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Abstract: We investigated how the presentation and the manipulation of an optical flow while
running on a treadmill affect perceived locomotor speed (Experiment 1) and gait parameters
(Experiment 2). In Experiment 1, 12 healthy participants were instructed to run at an imposed speed
and to focus on their sensorimotor sensations to be able to reproduce this running speed later. After
a pause, they had to retrieve the reference locomotor speed by manipulating the treadmill speed
while being presented with different optical flow conditions, namely no optical flow or a
matching/slower/faster optical flow. In Experiment 2, 20 healthy participants ran at a previously
self-selected constant speed while being presented with different optical flow conditions (see
Experiment 1). The results did not show any effect of the presence and manipulation of the optical
flow either on perceived locomotor speed or on the biomechanics of treadmill running. Specifically,
the ability to retrieve the reference locomotor speed was similar for all optical flow conditions.
Manipulating the speed of the optical flow did not affect the spatiotemporal gait parameters and
also failed to affect the treadmill running accommodation process. Nevertheless, the virtual reality
conditions affected the heart rate of the participants but without affecting perceived effort.
Keywords: virtual reality; visual speed perception; treadmill running; self-motion perception;
optical flow; locomotion; biomechanics

1. Introduction
Human locomotion is controlled through a complex sensorial integration of different types of
information, in particular about the relative motion between the body and the surrounding
environment [1]. Visual, vestibular, proprioceptive, and auditory information is integrated by the
central nervous system, allowing the generation of the perception of motion [2]. Though walking is
influenced by different factors [3], the main contribution derives from visual, vestibular and
proprioceptive signals. Using static cues, object-motion cues and optical flow cues, the visual system
allows us to discriminate self-motion from movement of objects of the environment [4]. Vestibular
cues provide motion data about changes of velocity or direction-based data about accelerations [5].
Lastly, the proprioceptive system uses joint- and muscle-related information to provide feedback
about the status of the whole musculoskeletal system, which greatly contributes to the perception
and control of motion during active movements [3]. Speed perception, goal-directed movements,

navigation, and collision avoidance all rely on the congruency and integration of the signals provided
by these different sensory systems.
Visual information plays an important role in motion perception. In particular, optical flow
information is used to estimate direction [6], egocentric speed [7], and time-to-collision [8], and it
heavily contributes to heading perception [9–11]. The absolute travelled distance can also be
calculated by integrating this information [12,13]. However, when visual cues are in conflict with
other sensory information about self-motion, visual information not always constitutes the
“dominant” source of information [4,14]. In fact, when walking at constant speed, people tend to
weight the information deriving from proprioceptive cues higher than visual cues [15–17].
Nevertheless, visual input seems to have a great impact on self-motion perception while walking,
and studies have shown how the manipulation of the optical flow affects visuomotor recalibration
[11,15,17–19]. In particular, it was found that if optical flow is manipulated to create sensory conflicts
when walking, the locomotor speed decreases as the optical flow speed increases [15,20], suggesting
a response to the relative weightings assigned to different sensory cues, in this case proprioceptive
and visual cues [15]. Some studies have also shown that the manipulation of optical flow can
significantly influence locomotor patterns [15,17,21,22].
All above-mentioned studies were performed with walking participants and, to our knowledge,
the influence of optical flow on self-motion perception and on locomotor patterns has never been
investigated with running individuals. Yet, locomotor patterns are modulated differently in walking
and running [23–25], with automated spinal programs allowing path integration in running, while
walking is more dependent on visual control [24]. For this reason, one might wonder whether the
results obtained with walking individuals can be generalized to running individuals.
Here we investigated how the presence and manipulation of a virtual optical flow influences the
control of locomotion while running on a treadmill. In Experiment 1, we tested how the presence and
manipulation of a virtual optical flow influences self-motion speed perception. Specifically,
participants were instructed to retrieve a previously presented reference running speed while being
exposed to different optical flow conditions. In Experiment 2, we investigated how the presence and
manipulation of an artificial optical flow influences gait parameters while treadmill running at a selfselected constant speed with different optical flow conditions.
2. Experiment 1
2.1. Introduction
In this experiment, we tested if the perception of self-motion speed is influenced by the presence
and the manipulation of an optical flow. For walking, studies have shown that movement influences
the perception of the optical flow speed in virtual environments [26], and that the rate of optical flow
has a modulating effect on walking speed, with an inverse linear relationship between optical flow
and walking velocity [15]. Optical flow has also been shown to affect stride length, cadence, and
velocity [17]. All these results suggest an internal calibration between locomotion and visual
perception. Here we investigated if participants were able to retrieve a previously experienced
running speed in different optical flow conditions while running on a treadmill.
2.2. Methods
2.2.1. Participants
12 healthy participants (4 female, 8 male) with a mean age of 25.0 (±1.2 SD) participated in this
study. They were unaware of the purpose of the study, were moderately trained to trained, had
normal or corrected-to-normal vision, and none had a history of cardiovascular disease. All
participants gave their informed and written consent prior to the inclusion in the study. This study
was performed in accordance with the ethical standards specified by the 1964 Declaration of Helsinki
and approved by the Ethics Committee of the University of Fribourg.

2.2.2. Experimental Setup
Participants ran on a HP Cosmos Mercury treadmill with a running surface of 150 × 50 cm. The
treadmill was positioned in front of a 4.30 × 2.70 m screen at a distance of 1.7 m, leading to an effective
field of view of 90°. To simulate optic flow, a virtual environment was projected onto the screen using
a Barco F50 WUXGA projector with a 1920 × 1200 pixels resolution. The VR scene for which
judgements were made and that was subsequently manipulated was created using Unity and
depicted a neutral open-air hallway presented at constant-velocity motion (Figure 1). Rich optical
flow information was provided by a granular texture on the floor and by the random pattern on the
walls, without giving any landmarks or usable spatial information. The room was darkened during
the experiment, with the display screen was the only source of light. While running, participants
wore a soundproof headset (Hearing Protection type Pamir—Swiss Army).

Figure 1. Experimental setup.

2.2.3. Procedure
Prior to the running task, the participants filled out a custom-made questionnaire about their
sports activity.
Before starting the actual test, participants familiarized themselves with treadmill running and
experimental trials were initiated when the participant felt comfortable. Every single trial would start
with the participant running at constant speed. Participants were instructed to gaze at the fixation
cross, that was positioned straight ahead and was visible for the whole duration of the test.
For the running task, participants were asked to run at 10 km/h for 2 min in front of the black
screen focusing on the sensations perceived while running. The participants wore a soundproof
headset to prevent them from using the sound of the treadmill as an information about the running
speed. The treadmill display was covered so that participants did not have any feedback on their
actual running speed. After 2 min of running at 10 km/h, the participants were asked to pause for 1
min. After this short pause, they started running at 7 km/h and had to manipulate the treadmill speed
until they found a running speed that they perceived as matching the reference speed of 10 km/h.
This task was proposed in four different blocks in which the participants were asked to regulate
the speed of the treadmill to match the previous speed while being presented with:
•
•
•
•

No optical flow (noOF)
An optical flow matching the treadmill speed (matchOF)
A faster optical flow (+5 km/h) (fastOF)
A slower optical flow (−5 km/h) (slowOF).

The order of presentation of the conditions was randomly selected. Note that the fixation cross
was positioned so that it corresponded to the focus of expansion of the visual scene in the conditions
with optical flow.
The treadmill speed perceived by participants as matching the reference speed and the time
necessary to define this speed were recorded at the end of each block.
In between blocks, participants were asked to walk for about 2 min.
2.3. Results
For each condition, data distribution was assessed using the Shapiro–Wilk test (please refer to
Supplementary Materials S1-T1 for the data). We then compared the selected running speed to the
reference running speed using in each case either a t-test when data was normally distributed or a
Wilcoxon signed rank test. For all four tests, the alpha level was corrected for multiple comparisons
using Bonferroni correction (i.e., 0.05/4 = 0.0125). For all conditions, the selected running speed was
not significantly different from the reference running speed after correction.
We then tested whether the selected running speed was different based on the optical flow
condition. Since data was not normally distributed, a Friedman rank sum test for repeated measures
was used. No differences were found for the selected running speed in the four conditions [𝜒# (3) =
3.1, 𝑝 = 0.3765] (see Figure 2). Because we did not find any significant difference between the
means (i.e., we could not reject H0), we also computed the Bayes factor. The Bayes factor was 0.37, a
value which can be interpreted as an ‘anecdotal’ evidence in favour of H0 [27].

Figure 2. Running speed selected as matching the reference running speed in different optical flow
conditions. The bars represent the means and the error bars the 95% confidence interval of those
means.

Lastly, we tested whether the duration of the selection phase was different based on the optical
flow condition. Data was not normally distributed, so a Friedman rank sum test for repeated
measures was used. Here again, we did not find any significant difference between optical flow
conditions regarding the duration of the running phase [𝜒# (3) = 1.084, 𝑝 = 0.7809] (see Figure 3).
As for the previous analysis, we computed the Bayes factor, which was 0.11, thereby constituting a
moderate to strong evidence in favour of H0 [27].

Figure 3. Task duration. Time needed for the participants to retrieve the running speed they perceived
as matching the previously experienced reference running speed. The bars represent the means and
the error bars the 95% confidence interval of those means.

2.4. Discussion
Participants running on a treadmill were asked to match their running speed to a previously
experienced reference running speed while being presented with different optical flow conditions.
For all optical flow conditions, participants selected a running speed that did not differ significantly
from the reference speed, and there was no difference in the selected speed between the four optical
flow conditions. Also, the duration of the selection task did not differ significantly between the four
optical flow conditions.
Previous studies with walking participants showed an influence of the optical flow rate on the
control of locomotor speed [15,17,28], suggesting an internal calibration between locomotion and
visual perception. Here, the adaptation of running speed to the presented optical flow speed was not
possible, as the treadmill was not self-driven, but should have influenced the ability to retrieve the
reference running speed due to the disruption of this internal calibration. Our results show that this
is not the case for running individuals. Moreover, for walking individuals, previous studies
suggested the presence of a predetermined expectation of the visual effect that should be associated
with a certain walking speed [26]. This should also have led to expecting an influence on the ability
to retrieve an imposed speed in the different optical flow conditions. It seems that visual
incongruences do not have the same influence on running speed control as they do on walking speed
control, possibly due to the higher automatization of running compared to walking as well as to the
fact that it requires less cortical control [25,29].
Note that our results might be consistent with a statistically optimal integration model [30],
which predicts that sensory information from multiple sources is weighted according to the
estimation of the reliability of each sensory source. In our task, because running at the reference speed
was performed without optical flow, participants might have given more weight to proprioceptive
information than to visual information also in the second part of the running task.
3. Experiment 2
3.1. Introduction
In this experiment, we tested if treadmill running is influenced by the presence and the
manipulation of an optical flow. Studies show that the manipulation of the optical flow has a
destabilizing effect on postural stability [31–34], and a significant influence on locomotor patterns
when walking [15,17,21,22]. The results regarding modifications of gait parameters and their
variability as an effect of a virtual optical flow are contradicting, suggesting a great influence of the
specific setup, the walking mode (i.e., fixed speed vs. self-paced treadmill) and the time to adapt to
the new environment. Specifically, some studies found a lower stride length, with an increased step
width [35,36], an increased walking speed variability, and an increased step width variability
[15,36,37]. On the other hand, other authors found a stabilizing effect on locomotion patterns [38].

Here we investigated if the presence and manipulation of an optical flow could influence
spatiotemporal gait parameters during treadmill running.
3.2. Methods
3.2.1. Participants
20 healthy participants (13 female, 7 male) with a mean age of 25.4 (±2.7 SD) participated in this
study. They were unaware of the purpose of the study, were moderately trained to trained, had
normal or corrected-to-normal vision and none had a history of cardiovascular disease. All
participants gave their informed and written consent prior to the inclusion in the study. This study
was performed in accordance with the ethical standards specified by the 1964 Declaration of Helsinki
and approved by the Ethics Committee of the University of Fribourg.
3.2.2. Experimental Setup
The experimental setup was the same as in Experiment 1, except for the position of the treadmill,
which was at a distance of 2.5 m from the screen, leading to an effective field of view of 70°.
While running, participants’ heart rate (HR) was constantly monitored (Polar Team2 System,
Polar Electro Oy—Kempele, Finland). Moreover, the NaturalPoint Optitrack system (NaturalPoint,
Inc. DBA OptiTrack—Corvallis, OR, USA) with 16 OptiTrack cameras (Prime 17W model) was used
to monitor the position of the markers that were used for the estimation of the spatiotemporal gait
parameters.
3.2.3. Procedure
As in Experiment 1, prior to the running task, the participants filled out a custom-made
questionnaire about their sports activity. For this experiment, also the short version of the
International Physical Activity Questionnaire (IPAQ—French version) was used.
At the beginning of the experiment and prior to the testing phase, the participants spent 4 min
familiarizing themselves with treadmill running. During this phase, they were instructed to “select
an exercise intensity that you prefer and can be sustained for 20 min” [39,40]. The selected running
speed was then used for the subsequent testing phase. To ensure that the participant’s speed selection
was solely based on perception, the speed display on the treadmill was covered so that it was only
visible to the investigator. Self-selected running speed was used to reduce inter-individual
differences, because fitness level and running experience have an influence on the parameters
measured for this study.
The first part of the experiment allowed us to assess the visual speed perceived as matching the
chosen running speed for each participant. Participants were presented with the visual scene while
running at their preferred running speed. They were instructed to estimate if the optical flow was
slower or faster than the actual running speed. Four consecutive tests were proposed in a random
order using a one up–one down staircase method [41,42]. The optical flow started two times at a
higher speed than the actual treadmill speed (+4 km/h) and two times at a lower speed (−4 km/h).
The order of starting speed was randomized. The speed of the visual scene was adjusted according
to the one up–one down staircase method, with an increase/decrease of the visual speed of 0.5 km/h
until the first inversion of the participant’s response, followed by steps of 0.3 km/h. This allowed us
to determine the perceptual threshold that indicated the visual speed perceived as matching the
actual running speed, i.e., the point of subjective equality (PSE). Prior to the task, participants were
familiarized with the experimental setting and task using a training program. The single trials started
with the participant running at the previously chosen speed. The visual scene was presented for 2 s
before the participants were challenged with a black screen presenting the question “up or down”,
thus asking them to decide if they wanted to increase (i.e., up) or decrease (i.e., down) the speed of
the visual scene. For each trial, participants gave their response while continuing their treadmill run
by pressing a switch put on top of a light custom-made plastic cylinder (115 × 30 mm, 15 g) they were
holding in each hand. The responses (i.e., left for up and right for down) were sent to the computer

via Bluetooth and directly integrated into the staircase test. Once the participant pressed the chosen
button, the graphics returned to the visual scene of the following trial (see Figure 4). Each staircase
ended when 15 inversions of the responses were reached and the participants were free to take a
pause before starting the subsequent test.

Figure 4. Experimental design.

The second part of the experiment consisted of 4 different blocks in which the participants were
asked to run at constant speed for 3 min and 30 s while being presented with different optical flow
conditions. The reference value for the optical flow speed was personalized for each participant using
the PSE found with the staircase test. The four conditions were:
•
•
•
•

no optical flow (noOF)
matching optical flow with a visual speed corresponding to the PSE (matchOF)
faster optical flow with a visual speed that was 40% higher than the PSE (fastOF)
slower optical flow with a visual speed that was 40% lower than the PSE (slowOF).

The order of conditions was randomly assigned. At the end of each block, the participants took
a 2-min pause before starting the next block.
For all the parts involving the presentation of a visual speed, the participants were instructed to
gaze at the fixation cross that was visible in all conditions.
At the end of the running phase, the participants estimated their perceived exertion using the
Borg RPE Scale (6 to 20 scale), with values ranging from ‘no exertion at all’ to ‘maximal exertion’.
3.2.4. Spatiotemporal Parameter Analysis
For the spatiotemporal gait parameter estimation, the information derived from the OptiTrack
system was used. The participants were equipped with two reflective markers, one positioned on
each heel. The data analysis was performed on steady gait by removing the first and the last 15 s of
each block.
The different gait parameters were estimated using the heel marker trajectory and were
averaged for each block, as described in Dubois and Bresciani [43]. Table 1 shows which
spatiotemporal gait parameters were estimated and how they were calculated.

Table 1. Gait parameters and their method of estimation

Spatiotemporal Parameters
Step duration (s)
Step length (m)
Step frequency (steps/s)
Step width (cm)

Estimation
The duration between the local minima of the left and right heel
Treadmill speed (m/s) × Step duration (s)
1/step duration
The distance on the x-axis between the left and right heel

For analysis, these values were averaged both for the whole duration of the block as also for each
minute of each block.
3.3. Results
We first compared the perceived visual speed with the actual running speed using a paired ttest, as both running and perceived visual speed were normally distributed (please refer to
Supplementary Materials S1-T2 for the data.) This allowed us to determine how visual speed was
estimated compared to the actual running speed, i.e., treadmill speed. Participants set visual speed
significantly higher than the actual treadmill speed (t(19) = −4.8743, p < 0.001). Figure 5 shows the
difference between running speed and perceived visual speed.

Figure 5. Visual speed underestimation. Speed of the visual scene that was perceived as matching
running/treadmill speed. The bars represent the means and the error bars the 95% confidence interval
of those means.

We then tested whether the presentation and manipulation of the optical flow affected
spatiotemporal parameters in treadmill running using a 4x3 (Condition[noOF, matchOF, fastOF,
slowOF]*minute[1,2,3]) mixed analysis of variance (ANOVA). The results showed no main effect of
the condition for all the spatiotemporal parameters, i.e., step length, step duration, step frequency,
and step width. Even if there was no influence of the condition, the results showed a significant effect
of the minute of the acquisition. There was no interaction between the main factors. Table 2 reports
all the results.
Table 2. Results of the 4x3 mixed ANOVA. Significant difference: * = p<0.05, ** = p<0.01, *** =
p<0.001.

Variable
Step length
Step duration
Step frequency

Condition
F(3,57) = 1.695,
p = 0.178
F(3,57) = 1.747,
p = 0.168
F(3,57) = 1.977,
p = 0.128

Minute
F(2,38) = 10.000,
p < 0.001 ***
F(2,38) = 10.085,
p < 0.001 ***
F(2,38) = 9.492, p
< 0.001 ***

Interaction
F(6,114) = 1.423,
p = 0.212
F(6,114) = 1.357,
p = 0.238
F(6,114) = 1.534,
p = 0.173

Step width

F(3,57) = 1.011,
p = 0.395

F(2,38) = 11.514,
p < 0.001 ***

F(6,114) = 0.255,
p = 0.956

A Tukey’s post-hoc test indicated that the difference was significant when comparing minute 1
to minute 3 for step duration (p < 0.05), step frequency (p < 0.05) and step width (p < 0.01), while there
was only a tendency for step length (p = 0.061).
For the HR, since a plateau was observed in all participants, the mean value was calculated as
average of 30 s once the plateau was reached. A repeated-measures ANOVA showed a significant
difference for mean HR [F(3,57) = 5.7465, p < 0.01], while the starting HR did not differ between
conditions [χ# (3) = 0.6528, 𝑝 = 0.8842]. A Tukey’s post-hoc test indicated a significant difference
between the noOF and the VR conditions (noOF-matchOF: p < 0.01, noOF-fastOF: p < 0.05, noOFslowOF: p < 0.001) as shown in Figure 6.

Figure 6. Mean heart rate. The bars represent the means and the error bars the 95% confidence interval
of those means.

Last, a repeated-measures ANOVA performed on perceived effort values (as measured with the
Borg RPE scale) showed no difference between the different OF conditions [𝜒# (3) = 2.4296, 𝑝 =
0.4882].
3.4. Discussion
First, participants running on a treadmill while being presented with a moving virtual scene
were asked to match the visual speed of the VR scene to their actual running speed. Participants set
visual speed significantly higher than the actual running speed, i.e., treadmill speed. In other words,
the visual scene had to move significantly faster than the treadmill speed for the two speeds to be
perceived as equivalent, indicating and underestimation of visual speed relative to treadmill speed.
Then, spatiotemporal gait parameters and HR were measured with participants running on a
treadmill at their preferred running speed while being presented with different optical flow
conditions. At the end of each condition, perceived effort was recorded. We did not observe any
significant difference between optical flow conditions regarding the spatiotemporal gait parameters.
However, we observed an effect of the time (i.e., minute) of acquisition. In addition, the HR was
significantly different in the noOF condition than in the VR conditions, while there was no difference
between conditions regarding perceived effort.
Our results confirm the general tendency to underestimate visual speed relative to locomotor
speed in virtual environments, both when walking [18,44–46] and running [47–49]. Compared to
previous work with running participants, our results show that visual speed underestimation relative
to running speed also occurs with participants running at their preferred running speed. Specifically,
previous work was always based on imposed running speeds [47–49], which were not necessarily in
the range of preferred speeds of all participants. Here, every participant selected his/her running
speed, reducing a possible influence of fatigue. This likely also reduced the attentional demand and

fear of falling off of the treadmill [50] thanks to an increased felt safety compared to an imposed
running speed.
Previous studies on walking showed that the manipulation of the optical flow can significantly
affect locomotor patterns [15,17,21,22]. In particular, optical flow can modulate parameters known to
be reflective of gait instability, such as step width, step length, stride cycle, and stride velocity
variability [51,52]. Our results show that this influence on locomotor patterns cannot be extended to
individuals running on a treadmill. In fact, none of the spatiotemporal gait parameters (i.e., step
length, step duration, step frequency, and step width) was significantly affected by the optical flow
condition. This suggests that when running at a self-selected speed, the presence and manipulation
of the optical flow has no stabilizing or destabilizing effect. The difference between our results and
those previously reported with walking participants could be linked to the fact that running seems
to be characterized by a higher automatization and a lower cortical control compared to walking
[25,29]. The observed effect of the minute of acquisition could be linked to treadmill running
accommodation, which can be different from individual to individual [53]. Moreover, our results
show that the presence and manipulation of the optical flow does not influence this accommodation
process, since no difference was found between the four optical flow conditions.
Even if there was no significant effect of the optical flow conditions on spatiotemporal running
parameters, VR seems to influence HR. Specifically, we found significant differences between the
noOF and the VR conditions. Because the order of presentation of the conditions was randomized,
exercise intensity was the same for each subject in all conditions, and starting HR did not differ
between blocks. Therefore, the observed difference should not be linked to the running task per se.
The higher HR values in the VR conditions may therefore be linked to an emotional activation, HR
being a possible indicator of excitement [54]. This would also explain the absence of difference in
perceived effort as measured with the Borg RPE Scale, even with the higher HR values in the VR
conditions. In fact, even if there was no significant difference, there was a slight tendency toward
lower RPE values for the VR conditions compared to the noOF condition. This could confirm the
results of previous studies that suggest that VR exercise equipment could act as a distraction from
the exercise intensity [55,56].
4. General Discussion
The control of locomotion by the central nervous system relies on the integration of sensory
information provided by different systems such as the visual, vestibular, proprioceptive, and
auditory systems. When the information provided by one of these sensory inputs is considered as
less reliable or is in conflict with other cues, the central nervous system tends to weight sensory
information taking into account its estimated reliability. Our results suggest that when running in a
treadmill-mediated virtual environment, participants tend to provide a higher weight to
proprioceptive information than to visual information. Specifically, the presence and manipulation
of a simulated optical flow did not affect the ability of participants to retrieve a ‘proprioceptive’
reference speed previously experienced. In addition, optical flow did not affect the spatiotemporal
gait parameters known to be indicators of gait stability.
The results of Experiment 2 confirm that the speed of an artificial optical flow is underestimated
relative to treadmill speed when running in treadmill-mediated virtual environments. In particular,
our results show that this relative underestimation applies not only to situations in which the running
speed is imposed, as shown in previous studies [47–49], but also to situations in which participants
are allowed to run at their preferred running speed. Specifically, in our study, the participants were
free to select their running speed for the tests. This likely increased their feeling of safety compared
to tests performed at an imposed running speed. It also likely lowered the influence of fatigue and
the fear of falling off of the treadmill [50]. This means that the visual underestimation previously
reported with participants running in virtual environments still applies at running speeds for which
past experience from practice could have been used for recalibration [57,58]. This could be linked to
treadmill running in itself, since it has been shown to influence speed perception. In fact, treadmill
running has been shown to be perceived as faster compared to the same overground running speed

[59–62]. It has also been shown to influence the capacity to discriminate actual running speed due to
differences in kinetics and kinematics compared to overground running [53,63]. Another factor that
could have influenced the results is the specific experimental setup. In fact, studies suggest that visual
speed is perceived more accurately as peripheral flow increases [44,49,64–66]. Moreover, a 3D
stereoscopic environment would have been more immersive than the simple 2D on the projection
screen and studies show that 3D environments induce a stronger sense of presence during spatial
navigation tasks [67]. Nevertheless, here we used a 2D setup since more immersive 3D virtual reality
situations inducing a strong sense of presence have been shown to have a greater capability of
inducing postural instability compared to 2D VR situations [68] presenting also a greater possibility
that participants might have experienced VR induced symptoms and effects [69].
Though our study confirms the tendency to misperceive the speed of a simulated optical flow
when running in treadmill-mediated virtual environments, it shows that this misperception might
not have an influence on the control of treadmill running itself. This result suggests that the findings
of previous studies that reported an influence of the optical flow rate on the control of locomotor
speed might not apply when running on a treadmill. This difference between previous results and
ours could result from a higher automatization of running compared to walking, with the former
requiring less cortical control [25,29]. This would in turn lead to a reduced influence of visual
incongruences on the control of running speed. This would be in line with the results of Jahn et al.
[24,70], who found larger gait deviations with vestibular and visual stimulation during walking
compared to running. Those results can probably be attributed to a suppression of sensory signals
during unhindered running in order to avoid potential disturbances of the optimized spinal program
controlling running motor pattern [71,72]. In fact, studies have shown that locomotion without
disturbances or obstacles is more independent of cortical control, the latter being mainly required
when exact foot placement is needed, or when the system must react to external perturbations,
notably by changing muscle activity to modify limb trajectories to step over obstacles [73]. This would
also explain the lower impact of visual incongruences on balance and locomotor patterns while
treadmill running, as shown in Experiment 2. Our results contradict previous studies on walking,
which showed an influence of an artificial optical flow on postural stability [31–34] and on locomotor
patterns. In particular, Pailhous et al. [17] found that when walking overground, stride length
decreases in presence of an artificial optical flow. Prokop et al. [15] found that when walking on a
treadmill at constant speed, stride-cycle variability increases and the optical flow significantly
modulates walking velocity. Hollman et al. [36] found that when walking at pre-determined speeds
on a treadmill in VR, step width increases and step length decreases, whereas the variability of stride
velocity and step width increases. All these parameters are known to characterize gait instability
[51,52], suggesting that the presence of VR during treadmill locomotion may lead to a more instable
gait. In fact, a shorter step length and an increased step width are associated with a more conservative
gait pattern, often adopted in case of instability or fear of falling. Other studies show that this
influence on locomotor patterns extends also to the walk–run and run–walk transition, leading to
changes in the transition speed based on the speed of the optical flow [38,74]. Our results show that
this influence on locomotor patterns cannot be extended to running individuals, and that for running
at a self-selected speed, the presence and manipulation of the optical flow has no stabilizing or
destabilizing effect. This could also be due to the fact that when visual cues are in conflict with other
sensory information about self-motion, which is the case when manipulating optical flow speed
without having the possibility to vary locomotor speed, visual information ceases to be dominant
compared to other types of information [4,14]. In fact, studies show that when participants are asked
to walk at a constant speed, they tend to weight information from proprioceptive cues higher than
cues derived from the visual system [15–17].
Our results also indicate that the simulated optical flow does not influence the process of
accommodation to treadmill running, because no differences were found between the four optical
flow conditions. This accommodation process has been shown to vary between individuals [53].
Healthy adults devoid of experience with treadmill running can familiarize themselves with the task
after 6 min in a single session, and angular kinematics as well as spatiotemporal parameters are

highly reliable after 2 min [75]. White et al. [76] found that there was no significant difference in
vertical force after 30 s of treadmill running. The differences we found between minute 1 and 3 could
be linked to the new accommodation required after each pause in between the blocks. This would be
in line with the fact that previous studies have shown that minimal amounts of treadmill training are
necessary before full accommodation to treadmill locomotion [77].
Surprisingly, our results suggest that the presentation of an artificial optical flow can influence
HR. Specifically, the results of Experiment 2 show a significant difference between the HR monitored
in the noOF condition and the HR monitored in the VR conditions. Because the HR is an indicator of
excitement [54], the observed results could be linked to an emotional activation, which would also
explain the absence of difference between the four optical flow conditions regarding perceived effort.
This excitement could be due to the novelty of the virtual scene and to some sense of presence
deriving from the optical flow compared to the traditional treadmill-running settings, which are often
considered as boring [78]. This would be in line with previous studies showing that VR can act as a
distraction from exercise intensity, favoring a dissociation of the attentional focus [55,56], and
improving some of the mood benefits of physical exercise [79]. If confirmed, this effect could be
exploited to increase engagement and adherence to physical activity, notably in the context of health
and disease prevention.
Author Contributions: Conceptualization, M.C., J.-P.B., and A.D.; Data curation, M.C. and A.D.; Formal
analysis, M.C., J.-P.B., and A.D.; Investigation, M.C. and A.D.; Methodology, M.C. and A.D.; Resources, C.L.,
E.M., O.A.K., and J.-P.B.; Software, J.-P.B. and A.D.; Supervision, C.L., E.M., O.A.K., J.-P.B., and A.D.; Validation,
M.C. and J.-P.B.; Visualization, M.C., J.-P.B., and A.D.; Writing—original draft, M.C.; Writing—review and
editing, M.C., C.L., E.M., O.A.K., J.-P.B., and A.D.
Funding: This research received no external funding.
Acknowledgments: The authors thank Florian Blunschi and Lisa Perissinotto (Department of Neuroscience and
Movement Science, University of Fribourg, Fribourg, Switzerland) for recruiting the participants and for
providing support in data collection, Marco Scodeggio (Istituto di Bioimmagini e Fisiologia Molecolare,
Consiglio Nazionale delle Ricerche, Segrate, Milano, Italy) for technical assistance in constructing the response
device, and Thibaut Le Naour (Department of Neuroscience and Movement Science, University of Fribourg,
Fribourg, Switzerland) for his help in the creation of the representation of the experimental set-up (Figure 1).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.
6.
7.
8.
9.
10.

Sun, H.-J.; Campos, J.L.; Chan, G.S.W. Multisensory integration in the estimation of relative path length.
Exp. Brain Res. 2004, 154, 246–254, doi:10.1007/s00221-003-1652-9.
Mergner, T.; Rosemeier, T. Interaction of vestibular, somatosensory and visual signals for postural control
and motion perception under terrestrial and microgravity conditions—A conceptual model. Brain Res. Rev.
1998, 28, 118–135.
Dietz, V. Proprioception and locomotor disorders. Nat. Rev. Neurosci. 2002, 3, 781, doi:10.1038/nrn939.
Sun, H.J.; Lee, A.J.; Campos, J.L.; Chan, G.S.W.; Zhang, D.H. Multisensory integration in speed estimation
during self-motion. Cyberpsychol. Behav. 2003, 6, 509–518, doi:10.1089/109493103769710532.
Angelaki, D.E.; Cullen, K.E. Vestibular system: The many facets of a multimodal sense. Annu. Rev. Neurosci.
2008, 31, 125–150, doi:10.1146/annurev.neuro.31.060407.125555.
Warren, W.H.; Hannon, D.J. Direction of self-motion is perceived from optical flow. Nature 1988, 336, 162–
163, doi:10.1038/336162a0.
Larish, J.F.; Flach, J.M. Sources of optical information useful for perception of speed of rectilinear selfmotion. J. Exp. Psychol. Hum. Percept. Perform. 1990, 16, 295, doi:10.1037//0096-1523.16.2.295.
Lee, D.N. A theory of visual control of braking based on information about time-to-collision. Perception
1976, 5, 437–459, doi:10.1068/p050437.
Bruggeman, H.; Zosh, W.; Warren, W.H. Optic flow drives human visuo-locomotor adaptation. Curr. Biol.
2007, 17, 2035–2040, doi:10.1016/j.cub.2007.10.059.
Rushton, S.K.; Harris, J.M.; Lloyd, M.R.; Wann, J.P. Guidance of locomotion on foot uses perceived target
location rather than optic flow. Curr. Biol. 1998, 8, 1191–1194, doi:10.1016/S0960-9822(07)00492-7.

11.
12.
13.

14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.

33.
34.

Warren, W.H.; Kay, B.A.; Zosh, W.D.; Duchon, A.P.; Sahuc, S. Optic flow is used to control human walking.
Nat. Neurosci. 2001, 4, 213, doi:10.1038/84054.
Bremmer, F.; Lappe, M. The use of optical velocities for distance discrimination and reproduction during
visually simulated self motion. Exp. Brain Res. 1999, 127, 33–42, doi:10.1007/s002210050771.
Riecke, B.E.; Veen, H.A.H.C.V.; Bülthoff, H.H. Visual homing is possible without landmarks: A path
integration study in virtual reality. Presence Teleoper. Virtual Environ. 2002, 11, 443–473,
doi:10.1162/105474602320935810.
Harris, L.R.; Jenkin, M.; Zikovitz, D.C. Visual and non-visual cues in the perception of linear self motion.
Exp. Brain Res. 2000, 135, 12–21, doi:10.1007/s002210000504.
Prokop, T.; Schubert, M.; Berger, W. Visual influence on human locomotion modulation to changes in optic
flow. Exp. Brain Res. 1997, 114, 63–70, doi:10.1007/pl00005624.
Varraine, E.; Bonnard, M.; Pailhous, J. Interaction between different sensory cues in the control of human
gait. Exp. Brain Res. 2002, 142, 374–384, doi:10.1007/s00221-001-0934-3.
Pailhous, J.; Ferrandez, A.-M.; Flückiger, M.; Baumberger, B. Unintentional modulations of human gait by
optical flow. Behav. Brain Res. 1990, 38, 275–281, doi:10.1016/0166-4328(90)90181-d.
Durgin, F.H.; Fox, L.F.; Schaffer, E.; Whitaker, R. The perception of linear self-motion. In Proceedings of the
Electronic Imaging 2005, San Jose, CA, USA, 18 March 2005; pp. 503–514.
Mohler, B.J.; Thompson, W.B.; Creem-Regehr, S.; Pick, H.L.; Warren, W.; Rieser, J.J.; Willemsen, P. Visual
motion influences locomotion in a treadmill virtual environment. In Proceedings of the 1st Symposium on
Applied perception in graphics and visualization, Los Angeles, CA, USA, 7–8 August 2004; pp. 19–22.
Konczak, J. Effects of optic flow on the kinematics of human gait: A comparison of young and older adults.
J. Mot. Behav. 1994, 26, 225–236, doi:10.1080/00222895.1994.9941678.
Baumberger, B.; Flückiger, M.; Roland, M. Walking in an environment of moving ground texture. Jpn.
Psychol. Res. 2000, 42, 238–250, doi:10.1111/1468-5884.00151.
Zijlstra, W.; Rutgers, A.W.F.; Hof, A.L.; Van Weerden, T.W. Voluntary and involuntary adaptation of
walking to temporal and spatial constraints. Gait Posture 1995, 3, 13–18, doi:10.1016/0966-6362(95)90804-2.
Brandt, T. Vestibulopathic gait: you’re better off running than walking. Curr. Opin. Neurol. 2000, 13, 3–5,
doi:10.1097/00019052-200002000-00002.
Jahn, K.; Strupp, M.; Schneider, E.; Dieterich, M.; Brandt, T. Visually induced gait deviations during
different locomotion speeds. Exp. Brain Res. 2001, 141, 370–374, doi:10.1007/s002210100884.
Jahn, K.; Deutschländer, A.; Stephan, T.; Strupp, M.; Wiesmann, M.; Brandt, T. Brain activation patterns
during imagined stance and locomotion in functional magnetic resonance imaging. Neuroimage 2004, 22,
1722–1731, doi:10.1016/j.neuroimage.2004.05.017.
Durgin, F.H.; Gigone, K.; Scott, R. Perception of visual speed while moving. J. Exp. Psychol. Hum. Percept.
Perform. 2005, 31, 339, doi:10.1037/0096-1523.31.2.339.
Van Doorn, J.; van den Bergh, D.; Bohm, U.; Dablander, F.; Derks, K.; Draws, T.; Evans, N.J.; Gronau, Q.F.;
Hinne, M.; Kucharský, Š. The JASP Guidelines for Conducting and Reporting a Bayesian Analysis; 2019.
Powell, W.; Hand, S.; Stevens, B.; Simmonds, M.J. Optic flow with a stereoscopic display: Sustained
influence on speed of locomotion. Annu. Rev. Cyber Ther. Telemed. 2006, 4, 65–70.
Brandt, T.; Strupp, M.; Benson, J. You are better off running than walking with acute vestibulopathy. Lancet
1999, 354, 746, doi:10.1016/S0140-6736(99)03179-7.
Ernst, M.O.; Banks, M.S. Humans integrate visual and haptic information in a statistically optimal fashion.
Nature 2002, 415, 429, doi:10.1038/415429a.
Keshner, E.A.; Kenyon, R.V. The influence of an immersive virtual environment on the segmental
organization of postural stabilizing responses. J. Vestib. Res. 2000, 10, 207–219.
Wright, W.G. Using virtual reality to induce cross-axis adaptation of postural control: Implications for
rehabilitation. In Proceedings of the 2013 International Conference on Virtual Rehabilitation (ICVR),
Philadelphia, PA, USA, 26-29 August 2013; pp. 289–294.
Wright, W.G. Using virtual reality to augment perception, enhance sensorimotor adaptation, and change
our minds. Front. Syst. Neurosci. 2014, 8, doi:10.3389/fnsys.2014.00056.
Slobounov, S.; Sebastianelli, W.; Newell, K.M. Incorporating virtual reality graphics with brain imaging for
assessment of sport-related concussions. In Proceedings of the 2011 Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, Boston, MA, USA, 30 August–3 September 2011; pp.
1383–1386.

35.

36.
37.
38.
39.

40.

41.
42.
43.
44.
45.

46.

47.

48.

49.

50.
51.
52.
53.
54.
55.
56.

Hollman, J.H.; Brey, R.H.; Bang, T.J.; Kaufman, K.R. Does walking in a virtual environment induce unstable
gait? An examination of vertical ground reaction forces. Gait Posture 2007, 26, 289–294,
doi:10.1016/j.gaitpost.2006.09.075.
Hollman, J.H.; Brey, R.H.; Robb, R.A.; Bang, T.J.; Kaufman, K.R. Spatiotemporal gait deviations in a virtual
reality environment. Gait Posture 2006, 23, 441–444, doi:10.1016/j.gaitpost.2005.05.005.
Kastavelis, D.; Mukherjee, M.; Decker, L.M.; Stergiou, N. The effect of virtual reality on gait variability.
Nonlinear Dyn. Psychol. Life Sci. 2010, 14, 239–256.
Guerin, P.; Bardy, B.G. Optical modulation of locomotion and energy expenditure at preferred transition
speed. Exp. Brain Res. 2008, 189, 393–402, doi:10.1007/s00221-008-1435-4.
Parfitt, G.; Rose, E.A.; Markland, D. The effect of prescribed and preferred intensity exercise on
psychological affect and the influence of baseline measures of affect. J. Health Psychol. 2000, 5, 231–240,
doi:10.1177/135910530000500213.
Parfitt, G.; Rose, E.A.; Burgess, W.M. The psychological and physiological responses of sedentary
individuals to prescribed and preferred intensity exercise. Br. J. Health Psychol. 2006, 11, 39–53,
doi:10.1348/135910705X43606.
Kingdom, F.A.A.; Prins, N. Psychophysics: A Practical Introduction; Elsevier Science: Amsterdam, The
Netherlands, 2010.
Leek, M.R. Adaptive procedures in psychophysical research. Percept. Psychophys. 2001, 63, 1279–1292,
doi:10.3758/bf03194543.
Dubois, A.; Bresciani, J.-P. Validation of an ambient system for the measurement of gait parameters. J.
Biomech. 2018, 69, 175–180, doi:10.1016/j.jbiomech.2018.01.024.
Banton, T.; Stefanucci, J.; Durgin, F.; Fass, A.; Proffitt, D.R. The perception of walking speed in a virtual
environment. Presence 2005, 14, 394–406, doi:10.1162/105474605774785262.
Powell, W.; Stevens, B.; Hand, S.; Simmonds, M. Blurring the boundaries: The perception of visual gain in
treadmill-mediated virtual environments. In Proceedings of the 3rd IEEE VR 2011 Workshop on Perceptual
Illusions in Virtual Environments, Singapore, 19 March 2011.
Kassler, L.; Feasel, J.; Lewek, M.D.; Brooks, F.P., Jr.; Whitton, M.C. Matching actual treadmill walking speed
and visually perceived walking speed in a projection virtual environment. In Proceedings of the 7th
Symposium on Applied Perception in Graphics and Visualization, Los Angeles, CA, USA, 23–24 July 2010;
pp. 161.
Caramenti, M.; Lafortuna, C.L.; Mugellini, E.; Abou Khaled, O.; Bresciani, J.-P.; Dubois, A. Matching optical
flow to motor speed in virtual reality while running on a treadmill. PLoS ONE 2018, 13, e0195781,
doi:10.1371/journal.pone.0195781.
Caramenti, M.; Lafortuna, C.L.; Mugellini, E.; Abou Khaled, O.; Bresciani, J.-P.; Dubois, A. Regular physical
activity modulates perceived visual speed when running in treadmill-mediated virtual environments. PLoS
ONE 2019, 14, e0219017, doi:10.1371/journal.pone.0219017.
Caramenti, M.; Pretto, P.; Lafortuna, C.; Bresciani, J.-P.; Dubois, A. Influence of the size of the field of view
on visual perception while running in a treadmill-mediated virtual environment. Front. Psychol. 2019, 10,
2344, doi:10.3389/fpsyg.2019.02344.
Abernethy, B.; Hanna, A.; Plooy, A. The attentional demands of preferred and non-preferred gait patterns.
Gait Posture 2002, 15, 256–265, doi:10.1016/S0966-6362(01)00195-3.
Menz, H.B.; Lord, S.R.; Fitzpatrick, R.C. Age-related differences in walking stability. Age Ageing 2003, 32,
137–142, doi:10.1093/ageing/32.2.137.
Krebs, D.E.; Goldvasser, D.; Lockert, J.D.; Portney, L.G.; Gill-Body, K.M. Is base of support greater in
unsteady gait? Phys. Ther. 2002, 82, 138–147, doi:10.1093/ptj/82.2.138.
Nigg, B.M.; De Boer, R.W.; Fisher, V. A kinematic comparison of overground and treadmill running. Med.
Sci. Sports Exerc. 1995, 27, 98–105.
Obrist, P.A. Cardiovascular Psychophysiology: A Perspective; Springer Science & Business Media: Berlin,
Germany, 2012; doi:10.1007/978-1-4684-8491-5.
Annesi, J.J.; Mazas, J. Effects of virtual reality-enhanced exercise equipment on adherence and exerciseinduced feeling states. Percept. Mot. Skills 1997, 85, 835–844, doi:10.2466/pms.1997.85.3.835.
Mestre, D.; Dagonneau, V.; Mercier, C.-S. Does virtual reality enhance exercise performance, enjoyment,
and dissociation? An exploratory study on a stationary bike apparatus. Presence 2011, 20, 1–14,
doi:10.1162/pres_a_00031.

57.

58.
59.
60.
61.

62.

63.

64.
65.
66.
67.
68.
69.

70.
71.
72.
73.
74.

75.
76.
77.
78.

79.

Bingham, G.; Romack, J.L. The rate of adaptation to displacement prisms remains constant despite
acquisition of rapid calibration. J. Exp. Psychol. Hum. Percept. Perform. 1999, 25, 1331, doi:10.1037/00961523.25.5.1331.
Redding, G.M.; Wallace, B. Prism adaptation during target pointing from visible and nonvisible starting
locations. J. Mot. Behav. 1997, 29, 119–130, doi:10.1080/00222899709600827.
Kong, P.W.; Candelaria, N.G.; Tomaka, J. Perception of self-selected running speed is influenced by the
treadmill but not footwear. Sports Biomech. 2009, 8, 52–59, doi:10.1080/14763140802629990.
Kong, P.W.; Koh, T.M.C.; Tan, W.C.R.; Wang, Y.S. Unmatched perception of speed when running
overground and on a treadmill. Gait Posture 2012, 36, 46–48, doi:10.1016/j.gaitpost.2012.01.001.
Marsh, A.P.; Katula, J.A.; Pacchia, C.F.; Johnson, L.C.; Koury, K.L.; Rejeski, W.J. Effect of treadmill and
overground walking on function and attitudes in older adults. Med. Sci.Sports Exerc. 2006, 38, 1157,
doi:10.1249/01.mss.0000222844.81638.35.
White, S.C.; Yack, H.J.; Tucker, C.A.; Lin, H.-Y. Comparison of vertical ground reaction forces during
overground and treadmill walking. Med. Sci. Sports Exerc. 1998, 30, 1537–1542, doi:10.1097/00005768199810000-00011.
Riley, P.O.; Dicharry, J.; Franz, J.A.S.O.N.; Croce, U.D.; Wilder, R.P.; Kerrigan, D.C. A kinematics and
kinetic comparison of overground and treadmill running. Med. Sci. Sports Exerc. 2008, 40, 1093,
doi:10.1249/MSS.0b013e3181677530.
Thurrell, A.E.I.; Pelah, A.; Distler, H.K. The influence of non-visual signals of walking on the perceived
speed of optic flow. Perception 1998, 27, 147–148.
Thurrell, A.E.I.; Pelah, A. Reduction of perceived visual speed during walking: Effect dependent upon
stimulus similarity to the visual consequences of locomotion. J. Vis. 2002, 2, 628.
Nilsson, N.C.; Serafin, S.; Nordahl, R. Establishing the range of perceptually natural visual walking speeds
for virtual walking-in-place locomotion. IEEE Trans. Vis. Comput. Graph. 2014, 20, 569–578.
Kober, S.E.; Kurzmann, J.; Neuper, C. Cortical correlate of spatial presence in 2D and 3D interactive virtual
reality: An EEG study. Int. J. Psychophysiol. 2012, 83, 365–374.
Slobounov, S.M.; Ray, W.; Johnson, B.; Slobounov, E.; Newell, K.M. Modulation of cortical activity in 2D
versus 3D virtual reality environments: An EEG study. Int. J. Psychophysiol. 2015, 95, 254–260.
Sharples, S.; Cobb, S.; Moody, A.; Wilson, J.R. Virtual reality induced symptoms and effects (VRISE):
Comparison of head mounted display (HMD), desktop and projection display systems. Displays 2008, 29,
58–69.
Jahn, K.; Strupp, M.; Schneider, E.; Dieterich, M.; Brandt, T. Differential effects of vestibular stimulation on
walking and running. Neuroreport 2000, 11, 1745–1748, doi:10.1097/00001756-200006050-00029.
Armstrong, D.M. The supraspinal control of mammalian locomotion. J. Physiol. 1988, 405, 1–37,
doi:10.1113/jphysiol.1988.sp017319.
Dietz, V. Spinal cord pattern generators for locomotion. Clin. Neurophysiol. 2003, 114, 1379–1389,
doi:10.1016/s1388-2457(03)00120-2.
Drew, T.; Prentice, S.; Schepens, B. Cortical and brainstem control of locomotion. In Progress in Brain
Research; Elsevier: Amsterdam, The Netherlands, 2004; Volume 143, pp. 251–261.
Mohler, B.J.; Thompson, W.B.; Creem-Regehr, S.H.; Pick, H.L., Jr.; Warren, W.H., Jr. Visual flow influences
gait transition speed and preferred walking speed. Exp. Brain Res. 2007, 181, 221–228, doi:10.1007/s00221007-0917-0.
Lavcanska, V.; Taylor, N.F.; Schache, A.G. Familiarization to treadmill running in young unimpaired
adults. Hum. Mov. Sci. 2005, 24, 544–557, doi:10.1016/j.humov.2005.08.001.
White, S.C.; Gilchrist, L.A.; Christina, K.A. Within-day accommodation effects on vertical reaction forces
for treadmill running. J. Appl. Biomech. 2002, 18, 74–82, doi:10.1123/jab.18.1.74.
Schieb, D.A. Kinematic accommodation of novice treadmill runners. Res. Q. Exerc. Sport 1986, 57, 1–7,
doi:10.1080/02701367.1986.10605381.
Thompson Coon, J.; Boddy, K.; Stein, K.; Whear, R.; Barton, J.; Depledge, M.H. Does participating in
physical activity in outdoor natural environments have a greater effect on physical and mental wellbeing
than physical activity indoors? A systematic review. Environ. Sci. Technol. 2011, 45, 1761–1772,
doi:10.1021/es102947t.
Plante, T.G.; Aldridge, A.; Bogden, R.; Hanelin, C. Might virtual reality promote the mood benefits of
exercise? Comput. Hum. Behav. 2003, 19, 495–509, doi:10.1016/S0747-5632(02)00074-2.

