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Abstract

Introduction—Maintaining stability, especially in the mediolateral direction, is important for 

successful walking. Navigating in the community, however, may require people to reduce stability 

to make quick lateral transitions, creating a tradeoff between stability and maneuverability. 

Walking slower can improve stability during steady state walking, but there remains a need to 

better understand how walking speed influences maneuverability. This study investigated how 

walking at different speeds influenced how individuals modulate both stability and 

maneuverability in a virtual obstacle course.

Methods—Fifteen healthy adults walked on a treadmill in a virtual environment for 6 trials each 

at typical and slower speed. Participants made repeated transitions between virtual sets of arches 

displayed in any of 4 lanes. Participants were instructed to walk under the arches and hit as few 

arches as possible. To quantify stability, mean step width and mean lateral margin of stability 

(Mean MOS) were calculated and averaged for ipsilateral and contralateral steps. To quantify 
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maneuverability, the number of arches hit when entering or exiting each arch set was calculated 

and averaged for each condition.

Results—Participants exhibited high levels of variability in their stepping patterns. Mean MOS 

and mean step width were significantly greater for the typical speed than slower speed for the 

ipsilateral steps (p < 0.001). Participants hit more arches during the typical speed than during the 

slow speed (p = 0.039).

Conclusion—When walking at the slower speed, healthy individuals exhibited decreased 

stability of ipsilateral steps, but increased maneuverability and better transition performance.
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Introduction

When walking, it is important to maintain stability, particularly in the mediolateral direction 

[1, 2]. Having greater stability means reducing the effects of perturbing forces on one’s 

center of mass (COM), thereby resisting movement [3, 4]. When navigating through 

crowded areas however, people often must make quick lateral transitions that require 

controlled, rapid movement. These maneuvers might be anticipated (e.g., around some fixed 

object) or unanticipated (e.g., in reaction to a person or object suddenly coming into one’s 

path). These tasks are performed by shifting one’s COM towards a new direction, which 

effectively reduces one’s resistance to perturbations applied in that direction. This reduced 

stability can help facilitate completing such lateral maneuvers, but also creates a tradeoff 

between stability and maneuverability. This tradeoff has been studied in animals [5–9], but 

only a few studies have applied this important paradigm to humans [10, 11]. For people to 

successfully navigate in the community, they must be able to quickly and effectively shift 

between strategies that favor stability and those that favor maneuverability.

Margin of stability in the mediolateral direction (MOSML) can quantify lateral stability 

during locomotor tasks [12–14]. MOSML is proportional to the amount of force needed to 

move the COM outside of the base of support (BOS) [15]. Strategies that favor stability 

then, as defined by MOSML, involve resisting perturbations and keeping COM within one’s 

BOS. MOSML may also elucidate aspects of maneuverability. Reducing resistance to 

perturbations by changing COM position in a controlled and efficient manner helps facilitate 

maneuvers. By narrowing step width and decreasing the BOS, people can more easily shift 

their COM to make lateral transitions. According to Wu et al. [10], people decrease their 

MOSML in the direction of the movement in preparation of making a lateral maneuver. A 

decrease in MOSML on a given side when walking indicates less resistance to perturbations 

which facilitates making maneuvers in that direction. Therefore, a larger MOSML reflects 

greater stability, while a smaller MOSML suggests greater maneuverability.

Slower walking speeds are generally considered to be more stable as determined by step 

kinematics [16] and dynamic stability measures [17–20]. This is especially seen in older and 

impaired populations, where slow walking is a nearly universal characteristic of cautious 
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gait [21]. Few studies have examined how MOSML changes with walking speed, or how 

people prioritize stability and maneuverability at different walking speeds. Gates et al. [22] 

found that when young, healthy individuals walked at faster speeds, they did so with larger 

MOSML. Thus at faster speeds, individuals may be more stable but less maneuverable. 

However, those individuals did not perform a task that required them to execute lateral 

maneuvers. Therefore, we cannot determine how walking speed might have influenced their 

maneuverability.

Previous studies largely focused on steady state walking, a task that does not require rapid, 

lateral movements. It is unknown how people at a typical or slower walking speed shift their 

MOSML when making lateral transitions. Thus, there is a need to better understand how 

lateral transitions and walking speed each influence stability and maneuverability. This study 

determined how healthy individuals modulate their maneuverability and stability while 

navigating a virtual reality obstacle course at different speeds. We hypothesized that at 

slower speeds, individuals would be more maneuverable as indicated by a smaller MOSML 

and would exhibit better lateral transition performance.

Methods

Participants

Fifteen young, healthy adults (Table 1) participated. All participants were screened to ensure 

they had no medical or psychological conditions that would alter normal gait, uncorrected 

visual impairment, or pregnancy. All data were collected within a single assessment. All 

procedures were approved by the Brooke Army Medical Center Institutional Review Board 

and all participants completed written informed consent prior to participation.

Protocol

All participants walked in a virtual reality environment (Computer Assisted Rehabilitation 

ENvironment; Motekforce Link, Amsterdam, Netherlands) which included a 1.8 × 2.8 m 

treadmill within a 7 m dome allowing 300 degrees of virtual reality display. The virtual 

reality scene included a walking path divided into four distinct lanes that equated to 27 cm 

wide each in the real-world (Fig. 1). Each trial contained a total of 17 projected arch sets, 

requiring 16 transitions. The 16 transitions were made up of a random presentation of 1 or 2 

lane transitions to the left or the right with a total of 4 of each combination (Fig. 1B). A 

virtual avatar whose diameter was 35% of the width of a lane was projected onto the screen, 

representing the lateral position of the centroid of two markers attached to the participant’s 

pelvis. Participants were instructed to navigate the avatar through the arch sets hitting as few 

arches as possible. The movement of the participant was scaled to 75% within the virtual 

environment to account for the amount of excursion and visual distortion. To maintain 

ecologic validity, we did not constrain the execution of the transitions. Thus, participants 

were able to choose whatever stepping pattern they wanted to make each maneuver. See 

video files in Supplementary Material for examples of a participant performing this task.

All participants walked on the treadmill at two different speeds: 0.9 m/s reflecting a slower 

speed and 1.2 m/s reflecting a typical walking speed [23]. Because the transition zones at 
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both speeds were the same fixed distance (1.78 m), participants had less time to make each 

transition at the typical speed. Arch sets were long enough to allow participants more than 

ample time to reestablish balance after each transition. To represent different types of real-

world scenarios that require lateral transitions, we presented participants with 2 types of 

transitions: “anticipation” where each upcoming arch set was visible ahead of time and 

“reaction” where each upcoming arch was not visible until the participant exited the current 

arch set.

To account for differences in the placement of the pelvis markers, we aligned the virtual 

scene by centering it to the participant while they stood in the middle of the treadmill. 

Participants completed two 3-minute practice trials at 0.9 m/s to familiarize themselves with 

the task. They then completed 3 trials of each condition, walking for 6 trials at 0.9 m/s then 

repeating the same 6 trials at 1.2 m/s with rest between the slow and typical speeds. The 

presentation of the reaction and anticipation conditions was randomized and counter-

balanced across participants.

For all trials, full body kinematic data were collected at 120 Hz using a 27-camera Vicon 

motion capture system (Vicon Motion Systems, Oxford, UK). The cameras tracked the 

trajectories of 57 markers affixed to the participant’s body segments [24]. The marker 

positions and digitized locations of joint centers were combined to create a 13-segment 

model using Visual 3D (C-Motion Inc., Germantown, MD).

Data Processing and Analysis

Marker position data were filtered with a 4th order low-pass Butterworth filter with a 6 Hz 

cut-off frequency. Relevant metrics were extracted and further analyzed using Visual 3D and 

Matlab 2012b (Mathworks Inc., Natick, MA). The transition zone was defined as the area 

between the end of one arch set and the beginning of the next (Fig. 1C). Steps were divided 

into ipsilateral steps (taken in the same direction as the transition), and contralateral steps 

(taken in the opposite direction of the transition).

MOSML was calculated as the minimum lateral distance between the extrapolated center of 

mass and the edge of the BOS during the stance phase of each step [10, 12, 22]. The 

extrapolated center of mass was determined using the velocity of the center of mass, and the 

base of support was defined as the lateral boundary estimated by the position of the 5th 

metatarsal marker. Step width was defined as the mediolateral distance between the heel 

markers at heel strike. For each trial, MOSML and step widths were averaged separately for 

contralateral and ipsilateral steps across all steps taken in the transition zones.

To quantify transition performance, Response Time was defined as the time elapsed between 

the participant exiting the last arch of a set and exiting their current lane. We also determined 

the total number of unsuccessful transitions across all trials. A transition was deemed 

unsuccessful if the avatar collided with the last arch when exiting a lane or collided with the 

first arch when entering a new lane. The total number of steps during the transition was also 

quantified.
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Statistical Analyses

As no significant asymmetries were observed for the young, healthy population, we pooled 

the data from transitions to both left and right directions. To simplify analyses, we also only 

analyzed the more difficult 2-lane transitions. All statistical analyses were run on this 

reduced dataset. For Mean MOSML and step width, 2 factor (Speed × Side (ipsilateral vs. 

contralateral)) ANOVAs with repeated measures were run separately for the anticipation and 

reaction conditions. Post-hoc analysis with Bonferroni Holm’s corrections were conducted 

when applicable, with alpha=0.05. For the performance variables, Response Time, 

unsuccessful transitions, and number of steps, single-factor (Speed) ANOVAs with repeated 

measures were run separately for the anticipation and reaction conditions.

Results

Because we purposefully did not constrain how participants could execute each transition, 

they exhibited high levels of variability in their stepping patterns (Fig. 2) within and across 

subjects as well as throughout the transitions. This included variability in the phase of the 

gait cycle that the participant was in when exiting the last arch of each set and in subsequent 

foot placements throughout each transition. Despite this variability, specific trends did 

emerge.

During both conditions, ipsilateral and contralateral limbs executed different steps to 

complete each transition (Fig. 3). Contralateral limbs generally took steps with small-to-

negative MOSML and very narrow step widths, while ipsilateral limbs generally took steps 

with increased MOSML and much wider step widths (Fig. 3).

For both anticipation and reaction conditions, ipsilateral steps exhibited significantly greater 

Mean MOSML than contralateral steps (p < 0.001) (Fig. 4A). The main effect for Speed was 

not significant for the anticipation condition (p = 0.121), but neared significance for the 

reaction condition (p = 0.053). However, there were also significant Speed × Limb 

interaction effects for Mean MOSML for both conditions (p ≤ 0.002). Pairwise comparisons 

revealed significantly larger Mean MOSML at typical compared to slow speeds for ipsilateral 

steps (p < 0.001), but no differences for contralateral steps (p ≥ 0.775).

For both anticipation and reaction conditions, ipsilateral steps also exhibited significantly 

greater mean step widths than contralateral steps (p < 0.001) (Fig. 4B). Main effects for 

Speed neared significance for the anticipation condition (p = 0.072) and were significant for 

the reaction condition (p = 0.020). However, there were also significant Speed × Limb 

interaction effects for both conditions (p ≤ 0.001). Pairwise comparisons revealed 

significantly larger mean step widths at typical compared to slow speeds for ipsilateral steps 

(p ≤ 0.026), but no differences for contralateral steps (p ≥ 0.380).

Participants exited their lane faster at the typical speed than at the slow speed in both the 

reaction (p < 0.001) and anticipation (p = 0.002) conditions (Fig. 5A). In the reaction 

condition, participants were more unsuccessful when walking at the faster typical speed (p = 

0.039; Fig. 5B). In both conditions, participants took fewer steps at the faster typical speed 

than at the slow speed (p < 0.001; Fig. 5C).
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Discussion

The results support our hypothesis that individuals would be more maneuverable at the 

slower speed. During the reaction condition at the slow speed, individuals adopted strategies 

on the ipsilateral side that were more conducive to maneuverability than to stability, as 

indicated by a lower mean MOSML, narrower step width, and fewer unsuccessful transitions. 

When walking at the slow speed, individuals appeared to better control their COM motion 

and step width to successfully transition.

During both anticipation and reaction transitions, when walking at the slower speed, 

participants exhibited smaller mean MOSML on the ipsilateral side, supporting our 

hypothesis. This suggests that for the ipsilateral steps, participants decreased their BOS 

when walking at the slow speed as indicated by a decreased step width, which can decrease 

MOSML [15, 25]. However, lateral COM velocity also contributes to MOSML. Past studies 

found that trunk sway and COM motion decreased at slower speeds [26, 27] which would 

potentially increase MOSML. It is likely the changes in BOS on the ipsilateral side were 

large relative to the changes in COM motion, thus reducing the overall MOSML at the slow 

speed. An overall decrease in MOSML suggests that at slower speeds, individuals’ walking 

patterns were more unstable, but also more conducive to maneuverability during both 

conditions.

Individuals also took significantly narrower steps at the slow speed during both anticipation 

and reaction conditions at the ipsilateral side. These narrower steps suggest individuals were 

less stable at the slower speed, further supporting our hypothesis. A wider step width is 

associated with greater stability [28], and people tend to adopt wider steps in response to 

destabilizing environments [25]. The slower speed may have been less challenging, and 

therefore individuals were more comfortable taking narrower steps. Slower walking is 

usually associated with greater mean step width in injured or older populations [23], but may 

not be adopted in young, healthy individuals. Additionally, this pattern was seen in steady 

state walking and not during transitioning tasks. Participants also took more steps at the slow 

speed, likely a result of the longer transition time. Since participants covered the same lateral 

distance at both speeds, it is plausible the smaller step width at the ipsilateral side was due to 

the greater number of steps taken. The narrower step width and smaller MOSML together 

suggest these individuals were less stable but more maneuverable when transitioning at the 

slower speed. Furthermore, maneuverability at the slow speed appears to be driven by the 

ipsilateral steps.

While individuals were more maneuverable at the slow speed than at the typical speed, this 

was only seen for the ipsilateral steps. Participants appeared to take larger steps towards the 

direction of the transition, followed by smaller contralateral steps. This may explain the 

differences in MOSML and step width for the ipsilateral steps but little differences in the 

contralateral steps. Furthermore, despite how large steps were taken on the ipsilateral side, 

step width and MOSML remained almost consistent on the contralateral side between speeds. 

The steps on the ipsilateral side thus drove differences in stepping strategies that contributed 

to greater maneuverability at the slow speed.
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During the reaction condition, individuals at the slow speed were more maneuverable 

compared to the typical speed as evidenced by the fewer number of unsuccessful transitions. 

However, the fewer unsuccessful transitions at the slow speed may also reflect the greater 

amount of time participants had to execute the transitions, as indicated by the longer 

Response Time at the slow speed. It is plausible that individuals adopted their strategies 

based on the demands of the task. For instance, given more time at the slow speed, 

individuals took longer time and adjusted their stepping strategies to complete the 

transitions.

We investigated two transition conditions that reflect different real-world scenarios. The 

anticipation conditions emulated navigating around known obstacles in a known direction, 

thereby allowing transition maneuvers to be planned prior to execution. Conversely, the 

reaction conditions emulated a situation similar to having a person or object suddenly come 

into your path requiring you to rapidly identify and execute a maneuver in an unplanned 

direction. In the anticipation condition, there were no differences between walking speeds in 

the number of unsuccessful transitions (Fig. 5B). While the time to make the transition was 

shorter at the typical speed in both conditions, the additional visual and motor delays during 

the reaction condition associated with identifying and responding to the new arch set 

location further reduced the amount of time available to execute the transition. As a result, 

the effect of walking speed on transition strategies and its impact on stability and 

maneuverability became more apparent when individuals were more sufficiently challenged 

during the reaction condition.

The virtual environment consisted of only four lanes. Depending on which lane a participant 

was in, there was a slightly higher probability the next transition would be in one direction 

than the other. Thus, of necessity, the reaction condition was not entirely without some level 

of “anticipation”. However, this is a minor a limitation. First, there was a high cost for 

guessing wrong and initiating a movement in the wrong direction. Second, since the same 

trials and presentation of transitions were used for both anticipation and reaction trials, any 

effect due to the configuration of the lanes would have both conditions equally. Thus, while 

the reaction condition was not completely unpredictable, we were able to identify the effects 

of walking speed during the execution of transitions in both of these simulated real-world 

contexts.

We purposefully designed the task so as to not constrain what transition strategies 

participants could use. Consequently, participants exhibited high degrees of both between- 

and within-subject variability (Figs. 2–3), particularly in the side of the step relative to the 

direction of the transition. This high variability reflects a fundamental feature of how people 

negotiate real-world tasks that offer redundancy in the options available. In such contexts, 

healthy humans readily exploit the available redundancy, using a wide range of movements 

to achieve the same task result [29]. This ability to exploit such redundancies is also a 

paramount feature that allows humans the necessary flexibility to trad-off stability and 

maneuverability in the real world.

Although maneuverability was previously quantified and studied in animals [5–9], only a 

few efforts have quantified maneuverability in humans [10, 11]. In addition, there are only a 
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few proposed measures to quantify maneuverability. These are primarily task dependent and 

there is no general consensus on which to use. Further, the animal studies analyzed turning, 

dodging, or swerving [8, 9, 30] whereas our task focused on lateral transitions. Thus, the 

measures of maneuverability used in those studies, such as turning radius, were not 

applicable here. While MOSML is effective at measuring resistance to perturbations and 

COM motion, it is only associated with one aspect of maneuverability and does not 

necessarily fully quantify it. Because “maneuverability” is thus difficult to quantify more 

generally, we opted to use task performance (number of unsuccessful transitions), as our 

task-specific measure.

Slower walking speeds may be more stable during level, steady state walking [17–20], but 

when making rapid, lateral transitions in the community, walking slower may afford people 

more time to identify, plan and initiate movements that allow for better maneuverability that 

is executed by steps ipsilateral to the transition direction. Therefore, when navigating in the 

community, it is important to be able to switch both walking speeds and strategies depending 

on the specific task. For example, when negotiating obstacles, when possible, people should 

slow their walking speed and plan the direction of their transitions to improve 

maneuverability. Or if individuals plan a rapid movement, slowing down and the associated 

stepping strategies, particularly the ipsilateral steps, can facilitate making such maneuvers. 

The combination of these walking strategies and switching between tasks will likely 

improve how individuals modulate between stability and maneuverability when navigating 

in the community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Healthy individuals are more maneuverable at slow walking speeds

• Those at the slow speed had a lower margin of stability during transitions

• People should switch walking speeds and strategies when navigating in the 

community
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Figure 1. 
The virtual obstacle course task. A) Screenshot of a typical participant completing the 

virtual obstacle course. B) Example of the avatar path through the arch sets during a trial. 

Direction of travel is from bottom to top. The avatar trajectory is marked in blue and the arch 

sets are indicated by the gray boxes. C) Schematic (not to scale) of a possible stepping 

pattern during a transition. The yellow arches indicate the beginning and end of the 

transition zone. A collision of the avatar with either of these arches constituted an 

unsuccessful transition. The transition variables were analyzed across all transition steps 
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from the last step originating in the initial arch set to the first step terminating in the new 

arch set.
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Figure 2. 
Footfall locations for all 2-lane transitions for all participants for each of the 4 conditions 

tested. Step 1 indicates the last step taken within the arch set being exited. Participants 

completed transitions in typically ~5–7 steps. The figure illustrates the high level of within 

and between subject variability in the stepping patterns used during the transitions.
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Figure 3. 
Trends in stepping variables (MOSML and Step Width) both across observations and 

throughout the transition execution. In each plot, the horizontal axis indicates distance 

traveled (forward progression is from left to right). The vertical black lines define the 

transition zone: participants Exit one arch set at the first line and then Enter the next arch set 

(1.78 m later) at the second line. Individual points indicate values of either MOSML and Step 

Width for each step for all participants plotted at the time point in the transition that the step 

occurred. Solid lines represent 7th order polynomial fits to the stepping data, each shown 

with a 95% confidence band reflecting the general pattern across the transition. The Slow 

steps are plotted in red and the Typical are plotted in blue.
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Figure 4. 
Group mean ± SD for variables calculated across all steps of the transition. (A) Average 

mediolateral margin of stability (Mean MOSML) and (B) mean Step Width. Slow speed is 

indicated by red diamonds and Typical speed is indicated by blue circles. Main effects 

differences for Side (Contralateral (CON) vs. Ipsilateral (IPS)) were highly significant (p < 

0.001) for all comparisons. Main effects differences for Speed (Slow vs. Typical) were not 

significant for Mean MOSML for Anticipation trials (p = 0.121), approached significance for 

Mean MOSML for Reaction trials (p = 0.053) and were significant for Mean Step Width for 

Reaction trials (p = 0.020). Speed × Side interaction effects were significant (p ≤ 0.002) for 

all comparisons. Pairwise comparisons revealed significant (p ≤ 0.026) Speed differences for 

all Ipsilateral (IPS) steps (indicated by stars: *).
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Figure 5. 
Group mean ± SD for transition performance variables. (A) Response Times were quantified 

as the amount of time between exiting the last arch in a set and exiting their current lane. (B) 

Total number of unsuccessful transitions where the participant collided with the first or last 

arch defining the transition zone. (C) Total number of steps taken across each transition 

zone. Slow speed is indicated by red diamonds and Typical speed is indicated by blue 

circles. Stars (*) indicate significant differences. Slow speeds led to slower response times (p 

≤ 0.002) for both conditions, more unsuccessful trials (p = 0.039) for Reaction trials, and 

more steps taken (p < 0.001) for both conditions.
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Table 1

Participant characteristics. All values except Sex are given as Mean ± Standard Deviation.

Characteristic: Value:

Sex 11 M/4 F

Age (years) 25.93 ± 5.25

Body Height (m) 1.72 ± 0.09

Body Mass (kg) 74.41± 14.57
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