambulation in the context of the
pandemic. Our findings provide evidence that mask-wearing elicits an increase
in physical distancing during pedestrian interactions. Furthermore, results indicate
that social context and mental health status influence locomotor outcomes
measured in the context of a pedestrian interaction task and highlight the
potential of virtual reality simulations to study locomotion in the community
setting.
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1 Introduction

In December 2019 the novel coronavirus (i.e., COVID-19) gave rise to a global
pandemic (Anand et al.,, 2020). Over the following years, the world continued to be
confronted with multiple waves of coronavirus infections. To curb the community’s
spread of the virus, governments around the globe incorporated various health and
safety guidelines. While most guidelines varied across country and state governments,
recommendations such as hand washing, social distancing, and wearing a surgical mask
were widely promoted. Considering that direct contact, indirect contact, respiratory
droplets, and aerosol particles are likely to be the principal modes of transmission

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frvir.2023.1081003/full
https://www.frontiersin.org/articles/10.3389/frvir.2023.1081003/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frvir.2023.1081003&domain=pdf&date_stamp=2023-03-23
mailto:marco.buhler@mail.mcgill.ca
mailto:marco.buhler@mail.mcgill.ca
https://doi.org/10.3389/frvir.2023.1081003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://doi.org/10.3389/frvir.2023.1081003

Buhler et al.

(Ehsanifar, 2021; Leung, 2021), these recommendations are
practical and effective methods to decrease the likelihood of
transmission from infected to non-infected individuals (Chu
et al., 2020; Eikenberry et al., 2020).

Despite the restrictions implemented throughout the pandemic,
walking in community environments and interactions with other
pedestrians remained an essential part of everyday life. In the
context of the COVID-19 pandemic, these interactions are a
matter of public interest. The reason behind this assertion is that
any factor that leads to a smaller or larger proximity between
pedestrians would influence the likelihood of transmission (Chu
etal., 2020; Eikenberry et al., 2020; Seres et al., 2020; Jorgensen et al.,
2021; Luckman et al., 2021; Liebst et al., 2022). Previous research in
the proxemics field has described several personal, social, and
situational factors that influence interpersonal distances
maintained between pedestrians (Hayduk, 1983). For instance,
personal factors include impaired sensorimotor functions such as
those incurred by older age or stroke, which were shown to result in
slower walking speeds, larger safety margins, and increased risk of
collision during obstacle circumvention (Gerin-Lajoie et al., 2006;
Darekar et al., 2017). Additional interpersonal distance modulations
have been observed during interactions with pedestrians of different
sizes (Bourgaize et al., 2021) and when avoiding a robot as opposed
to another pedestrian (Vassallo et al., 2018). Finally, studies have
shown that avoidance strategies differ depending on situational
factors such as the direction of obstacle approach (Basili et al.,
2013; Huber et al.,, 2014; Souza Silva et al., 2018) and whether one
assumes a passive or active role during the interaction (Olivier et al.,
2013).

In the context of the COVID-19 pandemig, it is reasonable to
assume that adherence to the health and safety guidelines and the
fear of contracting the disease have influenced the interactions
between pedestrians (Harper et al., 2021). Indeed, there was a
concern that when wearing a surgical mask to mitigate the risk of
infection, pedestrians would maintain smaller interpersonal
distances by engaging in
(i.e., by adopting one safety measure, feelings of threat would

risk-compensation behaviours

decrease and lead to more risky behaviours) (Jorgensen et al.,
2021; Liebst et al., 2022). Using a nationwide survey, Jorgensen,
Lindholt (Jorgensen et al., 2021) attempted to characterize risk
compensation in the Danish population. While the authors did
not observe widespread risk-compensating behaviours, they
highlighted that surgical masks may result in reduced
attention to physical distancing (Jorgensen et al., 2021). In
with  the
experiments reported similar findings (Cartaud et al., 2020;
Luckman et al., 2021). In these experiments, participants were

agreement latter study, two internet-based

asked to indicate the distance they would maintain from a virtual
human-like character with or without a surgical mask when
engaging in social interactions (Cartaud et al., 2020), or the
distance they would maintain from a stranger in different
everyday scenarios (Luckman et al, 2021). In line with the
risk-compensation hypothesis, participants indicated smaller
distances when the characters wore a surgical mask (Cartaud
et al.,, 2020; Luckman et al., 2021). Conversely, an analysis of
video footage from two Dutch cities where experiments measured
whether individuals were within a 1.5 m radius of a stranger, did
not show a significant decrease in social distancing with the use of
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surgical masks (Liebst et al., 2022). Lastly, when measuring the
total distance maintained from an experimenter standing in line
outside a local business (Seres et al., 2020) or the minimum
distance maintained from an experimenter walking along a
sidewalk (Marchiori, 2020), larger interpersonal distances were
observed in conditions when experimenters wore a surgical mask.
that masked
individuals were not perceived as being more likely to

Interestingly, a subsequent survey showed
transmit COVID-19 when compared to their unmasked
counterparts (Seres et al., 2020). Instead, participants reported
perceiving masked individuals as more likely to prefer larger a
interpersonal space (Seres et al., 2020). Altogether, studies that
used self-reported measures suggest that mask-wearing favors
risk-compensation ~ behaviors  while observational and
experimental studies indicate that participants maintain larger
interpersonal distances when engaging with masked individuals.
Furthermore, while the current literature supports that mask-
wearing has an impact on interpersonal distances in one way or
another, the extent to which it modulates walking adjustments
performed during pedestrians’ interactions remains to be
elucidated.

Mental health status is another factor that may influence
locomotor behaviours. Before the pandemic, evidence suggests
that individuals with a higher degree of social anxiety prefer
larger interpersonal distances when approached by a virtual
human (Perry et al, 2013). Whether the high prevalence of
adverse mental health symptoms such as fear and anxiety
observed during the COVID-19 pandemic (Xiong et al, 2020)
has influenced pedestrian interactions and led to larger
interpersonal distancing remains unclear.

Several biomechanical measures to better
understand the complex nature of pedestrian interactions in
These
trajectory, relative distances, walking speed, and even gaze
behaviour (Gerin-Lajoie et al., 2005; Huber et al., 2014;

Boulanger and Lamontagne, 2017; Bourgaize et al., 2021).

are used

community settings. measures describe walking

Extracting these measures under ecological yet safe and
controlled conditions is very challenging. To address these
(VR) has
experimental tool and recent investigations have shown that

limitations, virtual reality been used as an
it can yield locomotor responses during obstacle avoidance that
are similar to those observed in the real world (Olivier et al.,
2014; Buhler and Lamontagne, 2018; Buhler and Lamontagne,
2019). Considering that VR allows an in-depth analysis of

pedestrian interactions, we proposed this study to examine

the extent to which mask-wearing affects locomotor
adjustments  performed when circumventing another
pedestrian. Additionally, we explored the relationship

between outcomes describing participants’ obstacle avoidance
strategies and self-reported levels of frequency of walking in the
community and anxiety associated with the COVID-19
pandemic. Therefore, we used an immersive VR set-up
allowing for gaze and body movement recording to examine
the avoidance strategies adopted by healthy young individuals
during interactions with virtual pedestrians (VRPs) with and
without a surgical mask. We hypothesized that participants
would maintain larger clearances around the VRPs wearing
surgical masks. This larger clearance would be reflected by
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FIGURE 1

Perspective view of the virtual environment. At the start of each trial, participants stood at the initial position (white cube) facing three VRPs standing
in front of a subway station entrance. The TPC (red cube), while invisible to the participant, illustrates the point at which a collision would occur if no

walking adjustments were performed.

larger minimum distances with respect to the VRP, larger
maximum deviations, and trajectory deviations would be
initiated at larger distances from the VRP. We further
hypothesized that longer fixations on the body and the head
of the VRP would be observed in the masked condition.

2 Materials and methods
2.1 Participants

To answer our research questions, we recruited a convenience
sample comprised primarily of university students over the period
between July 2020 and September 2020, which was right after the
first wave of the pandemic in Montreal, Canada. This period was
selected a priori and while it did result in a small sample size, it also
ensured that recruitment was not affected by major changes in
public health measures that could occur after the end of the summer
term. Participants were offered monetary compensation for
traveling to the research lab and parking fees. In total, eleven
healthy young individuals (sex = 6 female and 5 males, age =
2545 + 2.54 years, mass = 65.05 = 10.79 kg, height = 167.73 +
7.30 cm) agreed to participate in this study. All participants were
right-handed as per the Edinburgh Handedness Inventory (Oldfield,
1971), had normal or corrected-to-normal visual acuity according to
the EDTRS eye chart (Kaiser, 2009), and had intact cognitive
function (score >26 on the Montreal Cognitive Assessment).
Exclusion criteria included conditions that could interfere with
locomotion, as well as a positive test for COVID-19, contact with
someone who tested positive for COVID-19 or traveling outside the
country within 2 weeks before data collection. Written informed
consent was obtained from all participants before data collection and

Frontiers in Virtual Reality

the study was approved by the Research Ethics Board in
Rehabilitation and Physical Disability of the CIUSSS du Centre-
Sud-de-I'lle-de-Montréal.

2.2 Experimental setup and procedure

This study employed a repeated-measure experimental design. Data
for each participant were collected in one session at the Virtual Reality
and Mobility Laboratory of the Jewish Rehabilitation Hospital-CISSS-
Laval between the 10th of July and the 25th of September 2020.

Participants were assessed while walking overground and
immersed in a virtual environment representing a local subway
station (Figure 1). The obstacle avoidance task involved
circumventing a VRP that could approach from different
directions. The layout of the experiment was designed around a
theoretical point of collision (TPC). This point was used to define
the participant and VRPs’ initial positions. On one side of the virtual
scene, the participant’s initial position was set at 3.5 m from the
TPC. On the opposite side, three female VRPs stood in an arc
fashion at 3m from the same point. This “arc” was created by
placing avatars at 0° (straight ahead) as well as 30° to the left and
right of the TPC.

The experiment was comprised of 3 different trial types
(experimental, catch, and control trials). In experimental trials, as
the participant reached 0.5 m of forward walking, one of the three
VRPs started to walk towards the TPC while the others took one step
forward and then walked away. This arrangement created three
possible directions of VRP approach (left, middle, or right). In catch
trials, all VRPs took one step forward and walked away. In control
trials, the environment was devoid of VRPs. The purpose of catch
trials was to reduce task predictability while that of control trials was
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FIGURE 2

Example of a virtual pedestrian (VRP). Unmasked VRP is shown on the left and masked VRP is shown on the right.

to provide a measurement of walking speed and walking trajectory
in the absence of interferers. During each trial, text messages
informed participants of the time to start (“Go”) and stop
walking (“Stop”), as well as any collision with the approaching
VRP (“Collision”). Participants were instructed to walk straight
ahead toward the subway map, presented in the far space, and to
avoid a collision with an approaching VRP, if any.

Participants performed two blocks of trials, one block with VRPs
not wearing a mask and one block with the same VRPs wearing a
mask (Figure 2). As this study was integrated into an ongoing project
that was initiated before the pandemic, participants always
performed the mask-free block before, and the block with
surgical masks was included after all trials for the other project
were completed. Furthermore, participants were not aware that
Each block is
comprised of 30 trials, that is 18 experimental trials (6 x

there would be trials with masked avatars.

3 directions), 6 catch trials, and 6 control trials, presented in
random order.

The VRPs and environment were created in Autodesk
Maya™ and controlled using the Unreal engine” 4.24. They
were visualized through an immersive head-mounted display
(HMD) with an integrated eye-tracking system (HTC Vive Pro
Eye). Participants’ head and eye positions were recorded from the
HMD at 90 Hz and used to compute obstacle circumvention
measures. The VRPs were animated using motion-captured data
of three different actors and walked at an approximate speed of
1.39 m/s, which is a typical average walking speed for healthy
young adults (Bohannon, 1997).
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2.3 Data analysis

2.3.1 Obstacle circumvention measures

The following outcomes were selected to describe clearance
adaptations. Minimum distance was defined as the smallest
distance maintained between the participant’s position and the
VRP’s sternum. Onset distance was obtained by first computing
the point where the participant’s mediolateral displacement was
larger than what was observed in control trials and from this
point, we obtained the first preceding point where the
participant’s mediolateral speed was equal to
Subsequently, omnset distance was defined as the distance

Zero.

between the participant and VRP at this point. Additionally,
in trials in which an onset distance was obtained, maximum
deviation was calculated as the maximum mediolateral
displacement preceding the point of interferer crossing.

To characterize the participant’s speed adaptations, we obtained
the first point after the participant’s initial acceleration. This point
was defined as the first segment after the first step at which forward
acceleration was equal to or lower than zero. Subsequently, from this
point and up to the point of VRP crossing, the minimum, average,
and maximum walking speeds were extracted. Lastly, outcomes
characterizing gaze behaviour were calculated as the percentage
of the time, from the 0.5 m of forward displacement and up to the
point of VRP crossing, during which participants were fixating their
gaze on the head or body segments of the approaching VRP. We also
measured the duration of gaze fixations on body segments of the

other VRPs.
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TABLE 1 Custom-made questionnaire on community walking behaviour and anxiety related to the COVID-19 pandemic. List of questions that were used to
measure the frequency of community walking during and after the confinement period, and self-reported anxiety related to community walking. For Q1 to Q8,
maximum scores are 3. Ten is the maximum score for Q9 to Q11. Mean + 1SD values are shown for continuous outcomes and counts for categorical measures.

Frequency of walking in the community

Questionnaire items Mean + 1SD
1. During the confinement, how often did you walk outside in an environment that included other people? 1.36 + 1.07
2. During the confinement, how often did you go to a store? 0.63 + 0.48
3. During the confinement, how often did you go to your workplace? 0.27 + 0.86
4. During the confinement, how often did you follow the news about COVID-19? 2.18 £ 0.87
5. Since the end of the confinement, how often did you walk outside in an environment that included other people? 2 +1.04

6. Since the end of the confinement, how often did you go to a store? 14043

7. Since the end of the confinement, how often did you go to your workplace? 0.64 + 0.98
8. Since the end of the confinement, how often did you follow the news about COVID-19? 1.55 + 0.82

Anxiety associated with Community walking

Questionnaire items Mean * 1SD

9. How anxious are you to take an outdoor walk in a place frequented by other people? 491 +2.75

10. How anxious are you to go to a store? 5.55 + 2.46

11. How anxious are you to go to work? 4.27 +2.89

Equal Less More

12. In relation to outdoor walking, are you more, less anxious than you were during the confinement, or this has not changed? 4 5 2
13. In relation to going to a store, are you more, less anxious than you were during the confinement, or this has not changed? 6 4 1
14. In relation to going to work, are you more, less anxious than you were during the confinement, or this has not changed? 6 3 2

Additional questions

Questionnaire items Equal Less More

15. Today, how anxious were you to interact with the virtual human compared to a real person? 3 7 1

16. On a scale of 1-10, to what extent do you believe you are complying with the government’s confinement measures? 1 implies not Mean + 1SD

complying with measures at all and 10 implies completely adhering to measures

8.36 £ 0.92

17. Have you contracted Covid-19 in the past months? Yes No
0 11

18. Have you been in contact with someone you know who has been diagnosed with Covid--19? ‘ Yes No ‘
0 11

19. When passing another individual in the street, do you allow more space between you than before? ‘ Yes No ‘
10 1

2.3.2 Questionnaires

Questionnaires were administered after the obstacle avoidance
assessment. A single-item presence questionnaire was employed to
measure participants’ feeling of presence in VR (Bouchard et al., 2004).
Answers to this questionnaire are rated on a 0-10 scale, with higher
values indicating a stronger feeling of presence in VR. Participants also
responded to a custom-made, 19-item questionnaire on community
walking behavior and related anxiety during the COVID-19 pandemic
(Table 1). The first 8 questions explored participant’s activities during
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and after the confinement period and had the following response
options: 6-7 days a week (3 points); 3-5days a week (2 points);
1-3days a week (1 point); never (0 points). Questions 9 to
14 evaluated the person’s level of anxiety associated with walking in
community environments. The remaining questions 15-19 provided
information on the level of anxiety when interacting with virtual vs real
humans, the extent to which participants complied with the
government’s confinement measures, whether they had previous
exposure to COVID-19 and known contact(s) with someone who

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2023.1081003

10.3389/frvir.2023.1081003

Buhler et al.
Left obstacle approach Middle obstacle approach Right obstacle approach
No mask
Mask
sl
E
Sar
=
8
A
©
—
o
530
@
o
[a
e
2
=P
g2
1k
ol . L . . .
-1 -1 05 0 0.5 1 1
Mediolateral distance (m)
FIGURE 3

Trajectory traces for the different obstacle approach conditions. Lines represent the mean + 1SD of all trials for all participants. Solid blue lines
represent the unmasked condition and dashed red lines represent the masked condition.

has been diagnosed with COVID-19. The last question asked if, after
the start of the pandemic, they adopted larger interpersonal distances
when passing another person on the street. Scores from different
sections were added together to create a score for the frequency of
community walking during (questions 1-3) and after (questions 5-6)
the confinement periods, as well as a total anxiety score (questions 9,
11, and 10).

2.4 Statistical analysis
in the different locomotor outcomes across
conditions were examined using a generalized estimating
equation (GEE) model. The model was built using SAS 9.4 and
was comprised of two within-subject factors: surgical mask use

Differences

(mask and no mask), and direction of obstacle approach (left,
middle, and right). An exchangeable correlation structure was
the
significance level was set to p < 0.05. In the case of multiple

used to account for within-subject correlations and
comparisons, they were adjusted using the Bonferroni procedure.
Finally, the Pearson correlation was used to determine the
relationship between the sum of anxiety scores from the custom-
made questionnaire related to COVID-19 and locomotor outcomes

of minimum distance and onset distance.

3 Results

Traces representing participants’ walking trajectories from the
sample are displayed in Figure 3. From these graphics, it can be
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observed that in the presence of a surgical mask, mediolateral path
deviations seem to start earlier and reach larger magnitudes.

Using a generalized estimating equation (GEE) model, we
estimated the effects of surgical mask use (mask and no mask), and
the direction from where the virtual reality pedestrian (VRP) was
approaching (left, middle, and right). The bar graphs in Figure 4
represent the results of the statistical model. When considering the
main effect of surgical mask use, a significant effect was observed for the
distance at the onset of trajectory deviation [x* (1, 357) = 7.36, p =
0.0067]. Accordingly, participants initiated a change in trajectory at a
greater distance from the VRP in the masked vs unmasked condition
(Mean = 0.18 m, SE = 0.04 m, p < 0.0001). No statistically significant
effect of surgical mask was observed for any of the remaining outcomes
(minimum distance: p = 0.16 | maximum deviation: p = 0.16 | minimum
velocity: p = 0.77 | average velocity: p = 0.45 | maximum velocity: p =
0.12 | fixation on advancing VRP: p = 0.31 | fixation of VRP’s head: p =
0.82 | fixation on other VPRs: p = 0.27).

Significant differences due to the direction of approach were present
for minimum distance [y (2, 405) = 8.8, p = 0.01], onset distance [}’
(2,357) =9.28, p = 0.009], and maximum deviation [y’ (2, 357) = 7.08,
p = 0.02]. Post-hoc comparisons revealed that trajectory adjustments in
the middle obstacle approach condition, when compared to that for the
left and right approaches, were characterized by smaller minimum
distances (left: A = 0.10 m, SE = 0.01, p < 0.0001 | right: A = 0.06 m,
SE =0.02, p =0.011), larger onset distances (left: A = 0.33 m, SE = 0.07,
p < 0.0001 | right: A = 041 m, SE = 0.07, p < 0.0001), and larger
maximum deviations (left: A = 0.10 m, SE = 0.02, p < 0.0001 | right:
A=0.11m, SE =0.03, p = 0.0004). For all these outcome measures, no
statistically significant differences were observed when contrasting the
left and right VRP approach conditions (p > 0.05).
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FIGURE 4

Outcomes describing participants’ behaviour. Bar graph representing the mean+1SE for all outcome measures. Light grey bars represent the
unmasked condition and dark gray bars represent the masked condition. The X-axis represents the direction of VRP approach.

When considering walking speed adaptations, the main effect of
direction of approach was observed for minimum walking speed [x*
(2, 405) = 8.57, p = 0.01] and average walking speed [x* (2, 405) =
7.19, p = 0.02], but not for maximum walking speed [x* (2, 405) =
3.01, p = 0.22]. Post-hoc comparisons showed that responses to a
VRP approaching from the middle were characterized by faster
minimum (A = 0.14 m/s, SE = 0.02, p < 0.0001) and average (A =
0.07 m/s, SE = 0.01, p < 0.0001) walking speeds when compared to
the right condition. When contrasting the left and right obstacle
approach conditions, the former resulted in a larger minimum (A =
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0.09 m/s, SE = 0.03, p = 0.04) and average (A = 0.04 m/s, SE = 0.01,
p = 0.02) walking speeds. Lastly, neither minimum (p = 0.09) nor
average (p = 0.07) walking speeds significantly differed between the
left and middle obstacle approach conditions.

The analysis of gaze fixation outcomes revealed a statistically
significant main effect of direction of approach for the duration of
fixation on the approaching VRP [x* (2, 373) = 6.07, p = 0.04] and
other VRPs [x* (2, 319) = 9.43, p = 0.009]. Post-hoc analyses showed
that fixations on the approaching VRP were longer for the middle vs
left (A = 14.79%, SE = 3.65, p = 0.0001) and right (A = 11.45%, SE =
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FIGURE 5

Correlations between anxiety score and measures of obstacle clearance. Scatterplots display the relationship between the total Anxiety score
(X-axis) and Minimum distance (Left side panel Y-axis), as well as Anxiety score (X-axis) and Onset distance (Right side panel Y-axis). In this graph, the mean
values for Minimum distance and Onset distance were obtained from all trials performed by each participant. Significant correlations are displayed with
the respective correlation coefficients (r). A dashed line represents the least squares regression for each association.

3.26, p = 0.001) approach conditions, but did not differ between the
left vs right approach conditions (p = 0.30). In contrast, longer
fixation durations on other VRPs were observed when comparing
the middle to the left (A = 17.13%, SE = 1.99, p < 0.0001) and right
(A = 14.30%, SE = 2.96, p < 0.0001) obstacle approach conditions.
Fixations on the other VRPs also did not differ when contrasting the
left and right obstacle approach conditions (p = 0.39). For fixations
on the head of the approaching VRP, no significant differences due
to the direction of obstacle approach were observed [x* (2, 219) =
260, p = 0.27].

With respect to the VR simulation, participants reported
experiencing strong feelings of spatial presence inside the virtual
environment (Mean = 8/10, SD = 0.89). As for the questionnaire
regarding the frequency of community ambulation during the
pandemic and associated anxiety, results are presented in
Table 1. Participants reported low frequencies of community
ambulation during the confinement period (Mean = 2.27/9, SD =
0.56) and a slight increase in the post-confinement period (Mean =
3.64/9, SD = 0.71). Additionally, correlations between the frequency
of community ambulation and measures of obstacle clearance, such
as minimum distance (No Mask: r = 0.02, p = 0.94 | Mask: r = -0.19,
p =0.56) and onset distance (No mask: r = 0.17, p = 0.61 | Mask: r =
0.10, p = 0.76), Were weak and did not reach statistical significance.
Regarding anxiety towards community ambulation, the total anxiety
score had an average of 15.18 £ 6.93 out of a possible maximum
score of 30. Participants reported high levels of adherence to the
government’s confinement measures, none reported contracting
COVID-19 or having contact with someone who had been
diagnosed with COVID-19. When questioned about the feeling
of anxiety when interacting with the VRP in contrast to a real
person, most of the participants reported feeling less anxious, while
about a third of them reported no change and only one person
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reported feeling more anxious. Lastly, strong positive correlations
between the sum of anxiety scores and measures of obstacle
clearance were observed. Indeed, as displayed in Figure 5, the
total anxiety score was positively correlated with minimum
distance for the mask condition (r = 0.75, n = 11, p = 0.0073),
but the correlation was not significant for the no mask condition (r =
0.57, n = 11, p = 0.065). For the onset distance, strong positive
correlations with the total anxiety score were observed for both the
mask (r =0.86,n =11, p = 0.0006) and no mask (r=0.84,n=11,p =
0.0012) conditions.

4 Discussion

In this study, we used a VR paradigm to demonstrate that
surgical masks influence pedestrian avoidance when walking in
community environments. We further demonstrated the presence
of an association between obstacle clearance outcomes and the level
of anxiety but not the frequency of community ambulation in the
context of the COVID-19 pandemic. Possible explanations and
implications of these findings are presented below.

To describe the participant’s clearance around the VRP, we
selected three outcome measures: minimum distance, maximum
deviation, and onset distance. When contrasting the mask and no
mask conditions, only onset distance showed a statistically
significant difference, being larger for the mask condition. This
distance reflects the distance from the interferer at which pedestrians
initiate a change in walking trajectory to smoothly and safely avoid a
collision (Gerin-Lajoie et al, 2005). In our perspective, this
modulation in onset distance is meaningful as unlike other
obstacle clearance metrics (i.e., minimum distance and maximum
deviation), onset distance is a fairly stable measure that was shown to
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remain invariant despite changing the characteristics of the
interferer, such as its gender, size, body orientation, and pattern
of limb movements (Fiset et al., 2020; Bourgaize et al., 2021). This
increase in the anteroposterior clearance, however, may reflect the
execution of a safer strategy that is used in conditions involving a
greater risk of collision (Buhler and Lamontagne, 2018). In the
context of the present study which was conducted during the
COVID-19 pandemic, we suggest that the presence of a surgical
mask may have heightened the participants” awareness of infection
risk. Since respiratory droplets and aerosol particles travel in the
direction of exhale and hence the anteroposterior direction, a larger
onset distance would allow individuals to maintain a safer distance
between themselves and the VRPs’ anticipated exhaling zone.
Considering the results of a recent survey where masked
individuals were perceived as preferring larger interpersonal
distances (Seres et al., 2020), it is also possible that participants
may have perceived the VRPs wearing a mask in the same fashion,
resulting in a larger onset distance. Nevertheless, our results show
that in opposition to the risk-compensation hypothesis, a larger
anteroposterior clearance is observed during interactions with
virtual mask-wearing pedestrians. These results also suggest that
onset distance is an important outcome measure to investigate the
effect of surgical masks on pedestrian’s interactions in a complex
setting where physical and social factors interplay, such as a
community environment.

In contrast with the onset distance, we did not observe
significant differences in minimum distance and maximum
trajectory deviation between the mask and no mask conditions.
Considering that pedestrians move around obstructions while
minimizing adjustments of speed and trajectory (Pham et al,
2007; Warren et al, 2008), minimum distance and maximum
deviation characterize a critical distance maintained from an
interferer and the magnitude of trajectory adaptations. Taken
together with our previous discussion of the mechanics of droplet
and aerosol transmission when avoiding pedestrians (i.e., larger risk
when face-to-face), it is possible that increasing minimum distance
and maximum deviation would not provide additional benefits once
the interferer was to the side.

We further examined gaze fixations and while we expected that
longer fixations on the approaching interferer would be maintained in
the mask condition, especially on the interferer’s head, such an effect
was not observed. It is possible that a short fixation on the interferer’s
head was sufficient to identify the presence of a mask and bring about
the observed
Furthermore, the need to visually scan the head of the approaching

changes in obstacle circumvention strategies.
VRP may have been reduced due to the fact that masked trials were
performed in sequence and in the same block of trials.

Importantly, the fact that a mask-induced effect could be
detected in this study adds further support to the use of VR as a
valid tool to study movement behavior in the context of social
interactions. In previous studies from our laboratory, and even
though VR can introduce a distance perception bias (Renner
et al., 2013), we have shown that obstacle avoidance behavior is
essentially the same in response to virtual vs real pedestrians, with
similar onset distance values and slightly larger minimum distances
in VR (Buhler and Lamontagne, 2018; Buhler and Lamontagne,
2019). It is thus reasonable to assume that the mask-induced

changes observed in the present study, do reflect a natural
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behaviour. It cannot be fully excluded, however, that the effects
due to the surgical mask might be even larger in the physical world
where the infection risk is “real”, especially since 63% of participants
reported feeling less anxious when interacting with the VRPs
compared to real pedestrians.

Regarding community walking, the healthy and young
participants tested as part of this study reported a low frequency
during and after the confinement period. Considering the
confinement measures that were put in place and the high
adherence to these measures that our participants reported, this
finding was not unexpected. After the confinement period, the
frequency of community ambulation increased by a small
amount, but we did not observe correlations between the
frequency of community ambulation and obstacle clearance
measures. In agreement with a 2021 study that compiled mobile
device data from 1.62 million anonymous users in 10 metropolitan
areas in the United States (Hunter et al., 2021), results from our
questionnaire suggest that while community ambulation increased
with the easing of lockdown restrictions, people still showed signs of
reluctance to leave their homes.

Results of the present study also indicate that overall,
participants somewhat anxious toward

were community

ambulation. In parallel, they reported maintaining larger
interpersonal distances when interacting with other pedestrians
after the pandemic started. These observations suggest an
influence of confinement measures implemented during the
COVID-19 pandemic on

behavioral metrics related to community ambulation. In addition,

self-reported  psychological and

we observed strong positive correlations between anxiety and
clearance measures during the circumvention of the VRPs. In
agreement, Perry et al. (2013) also observed, in a paper and
pencil task, associations between anxiety and a preference for
Therefore, the
presented here extend our knowledge to the context of

larger interpersonal distances. observations
pedestrians’ interactions. Furthermore, the stronger and more
consistent (i.e., present for both the mask and no-mask
conditions) correlations observed between anxiety and onset
distance support the idea that larger distances at onset of
deviation are implemented as an infection prevention strategy.
Thus, we propose that factors beyond sensorimotor processes
such as social context and psychological status can influence
complex locomotor behaviors such as pedestrian interactions.

All locomotor measures of obstacle circumvention, excluding
maximum walking speed and fixation on the head of the
approaching VRP, differed significantly according to the direction
from which the VRP approached. Most of these variations in
circumvention strategies have been observed in previous studies
(Aravind and Lamontagne, 2017; Buhler and Lamontagne, 2018;
Souza Silva et al., 2018; Buhler and Lamontagne, 2019) and appear to
reflect adaptations according to the bearing angle (Huber et al.,
2014) or whether the pedestrian passes in front or behind the VRP
(Olivier et al., 2013). In the context of this experiment, the right and
left obstacle approach conditions represent the same bearing angle
of 30° and the middle condition represents a bearing angle of 0°.
With respect to the role taken by the participant during the task,
while diagonal approaches represent an unresolved situation where
they can decide to pass in front or to give way, the middle condition
requires the participant to give way (Olivier et al, 2013).
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Accordingly, all measures of obstacle clearance (i.e., minimum
distance, maximum deviation, and onset distance) showed
significant differences between the diagonal obstacle approaches
(left or right) and the middle approach, while no differences were
observed between the diagonal obstacle approaches. In the middle
condition, the observation of larger deviations that started at greater
distances from the VRP, yet still resulted in smaller minimum
clearances, suggests a higher degree of challenge when compared
to the diagonal conditions.

When considering gaze fixation outcomes, differences between
the direction of interferer approach were also observed. As depicted
in Figure 4, in the middle condition, participants maintained longer
fixations on the approaching VRP and shorter fixations on the other
VRPs. Interestingly, the opposite pattern was observed in the
diagonal approach conditions. These findings suggest that rather
than fixating their gaze on the approaching interferer, participants
were likely looking straight ahead, that is towards their heading
direction and/or target. Lastly, we observed larger minimum and
average walking velocities in response to the VRPs approaching
from the middle and the left as opposed to the right. While these
findings are in opposition with an earlier observation from our
laboratory (Buhler and Lamontagne, 2018), where we did not
observe differences in average walking speed across directions of
obstacle approach, it should be noted that differences observed here
were very small (<0.1 m/s).

We recognize that our study has limitations. It involves a small
sample size comprised mainly of individuals who reported high levels of
compliance with governmental regulations. It was also carried out
within a constrained geographical region (Montreal metropolitan
area) and a in limited time frame coinciding with the first wave of
the pandemic. These factors altogether limit the generalization of
findings to the general population, to other regions of the world,
and possibly to subsequent pandemic waves. Results, however, do
align with other studies performed in the real-world (Marchiori,
2020; Seres et al.,, 2020) and add further support for the effects of
surgical masks on measures of obstacle clearance during interpersonal
interactions. Our experiment also involved interferers that did not react
to the participants. While this is usually not the case when interacting
with other pedestrians (Olivier et al., 2013), this non-reactive behaviour
was constant in all conditions, that is whether the VRPs were masked or
not. Furthermore, a recent study demonstrated that similar strategies
were used when avoiding a non-reactive robot compared to another
pedestrian (Vassallo et al.,, 2017). Future studies should validate these
findings by contrasting responses to virtual vs real masked and
unmasked pedestrians in a larger sample size.

In conclusion, we observed that participants increased their
anteroposterior clearance (ie., onset distance) when circumventing
a VRP wearing a surgical mask. This strategy allowed stepping away
from the VRPs walking path at a greater distance. A larger
anteroposterior clearance could be a product of social factors
related to a heightened awareness of infection risk (i.e., exposure to
respiratory droplets and aerosol particles) and/or due to an assumption
that the mask-wearing pedestrian prefer a larger interpersonal distance.
These findings oppose the notion that mask-wearing promotes risk-
compensation behaviors and demonstrate that a specific strategy is
used to increase interpersonal distances when avoiding a masked
pedestrian (i.e., larger onset distance). Participants also reported
feelings of anxiety towards community ambulation, and greater
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anxiety was associated with larger obstacle clearances. Altogether,
the results of this study demonstrate the importance of considering
social and psychological factors when examining complex locomotor
behaviors such as pedestrian interactions. They further highlight the
potential of VR for studying the influence of these factors on
movement behavior in general.
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