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ABSTRACT 

INVESTIGATING THE ROLE OF COGNITION TO PRODUCE VISUALLY DRIVEN 

ONLINE OBSTACLE AVOIDANCE STRATEGIES 

 

Jenna Gaile Pitman  

University of Guelph, 2020

Advisor(s): 

Dr. Lori Ann Vallis  

 This thesis is an investigation of the cognitive mechanisms underlying human navigation 

of obstacles in their path, through responses to incoming visual information. Nineteen young 

adults performed an online obstacle avoidance strategy adjustment two steps prior to a 50 cm 

wide, 15% leg length high obstacle while responding to a simultaneous auditory Stroop task. 

Participants demonstrated adjusted obstacle crossing but not obstacle circumvention behaviors 

when dual-tasking and required greater time to respond to the Stroop task when performing an 

online strategy adjustment compared to trials where no adjustment was required. Performing an 

online circumvention strategy adjustment increased the latency and magnitude of center of mass 

lateral deviations. These results confirm the complexity of these online maneuvers; and that input 

from the cognitive system is required for their execution. There may be greater implications for 

populations with reduced mobility or cognitive capabilities.  
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1 General Introduction  

 An individual’s independence largely relies on their ability to interact with and navigate 

through their environment. In order to perform locomotion safely and efficiently, an effective 

stepping pattern toward an end goal must be produced. Of course in an ecological context, 

changes in terrain and obstacles which lay in the travel path provide disruptions to gait patterns; 

to successfully navigate through these environments, individuals must adapt their on-going 

stepping patterns, or risk a fall. Previous research has found that contact with, or a trip over an 

obstacle is one of the greatest risk factors for falls, particularly in community dwelling older 

adults (Campbell et al., 1990; Berg et al., 1997). Incorrect weight shifting has been demonstrated 

to be the most frequent cause of observed falls in older adults residing in assisted living facilities 

(Robinovitch et al., 2013). On top of these concerns in an older adult population, trips also occur 

in young adults; often occurring as a result of the lead or trail crossing limb coming into contact 

with an obstacle even when it is clearly visible and anticipated (Heijnen et al., 2012). The 

reasons that people fall are multifactorial. However, it appears that the selection of an 

appropriate avoidance strategy prior to obstacle crossing may play a role in ensuring an 

individual’s safety.   

 Locomotion has three inherent requirements: to progress in the intended direction, to 

maintain balance, and to adapt to environmental demands (Das & McCollum, 1988; Patla et al., 

1991). Central neural control is necessary to ensure that the center of mass (CoM) is controlled 

during repeated propulsive and braking phases of each step, even just during straight walking. As 

mentioned above, changes in terrain and obstacles which lay in the travel path provide potential 

disruptions to these on-going gait patterns. To maintain the goals of progression and stability, 

young adults must adjust their step placement via complex strategies which exploit existing 

intersegmental dynamics and muscular activity while also being mindful of the energy cost of 

these changes (Patla and Prentice, 1995). Dynamic step adjustments require input from elegant 

sensorimotor processes, and must be executed in an online manner by successfully integrating 

real-time visual information. This online visual feedback requires discrete visual sampling of the 

surrounding environment in order to provide key allocentric information necessary for humans to 
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assess body position and velocity in space relative to external objects in the environment (Patla 

et al., 1996; Matthis et al., 2018) and the position of each step (Patla et al., 1999). Stepping 

behaviors produced under spatial and temporal constraints have been investigated previously 

(Worden et al., 2016; Maidan et al., 2016; Diaz et al., 2018; Gérin-Lajoie et al., 2006) however, 

less is known about the cognitive mechanisms that underlie these particular online gait 

adjustments.  

 Though gait was once thought of as automatic, it is now accepted that a level of cognitive 

input is required to control locomotion. The term executive functions (EF) defines an array of 

cognitive processes located at the prefrontal cortex that produce and allow for willful behaviors 

towards some goal (Banich, 2009); the definitive aspect of EF is that each action has a 

determinable goal attached to it. Specific to locomotion, EF are critical for the facilitation of 

feed-forward planning and execution of volitional movement, and provide online monitoring and 

inhibition of ongoing motor tasks (Yogev et al., 2008; Lezak et al., 2004). This allows for the 

navigation of complex and novel environments, where individuals must contend with new tasks 

and challenges to achieve their goal. Functionally, a “task” can be defined as a goal-oriented 

action in response to a stimulus (Kiesel et al, 2010; Koch et al., 2018). For example, a gait task 

could be described as the act of approaching and avoiding an obstacle, visible in ones’ path of 

travel, while a cognitive task could involve verbally responding to an arithmetic question. In the 

scientific literature, when two separate tasks are presented with either a spatial or temporal 

constraint for simultaneous completion it is termed dual-tasking (Koch et al., 2018; Yogev et al., 

2008).  

 We know from past work that concurrent execution of motor and cognitive tasks (dual-

tasking) results in decreased performance in either the motor task (Hausdorff et al., 2008; da 

Silva Costa et al., 2018), cognitive task (Worden et al., 2016; Siu et al., 2008), or both 

(Potocanac et al., 2015; Gérin-Lajoie et al., 2006). This suggests that humans have access to a 

finite supply of available cognitive resources (see Figure 1.1). When forced to attend to multiple 

tasks simultaneously, a “bottleneck” of available cognitive resources may occur. This is 

especially true when tasks compete for certain central processing areas within the brain (Pashler, 

1994), or when there is a large enough demand on central cognitive resources which exceeds 
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what is available to complete multiple simultaneous tasks (Tombu and Jolicœur, 2003). In any 

case, there is clear scientific evidence for central interference occurring and leading to decreased 

performance in one or both tasks when multiple are presented.  

 

Figure 1.1. Schematic illustration of how cognitive resources may be allocated to perform simultaneous tasks 

(Task A and Task B). The initial cognitive resource pool (top) contains a finite amount of available cognitive 

resources, which is then allocated to the completion of multiple tasks demands which are applied (here, Task 

A and Task B). The allocation of these finite cognitive resources may lead to a decrease in performance in 

Task A, as demands from Task B have used up more of the available cognitive resources. 

 

 As previously mentioned, performance on concurrent tasks is often lower than when 

performed in isolation (Huestegge et al., 2014; Siu et al., 2008). Dual-task paradigms allow for 

inferences to be made about the demands placed on the cognitive system. If, for example, 

performance decrements exist (dual-task cost; DTC), it may be due to central interference. 

Commonly referred to as a cognitive ‘bottleneck’, this may be a result of insufficient available 

cognitive resources or structures to complete both tasks and/or a reduced attentional resource 

capacity. It has been postulated that greater DTC are indicative of greater cognitive demands 
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being placed on the central nervous system (McIsaac et al., 2015) however, we also know that an 

individual’s prioritization of one task over another may lead to unilateral dual-task costs, i.e. one 

task’s performance is affected to a greater degree than the other (Broeker et al., 2018). From a 

mechanistic perspective, a strength of dual-task paradigms is that they permit examination of 

behavioral choices that underlie the execution of complex motor programs such as adaptive gait 

patterns which may include stepping over or around an obstacle in the path.  

 Stepping behaviors to avoid an obstacle have dramatically different goals and 

accompanying demands depending on the route selected to avoid the object in the path of travel. 

For example, an individual could choose to step over or to circumvent around the object (Patla et 

al., 1991). Stepping over an obstacle requires the complex active coordination of multiple, large 

body segments and appropriate modulation of the hip, knee, and ankle flexor/extensor pairings to 

ensure adequate clearance of each limb across the obstacle while simultaneously taking 

advantage of passive dynamics of the motion to increase energy efficiency (Patla and Prentice, 

1995; Lu et al., 2006). Transient circumvention of an obstacle, on the other hand, requires 

multiplanar control of the center of mass through adjusted lateral step placement and 

reorientation of the trunk and pelvis to a new path of travel to reach ones’ goal (Vallis and 

MacFadyen, 2003; Wilmut et al., 2017). Despite sharing a common goal (i.e., walk to the same 

endpoint beyond the obstacle), these two strategies obviously include very distinct coordination 

patterns to execute. We propose that performing either of these strategies under a temporal 

constraint may provide interesting insight into the different control mechanisms used to ensure 

whole body safety while meeting the same general task demand of avoiding an obstacle in the 

path while traveling to the path end point.  

 Experimental paradigms requiring participants to respond to multiple potential obstacle 

avoidance strategies in response to visual cueing have yet to be fully explored, perhaps due to the 

complexity of these designs. Though previous work has provided valuable information on the 

cognitive control required to cross (Worden et al., 2016) or circumvent (Gérin-Lajoie et al., 

2006) an obstacle, these paradigms primarily focused on the control of one avoidance strategy, 

and not the cognitive input required to inhibit one strategy and execute another during ongoing 

gait. As well, an array of cognitive tasks have been used in dual-task paradigms in the past 
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(McIsaac et al., 2015), making it a challenge to draw comparisons between dual-task research 

investigating obstacle avoidance strategies, as we know that performance costs are task-specific 

(Srygley et al., 2009). This thesis seeks to fill this need to characterize the level of cognitive 

control required for humans to change their obstacle avoidance strategies in response to a change 

in visual environmental cues. 

 Chapter 2 of this thesis contains a review of relevant literature in dual-tasking and 

cognitive-motor integration research; the strengths and limitations of this previous work will be 

outlined. General methodologies shared by the two paradigms within this thesis will be briefly 

discussed in Chapter 3.  

 Two studies were conducted within a single experimental paradigm (single laboratory 

visit). As will be described later in greater detail, our aim was to create an ecologically valid 

experimental protocol, where participants were presented randomly with a set of multiple 

potential motor (obstacle avoidance; obstacle circumvention) and cognitive tasks (Stroop test) 

within each trial. The situational complexity of this paradigm increased the challenge of each 

trial and constrained the ability of participants to anticipate the appropriate responses to each set 

of conditions they may be faced with prior to their presentation. The goal of this design was to 

reduce learning effects and mimic the situational uncertainty experienced in the real world (i.e., 

an individual may not always know what physical or mental demands are about to be placed 

upon them). Chapters 4 and 5 will introduce and discuss the methodology and results specific to 

Study 1 (obstacle avoidance) and Study 2 (obstacle circumvention), respectively. Chapter 6 will 

then provide a brief comparison of the cognitive resource requirement to perform each obstacle 

avoidance strategy, avoidance and circumvention, and discuss the role of cognitive system 

flexibility in performing these complex cognitive-motor dual-task scenarios. Finally, Chapter 7 

will provide general discussion of the findings contained within this thesis, in the shared context 

of both studies, with a focus on the overall impact and relevance of this work and suggestions for 

future directions.  
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1.1 Rationale, Objectives & Hypotheses 

1.1.1 Rationale 

 It has been established through the literature that executive functions play a role in 

controlling gait, as shown through dual-task costs demonstrating decrements in task 

performances when presented with simultaneous tasks. However, the directionality of these dual-

task costs has varied. Some have shown that dual-tasking primarily affects the gait task 

(Hausdorff et al., 2008; da Silva Costa et al., 2018), others the cognitive task (Worden et al., 

2016; Siu et al., 2009), or in some, decrements in performance of both tasks have been found 

(Potocanac et al., 2015; Gérin-Lajoie et al., 2006). This variability demonstrates a need to assess 

dual tasking from an ecologically valid standpoint, via a paradigm that aims to echo real-world 

situations. To this point, the real world involves a certain degree of uncertainty to navigate; at 

any point during the gait cycle, external stimuli could indicate to an individual that, for example, 

the curb they are about to step over is an unsafe route, thus forcing a quick adjustment to their 

step trajectory to circumvent this obstacle instead. Assessing the cognitive commitments required 

to respond to visual stimuli within the environment and undertake a sudden adjustment to ones’ 

gait about an obstacle would fill this current gap in our understanding of the role of cognition in 

navigating the world.  

 The dual-task costs of performing an unanticipated gait adjustment in response to visual 

cues has been investigated previously. For example, while crossing an obstacle which suddenly 

changes height during approach (Worden et al., 2016), or avoiding obstacles which suddenly 

appear in an otherwise clear path (Potocanac et al., 2015; Da Silva Costa et al., 2017). Though 

the ecological generalizability of these paradigms may be limited, they provide important 

foundational knowledge about how online step adjustments are controlled through executive 

function processes. The studies contained in this thesis seek to build on this strong base of 

knowledge, and investigate the effects of dual-tasking on a more uncertain gait task, where an 

individual may be required to dramatically adjust their initial step trajectory during gait to either 

step over, or transiently shift their gait route to circumvent around an obstacle in their path of 

travel.  
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1.1.2 Objectives and Hypotheses: Experiment 1 

 The first study described in this thesis will challenge the ability of young adults to 

perform an online step adjustment to cross over an obstacle by adhering to visual cues within 

their environment while performing a concurrent cognitive task. To our knowledge, the cognitive 

control required to step over an obstacle when an online gait adjustment must be performed has 

yet to be characterized. The question remains, is there a greater dual-task cost associated with 

online rapid adjustments of stepping patterns to execute a successful obstacle crossing strategy 

compared to pre-planned stepping strategies? 

1.1.2.1 Hypotheses 

 Due to central processing interference incurred by responding to a concurrent auditory 

Stroop task, young adults are expected to:  

1) Slow gait velocity during approach and crossing of the obstacle 

2) Increase lead limb clearance values  

3) Reduce toe-obstacle distance in the step prior to obstacle crossing 

 The above responses are anticipated to occur during all obstacle crossing trials when a 

secondary cognitive task is applied, and to be greater in dual-task trials when an online gait 

adjustment is required. These gait behaviors reduce the temporal demands presented by the 

motor task, thus allowing more time for the cognitive system to adequately respond to both the 

cognitive and motor task. In this same vein, it is also hypothesized that:  

4) Cognitive performance, namely response time, will be significantly greater when the 

obstacle task complexity is increased via an online gait adjustment.  

Increased response time indicates reduced cognitive system capacity to respond to this secondary 

task, which is indicative of a bottleneck of competing resource demands.  
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1.1.3 Objectives and Hypotheses: Experiment 2 

 The second study included in this thesis will seek to assess the impact that an 

unanticipated transient direction change during ongoing gait has on ongoing stepping strategies 

and cognitive task performance. To our knowledge, the effects of altering directional information 

for a transient obstacle circumvention has not yet been determined, nor has the cognitive 

resource commitment required to implement this direction change been characterized.  

1.1.3.1 Hypotheses 

 It is expected that when participants are required to respond to a secondary cognitive task, 

they will: 

1) Reduce center of mass velocity when approaching the obstacle 

2) Deviate their center of mass laterally later than in trials without a cognitive task 

3) Increase the lateral deviation of their center of mass 

These gait behaviors would indicate that contending with competing cognitive demands requires 

more conservative gait behaviors, such as reducing the temporal constraints of the motor task to 

be able to allocate required resources to cognitive task performance. As the cognitive task 

complexity increases (i.e., responding to a Stroop task compared to a neutral response task), 

these effects are expected to increase accordingly. As well, the complexity of the motor task is 

expected to have an effect on the participant’s performance of the cognitive task, demonstrated 

by increased verbal response time when a greater magnitude direction change is performed (i.e., 

a change from circumvention in one direction to another) compared to a smaller magnitude 

direction change (i.e., change from crossing to circumventing the obstacle). Both direction 

change conditions are expected to result in larger response times compared to single task, 

standing trials.  

 The motor control required to reorient the body from one side of the obstacle to the other 

within two steps is expected to require greater cognitive input compared to performing an 
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avoidance strategy switch from crossing to circumvention due to the magnitude of the motion 

and postural demands of performing a greater center of mass shift.  

2 Review of Relevant Literature 

 This thesis aims to characterize the role of the cognitive system in the integration of 

novel visual information to produce online obstacle avoidance strategy adjustments. As such, this 

review of literature will highlight key research findings on the role of visual integration during 

locomotion and the biomechanical consequences of challenging the visual system. It will also 

review common obstacle avoidance strategies and their inherent constraints. Finally, the role of 

cognition in controlling locomotion and the strengths and limitations of how researchers infer 

cognitive mechanisms during dual-task paradigms will be discussed.  

2.1 Visuomotor Integration  

  Vision plays an integral role in locomotion. We obtain exteroceptive visual information 

(external to the body) by visually sampling our surrounding environment; this input is critical for 

the development of an allocentric reference frame of our body position and velocity with respect 

to objects in the environs as we move through space. This afferent sensory information is then 

communicated as feedback to the motor cortices to appropriately modulate motor actions, such 

as step placement (Patla & Greig, 2006; Drew et al., 1996). Without this, performing preparatory 

stepping responses to environmental barriers such as obstacles would be impossible to perform 

optimally (Matthis & Fajen, 2014). The integration of visual environmental cues into adaptive 

gait patterns is essential for humans to safely and effectively navigate through the world. 

2.1.1 Perception and central integration of vision 

 Visual input is acquired when light rays enter the pupil and stimulate receptor cells on the 

retina, which in turn relays neural signals through the optic nerves to the visual cortex within the 

brain (Wurtz & Kandel, 2000). The primary visual cortex provides basic context to this incoming 

stimulus, while higher order pathways provide more relevant context to the incoming 

information. Mishken et al., (1983) presented a two-stream model of visual integration. These 
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“where” and “what” streams allow for useful context about the surrounding environment during 

locomotion. The dorsal stream provides cues about motion and relative location of an individual 

within space, and the ventral stream is thought to provide information regarding orientation, size, 

and shape of external objects (Mishken et al., 1983; De Haan & Cowey, 2011).  

 The central nervous system (CNS) then combines information from these streams, and 

integrates it with information from other sensory system inputs to construct a useful and cohesive 

map of the environment. How individuals are able to select visual inputs to create this 

“experience” of the world around them is known as the binding problem (Treisman, 1999). Some 

researchers argue that the dedication of attentional resources (to be discussed in greater detail 

later in this review) allows for the cohesion of visual information into a single, interpretable 

impression of the surrounding world (Treisman, 1999; Delacour 1997). This combined 

impression or “map” is particularly necessary during locomotion, as it provides an individual 

with context about the orientation, size, and distance of objects in the environment with respect 

to the location and motion of the body. In response to this “map,” the visual cortex then interacts 

with the motor cortex to process, plan and execute actions and allow us to select appropriate step 

patters to successfully navigate dynamic environments (Matthis & Fajen, 2014; Treisman, 1999; 

Patla, 1997; Krakauer & Ghez, 2000). For example, the location from which visual inputs are 

accessed on the eye appears to have an effect on how it is used during locomotion. The central 

vision field, which includes the inner 30 degrees of vision, provides relatively more clear visual 

input compared to the peripheral visual field which encapsulates the remaining field of view 

(Spector, 1990). Visual inputs from the central field of view are thought to provide feedforward 

information for anticipated adjustments to stepping patterns, while information from the 

peripheral field of view is used online during these step pattern adjustments such as during 

obstacle crossing (Graci et al., 2009). Together these visual inputs facilitate the successful 

planning and ongoing monitoring of stepping adjustments. 

2.1.2 Proactive role of vision in locomotion and during obstacle navigation 

 As mentioned, vision provides useful information regarding the position and velocity of 

the body in space, and is vital for the early identification of external objects in the environment. 
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Visual feedback provided “online” or during ongoing locomotion provides allocentric 

information necessary for humans to assess body position and velocity in space required to guide 

the position of each step (Patla et al., 1999) through the discrete visual sampling of the 

surrounding environment (Patla, 1996; Matthis et al., 2018). Visual flow, or the perceived 

motion of visual cues within the surrounding environment relative to the body captured through 

peripheral visual field inputs, is tightly related to gait speed. In fact when the velocity of this 

visual flow is artificially increased towards an individual, it provides an illusion that the 

individual is moving faster. This, in turn, increases step frequency (Prokop et al., 1997) and 

velocity (Lee and Lishman, 1975). Humans also tend to modulate their gaze behavior to attend to 

changing environmental characteristics. During steady-state gait, less than 10% of travel time 

needs to be visually sampled in healthy young adults in order to provide adequate visual 

information. This is increased to 30% as stepping difficulty increases due to increased 

environmental or terrain challenges (Patla et al., 1996). This observation is interesting as it 

shows that humans actively attend to properties of their visual feedback, and utilize it online to 

adjust their stepping patterns according to the cues gained regarding their position in space and 

environmental challenges.  

 Visual inputs from the central field of vision are useful in feedforward planning of 

locomotion (Graci et al., 2009). Humans tend to look two steps ahead of their current location 

during locomotion (Patla and Vickers, 2003) in order to provide adequate time to respond to, and 

avoid obstacles in their path. In fact, when forced to incorporate a route-based decision, humans 

are less able to complete step adjustments accurately if visual cues about an obstacle or step 

change are sampled less than two steps prior to the avoidance step (Patla et al., 1991; Diaz et al., 

2018). This has direct implications for obstacle avoidance. For example, to steer around an 

obstacle, complex coordination patterns are required to reorient the center of mass to a new, 

lateral path of travel (which will be discussed further in Section 2.2.2). As such, less than two 

steps a priori notice is neither spatially nor temporally adequate to allow humans to successfully 

navigate an ongoing step adjustment (Patla et al., 1991). 

 These dynamic step adjustments require elegant sensorimotor processes to be conducted 

online by using ongoing visual information, and are constrained by logistical demands of the 
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locomotor task (Matthis & Fajen, 2013). For example, visual identification of objects in the path 

of travel and their characteristics is necessary to ensure adequate clearance of these obstacles 

(Rhea & Rietdyk, 2007). Insufficient visual information of the obstacle height may lead to 

inadequate clearance or step positioning during the approach of the obstacle (Timmis & Buckley, 

2012). However, we can produce effective obstacle avoidance stepping responses when visual 

inputs are obscured. For example, we can increase the toe or heel horizontal distance from the 

obstacle leading up to and after obstacle, respectively, and increase vertical obstacle clearance of 

the obstacle (Timmis & Buckley, 2012). It appears that these sensorimotor processes are, at least 

in part, produced in a feedforward manner and can be adjusted online in an effort to ensure 

obstacle clearance. These adaptations to setting patterns will be discussed in more detail in the 

section to follow.    

2.2 Obstacle navigation strategies  

 Locomotion has three inherent requirements: to progress in the intended direction, to 

maintain balance, and to adapt to environmental demands (Das & McCollum, 1988; Patla 1991). 

In order to perform safe and efficient navigation of their environment, humans must effectively 

produce stepping patterns toward some end goal. The presentation of a discrete obstacle in the 

path of travel requires individuals to adjust their intended step placement towards this goal in 

order to avoid contact with the object. In order to maintain the locomotor goals of progression 

and stability, young adults demonstrate distinct strategies in adjusting their step placement, and 

maximize efficiency by exploiting existing intersegmental dynamics and muscular activity (Patla 

and Prentice, 1995). Feedforward visual information, as discussed previously, is utilized online 

to produce effective step placement during obstacle crossing (Patla & Greig, 2006). These 

strategies may include stepping over the obstacle or circumventing it in some fashion. Failing to 

successfully adapt to changes in the environment can lead to disastrous consequences; tripping 

over obstacles is one of the greatest risk factors for falls, particularly in older adults (Campbell et 

al., 1990; Berg et al., 1997). These failures to adapt can also occur in healthy, young adults, even 

when the obstacle is clearly visible and anticipated, and are typically due to inadequate step 

placement and swing trajectory across the obstacle (Heijnen et al., 2012), demonstrating that 
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obstacle crossing is a complex locomotor task with a degree of postural threat associated with it. 

Ensuring that postural integrity is maintained while still progressing toward the end goal is 

necessary to avoid adverse events.  

2.2.1 Biomechanical considerations of obstacle crossing 

 Containing the center of mass (CoM) within a moving base of support, as is required 

during locomotion, is a challenge which requires intricate control strategies to perform safely. 

Compared to steady-state locomotion, stepping over an obstacle is an even more complex 

biomechanical maneuver; it provides an additional challenge to an individual’s postural control 

and balance during ongoing locomotion, which requires proactive control to execute (Chou et al., 

2001; Patla, 2003). Visual information regarding the properties of the obstacle, obtained during 

approach, aid in modulating the step adjustments required to clear the obstacle (Patla, 1997; Patla 

& Vickers, 1997). Stepping over an obstacle requires an adjusted control strategy for CoM 

compared to steady-state gait, where young adults constrain the mediolateral range of motion of 

their CoM, potentially to compensate for increased motion in the vertical and anteroposterior 

planes and increase postural stability during the maneuver (Chou et al., 2001).  

 Additionally, steady-state locomotion requires fine control of foot trajectory and velocity 

during swing, and also to ensure near-zero velocity just prior to heel contact to reduce the 

destabilizing impact of this sudden deceleration of the foot (Redfern & Schumann, 1994). 

Stepping over an obstacle, then, requires this same task constraint, as well as additional control 

of the trajectory of the foot to clear the obstacle without making contact (Chou & Draganich, 

1998). Decreasing vertical clearance, or placing the trail limb too close to the obstacle (Chou & 

Draganich, 1998; Heijnen et al., 2012) may increase the risk of experiencing a trip. 

 When obstacle height increases, a greater challenge is presented, requiring increased 

coordination of the crossing step in order to ensure clearance (Lu et al., 2006; Patla & Prentice, 

1995; Muir et al., 2019). In many research paradigms, obstacle height is normalized across 

participants, and calculated as a percentage of either leg length (e.g., Lu et al., 2006; MacLellan 

et al., 2015; Worden et al., 2016) or body height (e.g., Siu et al., 2008). This reduces potential 
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confounding effects of presenting varying motor challenges across a participant pool. Other 

research paradigms have used a consistent obstacle height for all participants, regardless of 

individual anthropometrics in some cases for ecological reasons (MacFadyen & Prince, 2002). In 

either case, the design of the experimental paradigm can have significant effects on the 

biomechanical challenge presented by an obstacle crossing task.  

  Heijnen et al., (2012) investigated the factors leading to contacts with static obstacles in 

neurotypical young adults, by having their participants complete between 250 and 300 obstacle 

crossings. Contacts were more likely to occur with the second limb to cross the obstacle, or the 

“trail” limb, compared to the first, “lead” limb. As well, contacts typically happened during trials 

where participants placed their trail limb too close to the front of the obstacle, and were unable to 

clear the obstacle vertically. They concluded that the selection of step placement during the 

approach and crossing of an obstacle has significant effects on the ability of an individual to 

cross safely and avoid contact. Perturbing this consistent step pattern in young adults could both 

negatively affect the postural control strategies being utilized during obstacle crossing, and 

increase the risk of obstacle contact occurring due to inappropriate step placement.  

2.2.2 Biomechanical considerations of obstacle circumvention 

 The challenges of circumventing an obstacle are quite different from those considered 

during obstacle crossing. The physical size and characteristics of an object may make 

circumvention a more advantageous route of avoidance to take compared to crossing. For 

example, when the height of an obstacle is equal to an individual’s leg length, participants opt to 

circumvent rather than step across (Warren, 1988). This strategy is advantageous, as it reduces 

energy expenditure by minimizing the moment required to orient the hip, knee, and ankle during 

crossing (Chou & Draganich, 1998). Circumvention does not require a change in the vertical 

trajectory of the stepping pattern; rather, an individual must reorient their larger body segments 

and adjust their step placement to move around the object in their path (Vallis & McFadyen, 

2003; Wilmut et al., 2017). Thus, to circumvent an obstacle, an individual must make a transient 

adjustment to the route initially chosen to avoid contact with the obstacle and resume a direct 

path to the end goal.   
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 There has been considerable research performed on how humans perform direction 

changes and walking turns under numerous conditions (i.e., Hase & Stein, 1999; Reed-Jones et 

al., 2009; Baker et al., 2020), and it has been estimated that approximately 35-45% of steps taken 

during a day are involved in some form of turning (Glaister et al., 2007). However, much of the 

published research on turning during locomotion have required an individual to adjust their end 

goal point from an initial trajectory (i.e., a straight forward path) to one that is deviated to the left 

or right by a given degree (e.g. 30 or 60 degrees). As mentioned above, obstacle circumvention, 

in contrast, often requires an individual to maintain their end goal requirements and incorporate a 

transient adjustment to their gait pattern before continuing on to their end goal. Thus, when an 

individual aims to continue on a straight path of progression and perform a transient 

circumvention about an obstacle in their path, they must be able to control their center of mass 

through greater lateral translations than would be typically experienced during straight 

locomotion (Vallis & McFadyen, 2003). This difference in end goal constraint provides an 

arguably much different challenge for maintaining control of the center of mass during 

circumvention maneuvers.  

 Numerous studies have attempted to characterize the strategies undertaken by humans to 

perform transient obstacle circumventions. Studies on transient direction changes have observed 

that axial rotations of the head and trunk precede mediolateral deviations of the center of mass 

and lateral step adjustments (Hollands et al., 2001; Vallis & McFadyen, 2003; Pacquette & 

Vallis, 2010). When an obstacle is static and visible, the onset timing of these deviations are 

relatively consistent, presenting within ±100 ms (Vallis & McFadyen, 2003; Hollands et al., 

2001) suggesting that humans have an established control strategy to perform these transient 

obstacle circumventions. However, when an obstacle suddenly appears (Wilmut et al., 2017), or 

moves unexpectedly (Gérin-Lajoie et al., 2005) the ability of individuals to plan and execute 

these consistent transient direction change strategies are disrupted. Wilmut and colleagues (2017) 

found that participants opted to integrate first a step shortening and then step widening strategy, 

initiated approximately two to three steps prior to the obstacle, when presented with the 

possibility of an obstacle appearing in the path of travel. Gérin-Lajoie et al. (2005) on the other 

hand, measured more whole-body kinematic metrics during obstacle circumvention, and 
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observed that participants preserved a consistent area of space between themselves and the 

obstacle during approach and circumvention. They also suggested that individuals were capable 

of modulating their gait velocity to maintain this distance when visually cued that the spatial 

properties of the obstacle was uncertain and the object was mobile, suggesting that this behavior 

is spatially, rather than temporally driven (i.e., to preserve adequate time to contact). It should be 

noted that the differences in these results may be due to the fact that these two paradigms 

examined two very different obstacles.  

 The majority of obstacle circumvention research to date has examined the ability of 

individuals to avoid obstacles of a great enough height to mimic the presence of a pedestrian 

(Gérin-Lajoie et al., 2005; Gérin-Lajoie et al., 2006) or a cylindrical post (Paquette & Vallis, 

2010; Darekar et al., 2017; Vallis & McFadyen, 2003). Fewer studies have examined 

characteristics of circumvention about a lower, less spatially threatening obstacle, which would 

be closer in height to that of a street curb (Wilmut et al., 2017). Additional research investigating 

human locomotor behaviors during circumvention of a lower profile obstacle where a step 

avoidance response is possible would add to knowledge in the field of how humans approach and 

adopt circumvention strategies in ecologically relevant settings. In any case, current knowledge 

about obstacle circumvention in the literature demonstrates that there are distinct strategies 

utilized ahead of the obstacle, modulated by visual cues regarding the size and shape of the 

obstacle, to adjust stepping patterns and progress beyond the obstacle and minimize postural 

threat by maintaining appropriate horizontal clearance of the obstacle. 

2.3 Performance of online step adjustments  

 As discussed in Section 2.1.2, humans require at least two steps or one full stride to 

incorporate a new stepping pattern into ongoing locomotion (Patla et al., 1996, Patla 1997). 

Typically, when forced to incorporate these adjustments, young adults prefer to make ongoing 

step adjustments within the same plane as the direction of travel, and if given the choice, a longer 

step compared to a shorter step (Patla et al., 1999). Of course, the environmental demands will 

constrain the choice an individual can make. For example, avoiding an obstacle only to step 

directly into a hole is disadvantageous during locomotion and increases postural risk, despite 
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maybe being the most energy efficient selection. As discussed in previous sections, visually 

acquired information about the environment and obstacles in the path of travel allow step 

adjustments and obstacle avoidance strategies to be modulated in advance (e.g. Gérin-Lajoie et 

al., 2005; Wilmut et al., 2017; Patla & Vickers, 1997; Rhea & Rietdyk, 2007). However, 

performing step adjustments online require that individuals make these strategy selections in a 

dynamic way, and in response to ongoing incoming information about the position of their body 

in space, and under a finite time constraint.   

2.3.1 Performing online adjustments to avoid an obstacle   

 We know that visual information is integrated online during the approach of the obstacle 

to modulate step placement (Patla & Greig, 2006; Timmis & Buckley, 2012), however less is 

known about what happens to this ability to integrate feedforward visual information when the 

approach phase is shortened. Santos et al. (2010) found that when healthy young adults were 

required to adjust their crossing step trajectory in response to an obstacle changing size, only the 

trail limb and not lead foot trajectory was affected. Further, the authors postulated that there was 

a default response responsible for adapting to these last-minute changes to the obstacle height, as 

the magnitude of the change did not affect the clearance of either limb (Santos et al., 2010). 

Likely, this was due to the lack of response time required to adequately adjust the stepping 

pattern to these new obstacle parameters, particularly for the lead limb, which would have 

required adjustment prior to the trail limb. As well, we know that young adults prefer to adopt 

step placements within the plane of progression, taking advantage of existing dynamics in a 

likely effort to reduce the energy cost of performing these last minute adjustments (Patla et al., 

1999). Either from a temporal limitation constraining the ability of an individual to process and 

visual information in time, or an inability of the body’s muscles to act against ongoing 

movement patterns and form new ones, we know that at least two steps of forewarning is 

required to adequately integrate novel visual information into an accurately adjusted stepping 

pattern (Patla et al., 1991; Patla & Vickers, 2003).  

 Potocanac et al. (2014) investigated the ability of young adults to adjust their stepping 

pattern to match targets projected before them that would cue participants to avoid a target, 
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which would change color at intervals of 300 to 600 milliseconds from the original point of 

contact (normalized for individual variances in step length). Over 80% of participants were able 

to sufficiently adjust their stepping and avoid the obstacle when cues were given 600 ms in 

advance, yet a marked decrease in success occurred as the latency of the light cue decreased. By 

300 ms, less than 20% of trials were successful (Potocanac et al., 2014). These findings indicate 

that individuals can adapt their stepping behaviour with limited advanced notice when required 

by adjusting their step trajectory horizontally rather than over an obstacle in their path. It is 

important to note that reducing the latency of visual cues too much may drastically reduce the 

ability of a young adult to modulate their step trajectory over an obstacle. Obviously, there is a 

‘threshold’ for successful obstacle avoidance as time and space is needed to respond and execute 

an appropriate online step adjustment. 

 Some innovative research has been conducted recently to determine how individuals 

circumvent an obstacle which suddenly appears in the path of travel (Wilmut et al., 2017). 

Wilmut and colleagues used a closing a 30 cm high, two-door gate placed across the walkway. 

Participants initiated the closing of the door when they approached the mechanism and broke a 

laser crossing the walkway and researchers could control which side of the gate closed during 

each trial. When the gate closed, the researchers found that participants demonstrated a change in 

their gait pattern, shortening their step first and then adjusting their step width to move away 

from the closed gate approximately 2-3 steps before reaching the obstacle (Wilmut et al., 2017). 

Gérin-Lajoie et al., (2005) took a slightly different approach as they were curious about 

strategies used to avoid a pedestrian-sized obstacle moving toward an individual. To this end, 

they designed an apparatus, which used a motor to move a mannequin along an overhead track 

towards the participant at an oblique angle once the participant started locomoting along a 

walkway. Their healthy, young adult participants deviated their center of mass laterally earlier 

when the obstacle was stationary, and when they knew it would stay stationary, compared to 

trials where the obstacle moved or they were uncertain of whether it would move or not. No 

matter the condition, participants tended to modulate their step patterns in the two steps prior to 

obstacle avoidance (Gérin-Lajoie et al., 2005). The results of the aforementioned studies, though 

observed from examining participant responses to two distinctly different obstacles (i.e., one 
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being pedestrian-scale, the other less than leg length), further supports that there is a spatial 

requirement of receiving advanced knowledge of an obstacle’s characteristics exists regardless of 

the requirements of the visually cued step pattern change.   

 To our knowledge, no study to date has directly compared the characteristics of 

performing an obstacle crossing maneuver to that of obstacle circumvention, despite both being 

potential strategies undertaken by individuals to avoid an obstacle in their path. Further, no study 

has presented participants with a paradigm where they are required to initiate an entirely new 

obstacle avoidance strategy during the execution of an on-going avoidance strategy. 

Interestingly, it has been suggested that incorporation of proactive visual cues may be aided by 

cognitive inputs (Treisman, 1997). The role of the cognitive system in executing locomotor 

maneuvers will be discussed in the next section of this review, though it should be noted that 

research in this area of study is limited with regards to performing visually-evoked locomotor 

maneuvers. 

2.4 Contribution of the cognitive system during locomotion 

2.4.1 Executive Functions 

 The neural framework that contains the structure of effortful and deliberate, goal-driven 

central processes will for the purposes of this review be referred to as ‘the cognitive system’. The 

cognitive system, then, is the framework of processes allowing for cognitive processes to 

facilitate the completion of tasks, or goal-driven actions initiated by some form of stimulus 

(Kiesel et al., 2010; Monsell, 1996).  

 A collection of sophisticated cognitive processes coordinated within the cognitive system 

are commonly termed ‘executive functions’ (EF). EF encapsulates higher level mental processes 

which lead to effortful thought and behavior and allows for the execution of new behavior, 

including the flexible reorientation of the cognitive system to prepare for new behavior patterns, 

and inhibition of ongoing processes (Diamond, 2013; Yogev et al., 2008). EF also allow for 

sensory information to be used to aid in selecting appropriate patterns and behaviors to execute 

and adapt ongoing movements (Lezak et al., 1995; Fuster, 2017). There are a battery of available 
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tests to assess the ability of an individual to flexibly utilize their EF to respond to different task 

sets. For example, the trail-making test (TMT; Appendix 8.2) is both reliable (Fals-Stewart, 

1992) and sensitive to cognitive deficits (Ashendorf et al., 2008, Armstrong et al., 2008) and 

heterogeneous properties within a sample of individuals, such as education, and can provide 

important insight into an individual’s cognitive system flexibility and efficiency (Tombaugh, 

2004). Though EF is associated with mental task capability (Cepeda et al., 2001; Williams et al., 

1999), EF processes are essential for the control of motor behaviors such as locomotion. 

Specifically, allowing an individual to anticipate and plan complex motor tasks, monitor ongoing 

motor behaviors, execute novel movements, inhibit unneeded or unwanted movement, and attend 

cognitive resources to motor tasks that are presented (Review: Yogev et al., 2008). Current 

theories of the mechanisms underlying how the cognitive system attends to multiple independent 

tasks will be discussed further in Section 2.4.3.  

2.4.2 What is a task? 

 Although the working definition of what constitutes “task” is fluid and depends on the 

context in which the term is use, within this thesis will follow a definition similar to that 

described by Koch et al. (2018): “The term ‘task’ typically refers to a cognitive or behavioral 

goal that is either instructed or self-instructed.” In other words, a task is some form of behavior 

necessitated by a stimulus, resulting in a cognitive or motor process leading to the goal being 

achieved. This requirement of a goal is operative in defining a set of actions as a task. Walking 

down the street to a store, then, would constitute a task, while chatting with a friend would be 

another, as both behaviors require separate goals to be reached: first, to reach the store, and 

second, to communicate successfully. When a task is presented, a series of processing steps are 

undertaken within the cognitive system (Figure 2.1). The nature of task response requires the 

task behavior to be performed within some determinable time constraint (Koch et al., 2018). As 

such, motor actions lacking central input or processing, such as reflex responses, would not be 

considered a separate task within a dual-task paradigm.   
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Figure 2.1. Executive function processes undertaken to respond to a task stimulus to achieve the goal of the 

task. Competition for cognitive resources and pathways can attribute to delays in any of these processing 

steps. For increased complexity or difficulty of a task, the distribution of time required to complete any of 

these steps may vary. Adapted from “Cognitive structure, flexibility, and plasticity in human multitasking—

An integrative review of dual-task and task-switching research.” Koch I, Poljac E, Müller H, Kiesel A. 

Psychological Bulletin. 2018; 144(6):557, Figure 3. 

 

2.4.3 How the cognitive system attends to tasks 

 We know from past research that when two tasks are completed by an individual, there is 

an observable reduction in performance of one or both tasks (Siu et al., 2008; Potocanac et al., 

2015). As described in Section 2.4.1, included in the collective EF processes is the flexible 

allocation of attentional resources (Yogev et al., 2008; Diamond, 2013). There is some difficulty 

in defining “attention” as a term, as the broad use of the term in popular culture and in scientific 

literature provides conflicting context to the word (Zanto and Gazzaley, 2014; Parasuraman, 

2000). However, Lezak (1995) provides one definition of the term, identifying attention as 

“…the processes which allow an organism to receive and begin to process a stimulus”. This is a 

useful definition in a dual-task context, as this indicates the role of the cognitive system in 

responding to, and attending to, incoming task stimuli. In any case, the processes and 

mechanisms which underlie how humans attend and dedicate their cognitive resources to 

complete a given task(s) is complex, multifaceted, and not yet completely understood. The 

question remains, then, of what an appropriate approach is for researchers to use to 

capture/measure performance costs in dual-task compared to single-task situations. Two of the 

more prominent theories of attention, which have distinct relevance to dual-task and gait 
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research, are the Capacity Sharing theory (Tombu & Joliceour, 2003) and the Bottleneck theory 

(Pashler, 1994).  

 Pashler argued that task processing is performed within the brain in series, such that 

when two tasks are applied which share a common pathway, one task process must be completed 

by a cognitive structure before the other can be, effectively forming a structural “bottleneck”. 

This, in turn results in a slower response time to the second task due to the structural bottleneck 

created by the first task (Pashler, 1994). If the two tasks are complex, or share multiple 

processing pathways and structures, multiple bottlenecks can form, increasing the dual-task cost. 

Conversely, the Capacity Sharing theory posits that tasks are processed in parallel, reliant on the 

capacity of the cognitive system to combine processes centrally. When this capacity is overrun, 

this in turn results in reduced efficiency of the cognitive system to execute both tasks (Tombu & 

Joliceour, 2003). As illustrated in Figure 2.2, for a given individual an available pool of 

cognitive resources may be deployed by the cognitive system to attend to a task stimulus. If only 

one task is presented, theoretically there will be enough cognitive resources and structures 

available to optimally respond to the task. If more than one task (see Figure 2.2, tasks ‘A’ and 

‘B’) is simultaneously presented, there is an increase in the demand on the cognitive system 

which in turn results in slowed processing for both tasks and a reduced performance in one or 

both tasks (Tombu & Joliceour, 2003). If a task is particularly complex, or novel to an 

individual, this increases the general demand on the cognitive system (McIsaac et al., 2015) 

which may result in a greater performance decrement when tasks are performed simultaneously.  
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Figure 2.2. Schematic illustration of general cognitive resource depletion occurring during a dual-task 

scenario. The top square depicts the available resources within the cognitive system with no task demands 

applied, and all cognitive resources available. When a task demand is then applied, cognitive resources are 

deployed to execute the task behavior. When multiple task demands are applied, and the demand for 

cognitive resources exceed what is available in the cognitive resource ‘pool’, as illustrated above in Task A, a 

reduction in task performance is then observed (in this case for Task A). 

 

 The mechanisms and neural pathways which allow humans to allocate cognitive 

resources and perform tasks are still unclear. As will be described later in this review, there are 

individual differences in responses to dual-task scenarios which are not fully explained by either 

of these attentional theories, such as the role of practice (Schumacher et al., 2001) or individual 

variances in EF capacity (Tombaugh, 2004). In any case, no one theory can be discounted, nor 

does any theory seem to successfully describe the phenomena observed for multiple task 

performance in its entirety.  
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2.4.4 The task matters: Effect of cognitive task choice on cognitive resource allotment 

 Cognitive tasks provide specific challenges and demands to the cognitive system 

response process as required by the desired end goal of the task. As defined in Section 2.4.1, a 

task inherently involves some form of stimulus and a behavioral response to reach this goal. 

Though a locomotor task may be walking from one side of a room to another, an additional 

cognitive task could take the form of visual cue (Cho et al., 2019; Kimura & Van Deursen, 

2020), tactile input (Beurskens & Bock, 2013; Noel et al., 2014) or auditory stimulus (Worden et 

al., 2016; Siu et al., 2008). There are numerous considerations at play when selecting an 

appropriate cognitive task. For example, requiring the visual system to attend to an 

environmental stimulus while simultaneously using the visual system to route plan for the 

locomotor task could introduce a structural conflict and thus artefact into measured dual-task 

costs (Cho et al., 2019; Worden et al., 2016). For example, asking participants to respond to a 

visually-evoked cognitive task such as reading a sign fixed at eye height at the end of a walkway 

while performing an obstacle avoidance task may present a potentially biased dual-task paradigm 

towards worsened performance under dual-task conditions. Observed reductions in performance 

may be due to competition for the visual sensory structures rather than cognitive system 

processing. 

2.4.4.1 Relationship between vision and cognitive system processing 

 As illustrated in Figure 2.1, the first stage of task performance is the perception and 

identification of a stimulus. Perceiving and subsequently processing visual information is 

necessary to integrate environmental demands into ongoing stepping patterns, and this in turn 

requires some level of cognitive attention to occur. As discussed in Section 2.1.2, when 

environmental demands increase so too does the amount visual sampling required to locomote 

effectively (Patla et al., 1996). Increasing this visual sampling may require volitional effort. 

Ellmers et al. (2016) investigated the role of vision and gaze behavior in navigating a complex, 

novel environment in the form of a non-linear walkway with obstacles, turns, and targeted step 

placements along the way. While completing this walkway, participants were asked to mentally 

subtract from a number by 7 to create a competition for cognitive resources (Ellmers et al., 
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2016). The researchers observed a greater dual-task cost in the subtraction task compared to the 

gait task, which is unsurprising considering the complex demands of the gait task. Interestingly, 

adding a cognitive load also resulted in adjusted gaze behaviors while traversing the walkway. 

Specifically, participants spent more time gazing away from the obstacle or point of interest on 

the walkway, and were therefore not visually sampling upcoming obstacles or other 

environmental constraints as efficiently as they would during single-task trials (Ellmers et al., 

2016). This suggests that the cognitive system plays a role in driving feed-forward visual 

sampling to prepare for upcoming environmental challenges. Though the exact dependence on 

volitional cognitive processes needed to perform visual integration is not yet understood, though 

previous work suggests that it does require some form of cognitive oversight.  

2.4.4.2 Applicability of the Stroop test during Dual-Task scenarios 

 A classic test of executive interference is the Stroop test (Stroop, 1935). For the 

traditional, visual Stroop, participants are required to identify the color of a written word, where 

the written word is similarly coded but not necessarily identical to the color; for example, the 

word “red” written in blue ink. Stroop interference, as it is termed, presents as a delay in 

response time to correctly identify a color word written in mismatched ink (incongruent 

stimulus-response). Using the previous example, the response time required to identify a color 

word written in matched ink, such as the word “red” written in red ink (congruent stimulus-

response) (for review see, MacLeod 1991; Knight & Heinrich, 2017). More recently, an auditory 

modality of the Stroop task has been used in research paradigms. In this version, the words 

“high” and “low” are spoken in either a high or low vocal pitch (Hamers & Lambert, 1972). The 

fact that the auditory Stroop task does not present any structural interference means that it is a 

valid and option useful for research exploring multi-task performance during on-going 

locomotion (e.g. Siu et al., 2008, Siu et al., 2009; Worden et al., 2016).   

 Although the exact mechanisms of Stroop interference has been argued in the literature 

(see, MacLeod, 1991; Jonides & Mack, 1984), we do know that the auditory Stroop presents a 

significant challenge specific to EF, specifically to the volitional, inhibitory, and attentional 

realms of their cognitive system. The Stroop task is sensitive to learning, or artefact due to 
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participant familiarity with the cues after repetition (MacLeod, 1991); we also know that 

individuals can prepare their cognitive system in preparation for anticipated stimulus (Koch, 

2018). Consider an individual disregarding the spoken word in an auditory Stroop task, and 

simplifying their response process over time by only integrating information about the word 

pitch. As such, presenting an irrelevant “neutral” task may aid in ensuring the difference in 

response time between congruent and incongruent Stroop responses is due to inhibitory 

interference (Knight & Heinrich, 2017; Jonides & Mack, 1984).  

2.4.5 Cognitive control of locomotion 

 It has been proposed that more complex locomotor maneuvers require increased 

cognitive input. A recent study performed by Penati and colleagues (2020), investigated the 

effects of a secondary, serial subtraction by sevens task during over ground and treadmill 

walking. A dual-task cost was found in over ground walking, but in treadmill walking an actual 

dual-task benefit was found in cognitive performance. The authors suggested that the relative 

increase in stride variability inherent to over ground walking, and not to treadmill walking, may 

account for this increase in dual-task cost (Penati et al., 2020). Wrightson and Smeeton (2017) 

also found an increase in stride variability when dual-tasking during over ground walking that 

was not present in treadmill walking. Constraining gait velocity has also lead to dual-task cost 

via adjustments to stepping patterns in individuals with multiple sclerosis when dual-tasking 

(Malcay et al., 2017). Ensuring appropriate toe clearance during swing phase is paramount for 

contact with the ground and tripping, and so makes sense that the cognitive system would play a 

role in ensuring postural safety and reduce this risk. Treadmill walking while responding to an 

auditory Stroop task has resulted in decreased minimum toe clearance which may increase the 

risk of contact and a trip occurring (Killeen et al., 2017). Similarly, Schulz and colleagues found 

that requiring participants to respond to questions during over ground walking reduced minimum 

toe clearance compared to normal walking (2010).  

 A review of dual-tasking literature by Al-Yahya et al. (2011) found that the most 

frequently reported gait outcome to be affected was gait velocity, followed by cadence and stride 

length. Generally, across healthy young, older, and clinical populations, dual-tasking appears to 
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result in slowed velocity, reduced step length, and increased cadence; these significant changes 

illustrate a clear adjustment to step execution even in steady-state gait (Al-Yahya et al., 2011). In 

any case, locomotion without extraneous task constraints still requires some form of cognitive 

resource allocation to be performed.  

2.4.6 Obstacle avoidance and dual-tasking 

 Adaptive locomotion presents a unique challenge to the cognitive system (McIsaac et al., 

2015). Previously, research has characterized the role of the cognitive system in controlling more 

complex locomotor tasks such as obstacle crossing and circumvention. However, various 

obstacle and cognitive task modalities have been used in these dual-task paradigms, leading to a 

significant challenge in interpreting the exact cognitive mechanisms required to perform these 

stepping maneuvers.  

 One of the first studies to examine the role of the cognitive system, specifically attention, 

in successful obstacle avoidance was published by Chen et al. in in 1996. The research team had 

participants perform a simple reaction time cognitive task by responding to a visual light cue 

located at the end of the travel path with a single syllable verbalization, while also avoiding an 

‘obstacle’ along the walkway (beam of light projected onto the ground). The participants 

completed a series of trials where the light cue would appear at different time delays from the 

appearance of the obstacle, and the cognitive task complexity was increased by adding distractor 

light cues. The authors found that when participants’ attention was divided by the verbal 

response task, they were less successful in avoiding the obstacle (Chen et al., 1996). The findings 

of this study support the idea that visual and cognitive attentional resources are required to avoid 

an obstacle, particularly one that appears suddenly. 

 More recently, Siu and colleagues (2008) examined the role of higher executive functions 

on stepping over obstacles of differing heights, using a paradigm which assessed performance on 

both their cognitive task, in this case being the auditory Stroop task, and the obstacle avoidance 

task. Young adult participants completed a series of walking trials; performing level walking, 

obstacle avoidance of an obstacle that was 2.5% of their body height, or a greater challenge of 
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10% of their body height. The research group did not find any effect of the auditory Stroop on 

the participant’s obstacle avoidance techniques, but did report a dual-task cost in their auditory 

Stroop response times (Siu et al., 2008). Specifically, as the obstacle task challenged increased, 

response times to the congruent Stroop task increased relative to straight walking or sitting, and 

the discrepancy between the incongruent and congruent Stroop tasks (i.e., the “Stroop Effect”) 

was minimized. This suggests that increasing obstacle height and increasing the postural 

challenge of the obstacle avoidance task increases the cognitive demand of an obstacle avoidance 

task (Siu et al., 2008). The obstacle in this paradigm was static and visible throughout, so did not 

require participants to respond to any change in their environment. As such this paradigm does 

not require any reactive component for the obstacle avoidance task, but it does provide evidence 

of increased cognitive demands required by obstacle avoidance, despite not being obvious in 

their reported gait metrics.  

 To date, the majority of obstacle avoidance dual-tasking literature has focused on how 

individuals perform obstacle crossing when under increased cognitive demands. Some work has 

been conducted to examine the role of cognition in circumventing obstacle (Gérin-Lajoie et al., 

2006; Souza Silva et al., 2020; Richer et al., 2014), however, there are large variations in the 

application of both the circumvention and cognitive tasks, and not all studies have recorded 

single-task performance for their chosen cognitive task (Gérin-Lajoie et al., 2006), making it 

challenging to infer the cognitive mechanisms involved in successful obstacle circumvention. 

The effect of reducing available cognitive resources to attend to the circumvention task has had 

varying effects on locomotor patterns. Richer and colleagues (2014) removed visual information 

entirely, and found no effect of applying a secondary task on the distance travelled by their 

participants along their walkway which included an obstacle which participants were required to 

circumvent. On the other hand, Souza Silva et al. (2020), found that pedestrians demonstrated 

reduced gait velocity and adjusted their lateral deviation onset time (deviated earlier or later 

compared to control) depending on the timing of the cognitive task being applied, in this case as 

a text message on a phone. There is a definite need to comprehensively characterize the role of 

the cognitive system in coordinating these multiplanar locomotor maneuvers to circumvent an 

obstacle.  
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2.5 Dual-task paradigms 

2.5.1 Dual-tasking framework 

 Everyday life requires the central nervous system to effectively contend with multiple 

cognitive task demands presented at once. Consider walking down the street while chatting with 

a friend, crossing the street while responding to a message on your phone, or using your hands to 

type out a sentence while mentally planning for the next. The investigation of multitasking in 

human movement is well recorded (e.g. Chen et al., 1996; Lajoie et al., 1993; Siu et al., 2008; 

Yogev et al., 2008; Koch et al., 2018; McIsaac et al., 2015), from applying a cognitive task 

concurrent with a relatively simple, steady state gait task (Lajoie et al., 1993; Srygley et al., 

2009; Penati et al., 2020), to more complex maneuvers such as obstacle avoidance (Worden et 

al., 2016; Potocanac et al., 2015; Siu et al., 2008). Generally, performing multiple tasks at the 

same time during locomotion results in reduced performance in one or either task. The direction 

of this performance decline depends on the postural cost risks of each task, context of each task 

given prior to application such as instructions provided to participants in a dual-task 

experimental protocol, and cognitive system flexibility of the individual.  

 Koch and colleagues (2018) provides a broad review of the field of dual-tasking and the 

ways in which dual-task methodology differs from similar, yet different task presentations as 

reported in task-switching literature. Task-switching occurs when multiple tasks are presented in 

quick succession which an individual must respond to, without overlap from one task to another. 

For example, consider a pedestrian walking down a street and then stopping to stand and read a 

sign. On the other hand, dual-tasking occurs when multiple tasks are applied simultaneously. In 

order to be considered a “dual-task” scenario, both tasks need to have independent goals 

(McIsaac et al., 2015), and temporal constraints incurred by both tasks’ respective goals must 

overlap (Koch et al., 2018; McIsaac et al., 2015). Consider two individuals chatting while they 

cross a street; both must cross the street quickly, and must respond to their friend within a 

socially acceptable timeframe. Each task requirement has a temporal constraint which overlaps, 

so that the individual cannot address one task fully before contending with the other; both tasks 

must be processed, to some extent, simultaneous to each other. Traditional dual-task paradigms 
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are designed to measure performance on two tasks, each in isolation (single-task), and then when 

both tasks are performed concurrently (Dual-task; see Figure 2.3 for illustration). Whether due 

to a bottleneck at cognitive processing pathways or a general decline in available cognitive 

resources, as described in Section 2.4.3, concurrent presentation of tasks results in reductions in 

performance of either one (Siu et al., 2008; Worden et al., 2016) or both tasks (Potocanac et al., 

2015; McIsaac et al., 2015). These reductions in performance should be measurable, such as 

response time and accuracy when responding to a cognitive task (i.e., auditory Stroop task as 

measured in Siu et al., 2008), or spatiotemporal measures of gait (i.e., gait velocity, vertical 

obstacle clearance, as measured by Worden et al., 2016).  

 It is also important that dual-task paradigms account for performance of all tasks within 

their paradigm. Srygley and colleagues (2009) demonstrated that performance of a gait task 

concurrent to a cognitive task also affects performance on the cognitive task; arguing that dual-

tasking affects cognitive processing even within individuals who are capable of maintaining 

relatively consistent locomotor patterns across cognitive task conditions such as neurotypical 

young adults, though these dual-task effects are greater in older adults. Siu and colleagues (2008) 

demonstrated no dual-task effects in obstacle crossing step parameters when simultaneously 

responding to an auditory Stroop task, however their cognitive task did demonstrate differences 

in processing time for the cognitive task, allowing for inferences to be made about their young 

adult’s cognitive system efficiency when performing multiple tasks at once. Choosing a task of 

appropriate challenge and with a measurement technique of appropriate sensitivity increases the 

strength of a dual-task experimental design.  
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Figure 2.3 Example of presentation of tasks in typical dual-tasking experimental designs. Performance of 

each task is measured in isolation from each other, and then measured when both tasks are applied within 

overlapping temporal constraints. Figure adapted from “Cognitive structure, flexibility, and plasticity in 

human multitasking—An integrative review of dual-task and task-switching research.” Koch I, Poljac E, 

Müller H, Kiesel A. Psychological Bulletin. 2018; 144(6):557, Figure 1. 
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2.5.2 The dual-task effect 

 By measuring task performance of both tasks in single-task situations and then in dual-

task scenarios, we can compare and calculate a “dual-task effect” in an outcome variable via the 

following relationship: 

 

𝐷𝑢𝑎𝑙 𝑇𝑎𝑠𝑘 𝐸𝑓𝑓𝑒𝑐𝑡 =  
(𝐷𝑢𝑎𝑙 𝑡𝑎𝑠𝑘) − (𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘)

(𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘)
 ∗  100 % 

 

 Here, a positive result would indicate a decrease in performance when both tasks were 

performed concurrently, or a dual-task “cost” of providing the demands of a second task 

simultaneous to the first (McIsaac et al., 2015). Consider an individual reducing their gait speed 

when walking and counting backwards aloud, compared to walking silently, or making more 

mistakes in their counting when walking than when sitting quietly. 

 A negative result would, in contrast, be indicative of an increase in performance when 

both tasks are performed simultaneously; producing a dual-task “benefit.” Hall et al. (2011) 

found that when older adult participants completed a verbal fluency or counting task while 

walking, they actually improved performance on the cognitive task compared to single-task 

scenarios. This was not shown in conditions where participants were required to walk and 

complete a turn, which was a more complex walking task. It is possible that the initial single-task 

condition in this study was actually more difficult for participants, as it would have been a novel 

environment and task for them, which effectually increases the cognitive requirement to 

complete the task (McIsaac et al., 2015).  It was also postulated by the authors that participants 

may have inadvertently prioritized their attentional resources to the cognitive task rather than the 

gait task in these conditions, resulting in increased performance of the cognitive task (Hall et al., 

2011).  

2.5.3 Constraints of dual-task paradigms 

 The prioritization of tasks affects the directionality of the dual-task effect in dual-task 

paradigms. Young adults tend to prioritize a gait or postural task demand, rather than a cognitive 
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task if the two tasks are presented simultaneously, sometimes resulting in no measurable effect 

on motor performance (Siu et al., 2008). This phenomena has been called the “posture-first” 

hypothesis (Shumway-Cooke & Woollacott, 1997). As argued by Srygley et al., (2009), research 

has consistently demonstrated that the performance of locomotion requires cognitive processing 

resources, even in young adults. Thus, researchers need to pay particular attention to ensure that 

for experiments that present dual-task conditions, the performance both motor and cognitive are 

being measured appropriately.  

 The posture-first hypothesis describes task prioritization in locomotion as it occurs 

organically. However, the instructions given to participants may drive them to allocate greater 

cognitive resources to one task over another. Yogev-Seligmann and colleagues (2010) 

investigated the effects of explicitly providing instruction to their participants to focus their 

attention while walking along a 30-meter pathway either towards their gait or toward a 

simultaneous verbal fluency task. When instructed to focus on the gait task, both young and 

older adult participants increased their gait velocity compared to trials where no explicit 

instruction was given. The researchers found that attentional foci can significantly affect the 

directionality of the effect of a dual-task paradigm, i.e., directing participants to focus on the gait 

task improved performance on that task at the cost of the cognitive task. Siu et al. investigated a 

similar paradigm, asking their participants to focus either on an auditory Stroop task or on the 

obstacle in their path to explore if an effect of instruction set could be found for either gait 

velocity or Stroop response time. When explicitly told to focus on an additional auditory Stroop 

task rather than to the obstacle in their path of travel, participants performed significantly better 

on the Stroop compared to when instructed to focus on the obstacle, or to pay equal attention to 

both tasks (Siu et al., 2009). These effects demonstrate that dual-task paradigms need to be 

designed so that participants are given no reason to prioritize one task over another, thus 

minimizing any potential bias in their performance outcomes.   

 Further, executive function capacities differ between individuals, particularly in younger 

adults (Buczylowska & Petermann, 2018); if a task is more practiced in one individual compared 

to another, the cognitive resource requirement to perform that task will differ between them, and 

comparisons between individuals should be performed with caution (McIsaac et al., 2015). 
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However, generally speaking, dual-task paradigms have provided key insight into the 

overarching role that the cognitive system plays in performing human movement. However, 

many of these studies utilize cognitive tasks which provide interference at a structural or 

perceptual level, rather than representing interference occurring during central processing. To 

date, no study has directly investigated the role of the cognitive system in processing and 

executing online locomotor maneuvers across varying complexities, nor has the ability of the 

cognitive system to aid in these maneuvers when contending with cognitive tasks of varying 

challenges been fully characterized.  

 Despite the important foundational knowledge gained from past novel experiments in this 

area of study, the role of the cognitive system in executing online stepping adjustments to avoid 

an obstacle in response to novel visual information. There are conflicting task demands in the 

form of various motor and cognitive tasks applied in dual-tasking research during obstacle 

avoidance, and as of yet, no paradigm has truly challenged the ability of an individual to navigate 

a real-world environment, where at any point, external stimuli could require an individual to 

adjust their obstacle avoidance strategy completely and at the last minute.   
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3 Shared Methodology 

3.1 Participant Recruitment and Instrumentation 

 Both experimental protocols within this thesis were collected during a single laboratory 

visit. Nineteen young adults (10 males, 9 females, 22.65  2.5 years; see Table 3.1) provided 

written consent and completed the protocol. All participants reported an absence of 

musculoskeletal or neurological impairments, which would affect their mobility (e.g. recent 

fractures or sprains, or symptoms of concussive events occurring within the past year) and wore 

fitted, single-layer gym attire, and performed all walking trials while wearing their preferred gym 

shoes. Exclusion criteria included being outside of the age range of 18-30 years or reporting 

injuries as described above.  

Table 3.1. Participant demographic details, mean  SD  

Sex (n) Age (Years) Height (m) Mass (kg) Leg Length (m) 

Female (9) 22.50  2.27 1.71  0.05 68.42  10.14 0.86  0.04 

Male (10) 22.80  2.74 1.79  0.07 82.53  13.74 0.90  0.07 

Summary (19) 22.65  2.46 1.75  0.07 75.48  13.81 0.88  0.06 

 

 Upon arrival at the laboratory, informed consent was obtained from each participant. 

Footedness was determined via a written footedness questionnaire (Appendix 8.1; van Melik et 

al., 2017) and recorded. All participants were found to be right-foot dominant. Participants then 

completed the Trail Making Test parts A and B, which will be described in further detail in 

Section 3.1.1. 

 Dominant leg length was measured as the distance from the greater trochanter to the 

participant’s lateral malleoli of their dominant, right leg. Participant averages are reported in 

Table 3.1. Fifteen percent (15%) of this measured distance was then used to determine obstacle 

height for each participant in order to present a consistent, anthropometrically scaled challenge. 
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Participants were then asked to change into their preferred exercise shoes; all experimental 

activities were performed while shod.  

3.1.1 Trail Making Test 

 The Trail Making Test (TMT) is a common neuropsychological test that is used to assess 

an individual’s visual attention, processing, cognitive flexibility and executive functions (Bowie 

and Harvey, 2006). This assessment tool was included in the protocol to identify any within-

sample variations in cognitive system efficiency, which may affect later dual-task trials. There 

are two versions of this tool, Part A and Part B (Appendix 8.2). The TMT-A tests visual 

perception and processing by requiring participants to use a pen to draw a continuous line 

connecting the numbers 1-25 in ascending order (e.g., 1-2-3- …). The TMT-B challenges the 

ability of individuals to flexibly switch between two task set demands. Similar to the TMT-A, 

participants are required to draw a continuous line, however for the TMT-B, they are asked to 

alternate from numbers to letters (1-A-2-B…) again in ascending order for a total of 25 

connections. All study participants were instructed to complete these tests, “As quickly as 

possible; avoiding making any mistakes”. Short, untimed 8-object practice forms for both Part A 

and B were performed prior to the actual test to ensure participants were comfortable with the 

instructions given. Performance on the TMT-A and TMT-B was measured as the total time 

required to complete each test. Any errors could also be noted (i.e., drawing a line from 1-A-2-C 

for the TMT-B version), although this step was unnecessary as all participants were able to 

complete both tests without any errors. 

3.2 Experimental Protocol  

3.2.1 Description of cognitive tasks 

 We are interested in exploring how allocation of attentional resources to a task affects 

dual task performance and as such, in certain experimental trials participants were asked to 

respond to an auditory Stroop task as quickly and accurately as possible (Siu et al., 2008; 

Worden et al., 2016). As described in section 2.4.1, executive functions are an array of cognitive 
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processes located at the prefrontal cortex that produce and allow for willful behaviors towards 

some goal, such as volitional control and inhibition of tasks (Banich, 2009). Stroop tasks provide 

a specific challenge to the executive processes of individuals, requiring that they inhibit their 

practiced and thus more automatic response to a stimulus, i.e. identify the color of a written 

word, rather than the word itself; responses may be a related but are not necessarily a congruent 

response (Stroop, 1935). This complex cognitive process imposes a demand on the inhibitory 

processes of executive functions in particular, and creates a general drain on higher cognitive and 

attentional resources (MacLeod, 1991). The auditory Stroop requires participants to correctly 

identify pitch (high, low) of a voice, played over speakers within the laboratory, stating the 

words “high” or “low” (Morgan and Brandt, 1989). This task presents a high executive 

functional demand as participants are required to identify the pitch of a pre-recorded voice, 

rather than the word itself (e.g. though you may hear the word “high” you must identify the pitch 

of the spoken word, which may be low). There were four possible Stroop cues in our protocol: 

two incongruent (high pitched “low”, low pitched “high”) and two congruent (high pitched 

“high,” low pitched “low”). In addition to the Stroop cues, participants were also presented with 

a neutral cue, where a voice was played saying the word “hello” in a moderate tone. For these 

trials, participants were instructed to repeat the word “hello” as quickly as they could.  This 

neutral cue was added as a way to quantify auditory processing reaction time in the protocol for 

each participant (Knight and Heinrich, 2017), and to provide a degree of “uncertainty” in the 

cognitive task presentation, reducing the chance that participants could prepare their cognitive 

framework to respond to the Stroop task over time (Koch et al., 2018). 

 Participants were first provided with a verbal explanation of each of the following 

cognitive tasks. Each audio cue was played over the speakers once, with the correct response 

identified for each cue by a member of the researcher team. Following this, participants 

performed 15 familiarization trials of the cognitive tasks while seated, consisting of 5 congruent 

Stroop cues (3 x high pitched “high”, 2 x low pitched “low”) 5 incongruent Stroop cues (3 x low 

pitched “high”, 2x high pitched “low”) and 5 neutral cues, all randomly presented. Accuracy, and 

not response time, was captured for these trials. Participants were required to answer at least 

80% of these familiarization trials in order to proceed with the experimental protocol. One 



 

 

38 

 

participant required one extra familiarization trial to proceed. Participants were given feedback 

depending on their answer to each cue “Correct, good job” or “That was actually ____.” 

Following this familiarization period, participants no longer received feedback on their cognitive 

responses.  

 To assess the ‘cost’ of adding a cognitive load during our challenging stepping task, 

participant performance was measured when both cognitive and gait tasks were presented 

simultaneously (dual-task), and compared to measures collected when the two tasks were 

presented in isolation from each other (single-task gait; single-task cognitive). Vocal response 

times were captured via a custom-made microphone worn by the participant on a small lapel 

microphone. Vocal waveforms were sampled (1200 Hz) along with kinematic data using the 

Motive software platform (v. 2.2). Each auditory cognitive task cue was administered via a 

speaker (Sony: SRS-X5) mounted at the middle of the walkway.  

 To provide a single-task measure of cognitive performance, participants were asked to 

stand quietly in the middle of the walkway and “respond as quickly as they could” to each 

auditory cue they heard. Similar to the seated familiarization trials described previously, 

participants completed 15 trials while standing (5 congruent, 5 incongruent and 5 neutral trials, 

presented randomly). Response time was calculated as time from the initiation of the auditory 

cue to the participant’s vocalization of their response. Incorrect answers were not analyzed, and 

in order to maintain a consistent number of practice trials, additional trials were not presented. 

For context, 276 out of 285 total standing trials (96.84%) were answered correctly. The a priori 

decision was to remove a participant from subsequent data analyses if they could not answer 

three of the five cognitive cues correctly. In fact, all participants were able to answer at least four 

of each cognitive task during the standing response trials. Single-task performance of the gait 

task was also included within the experimental design; during these trials no cognitive cues were 

provided (See Figures 3.1 and 3.2). 
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Figure 3.1. Overview of experimental paradigm. After familiarization with the task, all participants 

completed the cognitive task while standing (top row; cognitive ‘single’ task; n = 15 trials) before performing 

any gait trials. Participants then completed 96 walking trials (randomized; middle and bottom rows; n = 24 

trials per condition). LED lights illuminated on the obstacle would indicate to participants to circumvent or 

step over the obstacle (middle row; No Direction Change). In half of these walking trials, the LED light array 

would change ~ two steps before the obstacle, indicating to the participants to change their approach strategy 

(e.g. from circumvention to step over, or from circumvention from one side of the obstacle to the other). Of 

these walking trials, some also included a cognitive task that required a verbal response (second column; 

auditory Stroop or Neutral cue). See text for details. 
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3.1.1 Walking Trials 

 Prior to beginning any obstacle avoidance trials, participants first performed 3 level-

walking trials along the walkway without the obstacle present. These trials were then used to 

calculate average lateral motion of the center of mass to calculate onset thresholds of 

circumvention as will be described later in Chapter 6. As illustrated in Figure 3.2 participants 

performed 96 total obstacle avoidance trials, separated into four randomized blocks of 24 trials. 

Participants were asked to traverse a 7 m walkway while successfully avoiding a static obstacle 

placed in the center of the walkway at 3.5 m (See Figure 3.3). Descriptions of the specific motor 

tasks completed and instructions provided to participants will be explained in greater detail in 

Chapters 4 and 5. Participants were informed that the goal of each trial was to reach the end of 

the walkway, marked by tape placed on the floor, and avoid the obstacle via the avoidance 

strategy indicated to them visually through LED lights placed on the obstacle. These strategies 

were either to: i) step over the obstacle (center LED illuminated; Chapter 4) or, ii) circumvent to 

the left or right of the obstacle (left or right LED illuminated, respectively; Chapter 5). 

Participants were also instructed to complete the circumvention strategy indicated fully; i.e., not 

to step across the obstacle with their lead limb, and swing their trail limb around the side of the 

obstacle, or vice versa. In half of the trials, the LED illuminated at the start of the trial would 

remain on throughout the entire trial. For the remainder of the experimental trials, the LEDs 

illuminated on the obstacle would change following interruption of a laser sensor beam (Arduino 

IDE v. 1.8.12) located approximately two steps prior to the obstacle. The change in LED light 

cue(s) directed participants to execute an online adjustment to their planned avoidance strategy 

adjustment, from stepping over the obstacle to circumventing the obstacle to the left or right. 

This same laser sensor interruption also triggered the auditory cognitive task in the appropriate 

trials. So as to encourage participants to perform a “natural” stepping pattern during their 

approach, they were not provided with specific instructions regarding this laser sensor. Each 

participant completed three straight-walking trials, with no obstacle present along the walkway 

prior to any obstacle avoidance trials, and this two-step distance was approximated from these 

trials for laser placement. As such, some variability between trials may have occurred with 



 

 

41 

 

respect to the phase of the gait cycle the participant was in when receiving the direction change 

cue.  

 Within each block of trials, participants were presented with combinations of the four 

cognitive task and six motor task complexities. Thus while participants completed the walking 

trials in a randomized fashion, for the purpose of this thesis, data were separated into two 

different Chapters based on the final avoidance strategy (i.e., circumvent or step over) performed 

by the participant during each trial. Chapter 4 will focus on the motor tasks where participants 

stepped over the obstacle (crossing), while Chapter 5 will focus on the trials where participants 

circumvented the obstacle. 

 

 

Figure 3.2. Schematic diagram with details of the block randomization design used for experimental trial 

presentation. Walking trial conditions (Motor Task=Direction change; Cognitive task= auditory Stroop, 

neutral or no task) were randomized within each block (same randomization used for all participants) so that 

one permutation of each possible motor or cognitive task was included per block.   
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Figure 3.3. Walkway illustrated with placement of light sensor approximately two steps prior to the obstacle. 

During trials where a direction change was implemented, this is the point at which visual indication to either 

circumvent or cross the obstacle changed from the initial indicator.  

  

3.1.2 Kinematic Instrumentation  

 Thirty-seven retroreflective markers (5 mm, 120 Hz; Optitrack, NaturalPoint, Inc. 

Corvallis, OR) were placed over anatomical landmarks on the feet, lower limbs, and trunk of 

each participant, according to previously described protocols (Leardini et al 2007; Leardini et al 

2011); see Figure 3.3 for anterior illustration. Specifically, markers were placed over the 

participant’s left and right anterior and posterior superior iliac spine, xiphoid process, and left 

and right acromioclavicular (AC) joints, which were later used to estimate center of mass 

position during walking trials. Though this simplification of the CoM does not provide 

information regarding full-body motion, it is still accurate for CoM tracking (Inkol et al., 2018) 

and allowed for data errors due to occlusions to be minimized. As well, markers placed over the 

first and fifth metatarsals, distal end of the second phalange, and posterior edge of the calcaneus 

were used to track motion of both feet. Global axes were defined so that the positive axes of 

progression followed the length of the walkway; medial-lateral movements of the participants 

were defined along an axis perpendicular to this.  
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Figure 3.4. Anterior view of marker placement. Circles highlight markers which were used to track motion of 

the trunk and pelvis segments (used to estimate center of mass motion; see Section 3.1.1 for details). The 

custom microphone (silver box) affixed to the participant’s shoulder captured the wave forms for the verbal 

responses to each cognitive task and relayed these via a cable to the collection computer A/D board. 

 

3.2 Obstacle Apparatus 

 As stated above, the obstacle was height adjusted to 15% of each participant’s leg length 

(greater trochanter to medial malleoli of dominant leg) but the width (50 cm) and depth (2 cm) of 

the obstacle was fixed and did not change. Three LED lights were placed in series horizontally 

across the front face of the obstacle, clearly visible during the participants’ approach (see Figure 

3.5). Each light corresponded to an avoidance strategy. For example, when the leftmost light was 

illuminated, participants were asked to circumvent the obstacle to the left and vice versa for the 
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rightmost light; when the center light was illuminated, participants were required to step over the 

obstacle.  

 We know that reduced exteroceptive information about obstacle structure/location has 

been related to increased obstacle contact (Rietdyk and Rhea, 2011) which speaks to the fact that 

under most ecological conditions, gait is controlled in a feed-forward manner (Rhea and Rietdyk, 

2007). Thus, to provide high visibility of both the obstacle and the lights, the obstacle was 

constructed from corrugated aluminum post material, with lateral and superior edges well 

defined, and the obstacle itself did not move. Position of the obstacle along the walkway was 

fixed between participants. As described earlier, to account for variances in step length, position 

of the laser sensor beam was adjusted for each participant to ensure direction change and 

cognitive task presentation was consistently being applied at approximately 2 steps prior to the 

obstacle.   

 

 

Figure 3.5. Frontal view of the obstacle apparatus; for this photo the height was set to 15 cm. Note the 

location of each LED light indicator, highlighted by white circles. During trials where participants would 

cross the obstacle, the center light would be illuminated, while the left or right LEDs would illuminate to 

indicate to the participant that they should circumvent the obstacle. In the Direction Change trials, this 

illumination pattern would change two steps prior to obstacle crossing. 
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4 Exploring the cognitive demands required to adjust online 

obstacle crossing strategies 

(Submitted in Experimental Brain Research: EXBR-D-20-00478) 

4.1 Abstract  

 Humans integrate visual information about their surrounding environment to properly 

adapt their locomotion to step over or around obstacles in their path. We know that cognition 

aids in the execution of locomotion and in complex maneuvers such as obstacle avoidance. 

However, the role of the cognitive system in performing online adjustments to an obstacle 

avoidance strategy during locomotion has not yet been elucidated. Nineteen young adults 

instrumented with kinematic markers were asked to cross an obstacle. In half of these trials, 

participants were required to adjust from a circumvention strategy to a crossing strategy when 

cued by LED lights two steps prior to obstacle crossing. In 75% of trials, a cognitive task was 

simultaneously presented (incongruent or congruent auditory Stroop cue, or neutral cue). Center 

of mass position and velocity was measured and gait metrics (e.g. step length) were calculated to 

quantify how individuals performed this last-minute direction change and determine how these 

responses changed when simultaneously performing a cognitive task. Results showed 

statistically shorter crossing steps, where the trail limb was placed further from the leading edge 

and closer to the trailing edge when responding to the auditory Stroop task, regardless of when 

they were cued to cross the obstacle. Performing these avoidance strategy changes also decreased 

cognitive task performance. Our findings suggest that visually integrating a new stepping pattern 

to cross an obstacle is a complex locomotor maneuver, and requires the aid of the cognitive 

system to be performed effectively in a young adult population.  
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4.2 Introduction  

 Everyday life requires that locomotion be adapted in response to ongoing environmental 

demands in order to maintain postural stability and progress in the direction of travel (Das & 

McCollum, 1988; Patla et al., 1991). Whether crossing a busy grocery store parking lot or 

walking along a forest trail containing tree roots and stones, the world is complex and 

adaptations to ongoing step patterns are clearly required for successful negotiation of our 

communities. 

 When available, visual inputs play a key role in performing these adaptations in advance 

of obstacles in the path of travel. Discrete visual sampling of the surrounding environment (Patla 

et al., 1996; Matthis et al., 2018) provides information regarding the position of each step (Patla 

et al., 1999), and physical parameters of the obstacle itself, such as its height, width, depth, and 

position in space (Rhea and Rietdyk, 2007; Worden, De Jong & Vallis, 2016). Stepping too close 

to the front of an obstacle or not providing enough clearance between the foot and the obstacle 

when crossing may lead to increased contacts (Heijnen et al., 2012; Muir et al., 2020; Chou and 

Draganich, 1998). It is necessary to sample accurate visual information online during approach 

of an obstacle to produce appropriate foot placement during crossing; removing visual inputs 

during approach results in slowed center of mass velocity, and variable step placements during 

crossing (Patla and Greig, 2006). At least two steps of forewarning are required for visual 

information to be properly integrated into an adjusted stepping pattern (Patla et al., 1991; Patla 

and Vickers, 2003). However, it has yet to be determined if visual sampling of a travel path 

during ongoing locomotion can inform adaptive stepping strategies if a sudden change in travel 

direction is required prior to stepping across an obstacle, or the degree to which the cognitive 

system aids the integration of visual inputs into ongoing adaptations of these strategies.  

Gait was once considered to be a relatively automatic task, though it has now become 

accepted that deliberate cognitive processes play a large role in the control and adaptation of 

locomotion (Yogev et al., 2008; Gérin-Lajoie et al., 2006; Potocanac et al., 2015; Hausdorff et 

al., 2008; Siu et al., 2009). Executive functions are sophisticated processes of the cognitive 

system, allow for deliberate, task-oriented behaviors (Banich, 2009), and play a critical role in 
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the execution of stepping patterns. These functions monitor and, if needed, inhibit ongoing 

motion, provide awareness of the body’s position within space, and attend to task demands 

(Banich et al., 2009; Yogev et al., 2008). When simultaneous demands are placed on the 

cognitive system, such as talking to a friend while walking across a parking lot, this challenges 

the central nervous system to effectively perform both tasks within the same time constraint 

(Koch et al., 2018). Past research has shown that these dual-task scenarios typically result in 

decreased performance in either the motor task (Hausdorff et al., 2008; da Silva Costa et al., 

2018), cognitive task (Worden et al., 2016; Siu et al., 2009), or both tasks (Potocanac et al., 

2015; Gérin-Lajoie et al., 2006).  

 We now know that more complex motor tasks such as obstacle avoidance (Ble et al., 

2005), require greater cognitive investment in order to be successful (Grillner et al., 1998). Past 

research examining the mechanisms underlying the allocation of cognitive resources during 

locomotion have emphasized that dual-task effects are dependent on the task parameters 

(Hausdorff et al., 2008; for review, see Al-Yahya et al., 2010) as well as the task complexity (Siu 

et al., 2008) and novelty (review, McIsaac et al., 2015). Increasing obstacle crossing complexity 

by increasing obstacle height has been found to lead to increased response times to an auditory 

Stroop task (Siu et al., 2008). As well, the dual-task costs of performing an unanticipated gait 

adjustment during obstacle crossing have been investigated previously. This existing research 

examines the strategies used to step over an obstacle which changes height during approach 

(Worden et al., 2016b), or when an obstacle suddenly appears in a previously clear path of travel 

(Potocanac et al., 2015; Da Silva Costa et al., 2017). These paradigms provide important 

foundational knowledge about the cognitive processes required to perform online step 

adjustments. However, these paradigms do not explore how individuals avoid static obstacles 

when the circumstances surrounding their approach are dynamic, for example if the strategy to 

avoid the obstacle is suddenly forced to change during approach.  

 The current study seeks to build on this previous research, and quantify online step 

adjustments in young adults when required to respond to a visual cue while under finite temporal 

restrictions to make a sudden change in their travel direction (e.g. step over an obstacle, rather 

than circumvent it as previously planned). To successfully complete the stepping task under 
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these challenging conditions, we expected participants to adopt more conservative stepping 

strategies in order to ensure effective clearance of the obstacle. These strategies include reduced 

center of mass velocity during approach and crossing of the obstacle, increased lead and trail 

limb vertical clearance of the obstacle, reduced antero-posterior trail limb placement in front of 

the obstacle, reduced antero-posterior lead limb placement beyond the obstacle after crossing, 

and reduced crossing step length during all trials when a secondary task is applied.  

 We were also curious about the impact these sudden motor restrictions may have on the 

ability of young adults to allocate cognitive resources for the completion of a secondary thinking 

task, e.g. increased dual-task costs. We hypothesized that the demands of the incorporating an 

online avoidance strategy change would reduce vertical clearance and slow the approach of 

individuals to the obstacle. Further, due to central processing interference incurred by the 

simultaneous auditory Stroop task, we expected young adults to show dual-task costs for their 

stepping strategies, presenting as slower approach and crossing of the obstacle, as well as 

reduced vertical clearance of the obstacle. We also expected that cognitive task performance 

would decrease as a function of cognitive task and motor task complexity. Specifically, that 

response times to the cognitive task would increase when the cognitive task itself was more 

difficult, and that this effect would be magnified when a last-minute direction change was 

performed by participants; demonstrating an increase in the cognitive requirement to incorporate 

these more complex maneuvers into ongoing locomotor plans. This study is part of a larger 

experimental protocol, which aims to quantify the dual-task costs of performing last minute step 

adjustments when avoiding an object in ones’ path. 

4.3 Methods 

4.3.1 Participants  

 Nineteen young adults (10 males, 9 females, age: 22.7  2.5 years; height: 1.75  0.07 m; 

leg length: 0.88  0.06 m) participated in this study. All self-reported as free of any 

musculoskeletal or neurological conditions that would affect their mobility, and provided written 

consent to participate. All participants completed a written questionnaire to identify footedness 
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(Appendix 8.1); all were found to be right-foot dominant. This study was approved by the 

institutional research ethics board.  

4.3.2 Experimental Protocol 

 The auditory Stroop task places a specific demand on an individual’s inhibitory and 

volitional executive processes by requiring participants to identify the pitch of a pre-recorded 

voice, saying the words “high” or “low” in either a high or low pitch. This forced either a 

facilitative (congruent word and pitch) or inhibitory (incongruent word and pitch) cognitive 

process for the participant to respond correctly. An additional neutral cue was presented to 

participants, requiring them respond “hello” if they heard a moderately pitched “hello” played 

over the speakers. This neutral cue was added as a simple verbal response time test and also to 

try and reduce the chance that participants were preparing responses to the Stroop task in 

advance (Koch et al., 2018). Participants were asked to respond to all cognitive task cues as 

“quickly and accurately as possible” (Siu et al., 2008; Worden et al., 2016b). Verbal responses to 

the cognitive task were recorded via a custom lapel microphone (1200 Hz).  

 Prior to performing any gait tasks, participants completed 15 seated familiarization trials 

of the cognitive task.  Participants had to answer 80% of these trials correctly before continuing 

with the experimental protocol. Only one participant required one additional familiarization trial 

to proceed. Participants then completed 15 standing cognitive response trials (Single task; 5 

incongruent Stroop tasks, 5 congruent Stroop tasks, 5 neutral tasks), where response times were 

measured using a custom-built microphone capturing vocalization signals at 1200 Hz. Trials with 

incorrect responses were not analyzed.  

 Participants then completed 32 walking trials in which they traversed a 7 meter 

walkway, stepping over an obstacle in their path (50 cm width, 2 cm deep, height normalized to 

15% of participant leg length) placed 3.5 m from the start of the walkway, see Figures 4.1 and 

4.2. Participants were instructed to walk to the end of the walkway, marked clearly, and avoid 

the obstacle using the avoidance strategy visually indicated by LED lights placed on the obstacle 

(controlled by custom Arduino parts and software; Arduino IDE v. 1.8.12). Prior to gait 
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initiation, one of three LED cues placed on the right, left, and center of the obstacle would be lit, 

thus indicating to the participant to either circumvent the obstacle (left or right), or step over the 

center of the obstacle. As such, some trials began with participants creating an intial avoidance 

strategy to circumvent the obstacle.  

A laser sensor placed 2 steps prior to the obstacle initiated a change in visual cue in 16 of 

these trials when crossed (“Change” condition). Participants were asked to perform a last-minute 

adjustment to cross over the obstacle rather than circumvent it under this circumstance. In some 

of these trials, the cognitive task was also presented to participants. No visual cue change was 

implemented in the other 16 trials (“No Direction Change” condition). Thirty-seven 

retroreflective markers (5 mm) were placed over anatomical landmarks on the feet, lower limbs, 

and trunk of each participant (Leardini et al,. 2007; Leardini et al., 2011) to capture center of 

mass and foot motion (120 Hz; Optitrack, National Instruments, Corvallis, USA). Eight 

experimental trials required participants to respond to an incongruent Stroop cue, eight more 

required a response to a congruent Stroop cue, and eight to a neutral cue. Similar to the standing 

condition, trials with incorrect responses were not analyzed. For context, 11 out of 456 total trials 

undertaken by all participants were incorrect responses and removed from analysis (2.41%). A 

further eight experimental trials did not include an auditory cognitive task (left column, Figure 

4.1). These cognitive tasks were presented to participants simultaneous to the LED light 

direction change indication via the laser sensor two steps prior to crossing.  
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Figure 4.1 Overview of experimental paradigm. After familiarization with the task, all participants were 

asked to complete the cognitive task while standing (top row; cognitive ‘single’ task; N= 15 trials) before 

performing any gait trials. Participants then completed 32 walking trials (randomized; middle and bottom 

rows; N = 16 “No Direction Change” and N = 16 “Direction Change trials). LED lights illuminated on the 

obstacle would indicate at the start of the trial for participants to circumvent or step over the obstacle 

(middle row; No Direction Change). In half of these walking trials, the LED light array would change ~ two 

steps before the obstacle, indicating to the participants to change their approach strategy (e.g. from 

circumvention to step over, or from circumvention from one side of the obstacle to the other). Of these 

walking trials, some also included a cognitive task that required a verbal response (second column; auditory 

Stroop or Neutral cue). See text for details.  
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 All trials were randomly presented to each participant to minimize the ability of 

participants to anticipate the trial condition. It is important to note that for all dual-task trials, 

participants received explicit instruction to perform both cognitive and gait tasks to the best of 

their ability, and not prioritize performance of either task over the other.  

 

Figure 4.2 Aerial depiction of walkway; footprints indicate direction of travel. 

 

4.3.3 Data Analyses 

 All data were collected using Motive software (version 2.2; NaturalPoint Inc, USA) and 

exported for processing and analysis (Visual 3D; version 6.03.6; C-Motion, USA). Center of 

Mass (CoMPT) position was estimated as a weighted average of the pelvis and trunk segments 

(Pelvis and Trunk “4,” adapted from Winter et al., 1998). The first limb to cross over the 

obstacle was defined as the ‘lead limb,’ and the contralateral side was defined as the ‘trail limb.’ 

4.3.3.1 Motor task performance data 

 A second-order, low-pass Butterworth filter (10Hz cutoff) was applied to all kinematic 

motion data, and any gaps in data under 10 frames (approximately 83 milliseconds) were 

corrected using 5 point cubic spline interpolations within Visual 3D. Eight kinematic measures 

of gait were calculated to characterize obstacle crossing behaviors. 
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 CoMPT velocity in the approach and crossing phase of the maneuver was calculated as the 

averaged first derivative of the antero-posterior CoMPT displacement during the two steps prior 

to the obstacle (COMPTVapp), and the step when the center of mass crossed the midpoint of the 

obstacle (COMPTVcross). Each step was defined as subsequent heel contacts from contralateral 

limbs, identified by the maximum AP distance of the heel marker to the pelvis (Zeni et al., 

2007).  

 Minimum foot clearances of the lead (MFC lead) and trail (MFC trail) limbs were 

defined as the minimum vertical displacement of either the heel or toe marker of each foot from 

the top of the obstacle, at the point of crossing. Heel-obstacle distances (HOD) and toe-obstacle 

distances (TOD) were measured as the AP distance of the lead limb heel marker to the back edge 

of the obstacle at heel contact of the crossing step, and the distance of the toe marker of the trail 

limb to the front edge of the obstacle prior to trail limb crossing. Crossing step length (CSL) was 

calculated as the AP displacement between heel markers of the lead and trail limb at the instant 

of the crossing step heel contact. Four markers were placed at the top, bottom, left and right 

edges of the obstacle and used to calculate these displacement measures.   

4.3.3.2 Cognitive task performance data 

  As mentioned above, cognitive response times were captured via a custom microphone, 

which relayed auditory responses as a verbal waveform analog signal, digitally sampled at 1200 

Hz. These signals were processed using the following processing steps: first, the signal was 

rectified using a root means square calculation (three frame rolling window), and second a low 

pass, zero-lag 2nd-order Butterworth filter (10 Hz) was then applied. The rectification and root 

means square were performed to facilitate the identification of a clear time point at which the 

voltage of the signal exceeded ambient noise from the room; using this approach, the ambient 

room noise present in the signal was minimized. Finally, a zero-lag filter then was applied to 

smooth the signal and identify the vocalized response and further reduce random spikes in the 

signal. The Arduino system issued a square wave signal that was captured for each trial upon 

breaking the laser light beam (collected simultaneously with kinematic data). Verbal response 

time (RT) was defined as the time between this square wave signal and when the auditory signal 
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from the microphone increased to 1.5 standard deviations of the ambient room noise prior to the 

auditory cue being played over the speakers. All cognitive data waveforms were visually 

inspected by the research team for anomalous recordings; none were found.  

 Cognitive task accuracy was also recorded for each standing and walking trial and 

expressed as a percentage of total trials and a percentage of trials within each experimental 

condition. As previously noted, any inaccurate cognitive trials were removed from further 

analysis, to ensure that the participant had dedicated appropriate executive resources to the 

cognitive task performance.   

4.3.4 Statistical Analyses 

All analyses were performed in SPSS (SPSS Inc., USA, Version 25). Significance was 

set at p < .05. To determine effects of motor task complexity on cognitive task performance, a 

cognitive (incongruent, congruent Stroop, neutral task) by motor task complexity (standing, 

direction change, no change) two-way repeated measures ANOVA was conducted (dependent 

variable: RT). To assess the effect of the secondary cognitive task on obstacle avoidance 

strategies, a separate cognitive (incongruent, congruent Stroop, neutral task, no task) by motor 

task complexity (direction change, no change) was performed (dependent variables: all spatial 

and temporal gait metrics). Paired outcome t-tests were performed to determine within condition 

effects, and Bonferroni post-hoc analyses were conducted when appropriate.  
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4.4 Results  

4.4.1 Motor task performance 

Table 4.1 Average obstacle crossing gait measures, ± standard error. No interaction effects of motor x cognitive task complexity were observed for any 

gait measures; however, effects of performing a Direction Change a  and responding to a cognitive taskb were demonstrated in some outcome variables. 

Note that the cognitive task effect demonstrated in TOD was found only in the No Direction Change and Neutral Task trials and not for the No 

Cognitive task trials (c). Bolded values indicate statistically significant findings. 

 No Change + No 

Cognitive Task 

No Change + 

Neutral Task 

No Change + 

Congruent Stroop 

No Change + 

Incongruent 

Stroop 

Change + No 

Cognitive Task 

Change + Neutral 

Task 

Change + 

Congruent Stroop 

Change + 

Incongruent 

Stroop 

Approach Velocity (m/s) 1.164 ± 0.026 1.158 ± 0.028 1.136 ± 0.029a 1.147 ± 0.032 1.102 ± 0.034b 1.107 ± 0.034b  1.087 ± 0.030a, b  1.102 ± 0.034b 

Crossing Velocity (m/s) 1.127 ± 0.038  1.122 ± 0.038 1.084 ± 0.037 1.109 ± 0.038 1.068 ± 0.041b 1.066 ± 0.038b 1.055 ± 0.034b 1.055 ± 0.034b 

MFC Lead (m) 0.143 ± 0.009 0.142 ± 0.008  0.147 ± 0.009 0.145 ± 0.008 0.145 ± 0.01 0.146 ± 0.008 0.144 ± 0.008 0.150 ± 0.008 

MFC Trail (m) 0.157 ± 0.012 0.160 ± 0.011 0.161 ± 0.010 0.150 ± 0.009 0.157 ± 0.013 0.149 ± 0.010 0.155 ± 0.010 0.152 ± 0.013 

HOD (m) 0.271 ± 0.078 0.268 ± 0.072 0.237 ± 0.062a 0.239 ± 0.072a 0.264 ± 0.075 0.257 ± 0.067 0.235 ± 0.079a  0.231 ± 0.070a 

TOD (m) 0.221 ± 0.011 0.206 ± 0.012 0.231 ± 0.009c 0.236 ± 0.010c 0.214 ± 0.017 0.211 ± 0.012 0.223 ± 0.016 0.215 ± 0.014 

Crossing Step Length 

(m) 

0.748 ± 0.012 0.734 ± 0.012 0.731 ± 0.012 0.734 ± 0.012 0.739 ± 0.013b 0.730 ± 0.013b 0.708 ± 0.013 a, b   0.708 ± 0.012 a, b 

Normalized Crossing 

Step Length (% Leg 

Length) 

85.8 ± 1.700 84.2 ± 1.800 83.8 ± 1.600 84.2 ± 1.700 84.7 ± 1.900 b 83.7 ± 1.800 b 81.2 ± 1.800 a, b   81.0 ± 1.500 a, b   
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Averages of all kinematic data are presented in Table 4.1. ANOVAs revealed a main 

effect of both direction change (F(1,18) = 29.39, p < 0.001,ηp2 = 0.62) and cognitive task (F(3,54) = 

5.74, p < 0.01, ηp2 =0.242) for approach CoMPT velocity (Figure 4.3 A). On average, participants 

were 0.051 ± 0.009 m/s slower in trials with a direction change compared to those without (p < 

0.05), and trials requiring participants to respond to a congruent Stroop cue resulted in 0.024 ± 

0.007 m/s slower approach velocities than single task trials (p < 0.05). No significant differences 

in approach velocity were found for any other cognitive task condition. During the crossing step 

as shown in Figure 4.3 (B), a main effect of motor task complexity (F(1,18) = 16.01, p < 0.05, ηp2 

= 0.471) but not cognitive task complexity was found on crossing CoMPT velocity, with 

participants slowing their CoMPT by an average of 0.050 m/s ± 0.012 m/s when a direction 

change was integrated. Post-hoc analyses did not reveal any significant differences between 

single task trials (no cognitive task presented) and trials containing a neutral cognitive task on 

any gait metrics. 

 

Figure 4.3 Average ± standard error (A) CoMPTVapp and (B) CoMPTVcross. Performing a direction change 

prior to obstacle crossing significantly reduced CoMPTVapp and CoMPTVcross (**). (*): Indicates a main 

effect of cognitive condition, specifically a significant difference in CoMPTV compared to the no cognitive 

task condition. 

 

 Participants maintained a consistent minimum foot clearance for both lead and trail 

limbs across all conditions; there was no effect of cognitive or motor task complexity on 

MFCLead or MFCTrail. One contact occurred during collection caused by an ineffective 
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MFCTrail clearance (0.16% of all crossing trials performed by all participants, for context). 

Forcing a direction change resulted in a significant decrease in crossing step length or CSL 

(F(1,18) = 8.48, p < 0.01, ηp2 =0.320) by an average of 0.016 ± 0.006 m (or 1.6 ± 0.6 cm). Post-hoc 

analysis revealed that this was greatest in trials where participants responded to either a 

congruent or an incongruent Stroop task, reducing CSL by 0.024 ± 0.007m (2.4 ± 0.7 cm) and 

0.024 ± 0.006 (2.4 ± 0.6 cm), respectively, compared to trials with no cognitive task being 

performed (p < 0.05).  This effect was present in both absolute step length (A) and step length 

presented as a percentage of dominant leg length (B) as illustrated in Figure 4.4.  

Figure 4.5 illustrates the effects of motor and cognitive task complexity on HOD and 

TOD values. Forcing a direction change did not affect HOD or TOD (p>0.05), however a main 

effect of cognitive task complexity was found for TOD (F(3,54) = 3.08, p < 0.05, ηp2 =0.146; 

Figure 4.5A). Post hoc analyses revealed that in trials containing an incongruent Stroop, 

participants placed their trail limb 0.03 ± 0.01 m (or 3 cm ± 1cm) further from the front of the 

obstacle than trials requiring a neutral task response (t(18) = 3.10, p <0.01). Congruent Stroop 

trials also had 0.025 ± 0.007 m (or 2.5 cm ± 0.7 cm) greater TOD, on average, compared to these 

neutral trials (t(18) = 3.60, p <0.01). No significant effect was observed between incongruent or 

congruent Stroop trials’ TOD and single task trials’ TOD values.  

There was also no effect of motor task complexity on placement of the lead limb 

following obstacle crossing (HOD). However, the repeated measures ANOVA did demonstrate a 

main effect of cognitive task complexity (F(3,54) = 11.10, p < 0.001, ηp2 =0.382; Figure 4.5B). 

Post-hoc analyses revealed that, compared to single task trials, having to simultaneously contend 

with a congruent Stroop task decreased HOD by an average of 0.031 ± 0.008 m (or 3.1 ± 0.8 cm; 

p <0.01). Similarly, incongruent Stroop tasks reduced HOD by 0.033 ± 0.008 m (or 3.3 ± 0.8 cm; 

p <0.01) compared to trials without a cognitive task present. Neutral task trials produced similar 

HOD values to no cognitive task trials (p>0.05).  
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Figure 4.4 Crossing Step Length (CSL): absolute (A) and normalized (B) CSL responses, average ± standard 

error. A main effect of motor task complexity (**) was found for CSL, where participants reduced CSL when 

performing a direction change, and  a main effect of cognitive task complexity was also found (p < .05), where 

responding to a congruent or incongruent Stroop significantly reduced CSL. 
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Figure 4.5 Average ± standard error, (A) Distance of the toe marker of the trail limb to the front of the 

obstacle during stance at the step placement prior to obstacle crossing and (B) the heel marker of the lead 

limb at heel contact after obstacle crossing from the back edge of the obstacle. No interaction effect was found 

for Motor * Cognitive task complexity for either HOD or TOD. Surprisingly, regardless of direction change, 

participants did not demonstrate a significant change in step placement before or after the obstacle. However, 

participants did place their foot closer to the front of the obstacle (A) and closer to the far edge of the obstacle 

(B) when responding to a congruent or incongruent Stroop task (*). 
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4.4.2 Cognitive Task Performance  

Results of the repeated measures ANOVA showed a significant interaction of motor * 

cognitive task complexity for Verbal Response Time (F(4, 72) = 8.80, p < 0.001, ηp2 = .328), where 

increased motor task complexity increased RT, with the greatest RT demonstrated to be in the 

more complex cognitive tasks; see Figure 4.6. With respect to cognitive task complexity, post-

hoc analyses revealed that during the single task standing, participants required more time to 

respond to the incongruent Stroop compared to either the congruent Stroop (0.944 ± 0.032 vs 

0.819 ± 0.026 seconds; t(18)= 4.89, p < 0.001) or neutral tasks (0.828 ± 0.032 seconds; t(18) = 3.17, 

p <0.01). However, there was no difference between congruent and neutral response times (p > 

0.05). For obstacle crossing trials with no direction change, all cognitive tasks were significantly 

different from each other (p < 0.05). The incongruent Stroop task had the slowest verbal 

response time (incongruent Stroop > congruent Stroop > neutral; 1.080 ± 0.033 seconds > 0.916 

± 0.026 seconds > 0.769 ± 0.078 seconds). For the Change in direction trials, both the 

incongruent (1.190 ± 0.044 seconds; t(18) = 8.78, p <0.001) and congruent Stroop trials (1.120 ± 

0.035 seconds; t(18) = 6.77, p <0.001) were significantly slower compared to neutral trials (0.917 

± 0.043 seconds; p<0.05), but they were not significantly different from each other (p = 0.052).  

All Motor Tasks were statistically different from each other and an increase in RT was 

observed as Motor Task Complexity increased. For example, RT was significantly slower (p < 

0.05) in No Change (0.920 ± 0.020 seconds) and Change in direction (1.077 ± 0.037 seconds) 

trials compared to Standing (0.864 ± 0.023 seconds); RT was also significantly slower in Change 

compared to No Change tasks. Compared to trials where No Change in direction was required, 

response times of all cognitive tasks increased by an average of 0.213 ± 0.026 s (p < 0.001) 

during trials which involved a direction Change, or trials with an increased motor task 

complexity. 
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Figure 4.6 Mean ± standard error of verbal response time across motor and cognitive task conditions. A 

significant interaction of motor * cognitive task complexity was observed (p<0.05). For the Standing 

condition, RT was significantly slower for the incongruent Stroop condition compared the congruent Stroop 

and neutral trials (p<0.05); congruent Stroop and Neutral were not significantly different from each other 

(p>0.05). For the No Change in direction trials, all cognitive tasks were significantly different from each other 

(p<0.05) with the incongruent Stroop task having the slowest verbal response time and neutral the fastest RT. 

For the Change in direction trials, both the incongruent and congruent Stroop trials were significantly slower 

compared to neutral trials (p<0.05), but they were not significantly different from each other (p<0.05). All 

Motor Tasks were statistically different from each other; an increase in RT was observed as Motor Task 

Complexity increased (*). For example, RT was significantly slower in No Change and Change in direction 

trials compared to Standing; RT was also significantly slower in Change compared to No Change tasks. 
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4.5 Discussion 

 The aim of this study was to characterize differences in online step adjustments made to 

cross an obstacle when planning time is reduced and an initial path of travel must be inhibited to 

execute a new one. As well, given the importance of executive functions for the execution of this 

this task, another goal of this study was to explore how cognitive resources are allocated under 

dual task conditions. Our hypotheses were twofold: first, that incorporating last-minute visual 

cues to adjust ones’ stepping pattern and cross over an obstacle would result in significantly 

different stepping strategies during crossing.  We also expected that simultaneous performance 

of a difficult cognitive task would further affect these stepping patterns; specifically, we 

predicted that we would observe an increased effect of dual-task interference on motor task 

performance as both motor and cognitive task complexity increased. If, as we hypothesized, 

simultaneous performance of a cognitive task resulted in decreased performance of both motor 

and cognitive tasks it would provide strong evidence that the cognitive system plays a critical 

role in controlling online stepping responses in environments with a high postural control 

demands, such as during the approach of an obstacle in the path.   

4.5.1 Performing visually-cued online obstacle crossing is achieved via a decrease in 

velocity and reduced crossing step length, but no changes in other step parameters 

 To perform the last-minute direction change required by our paradigm, participants had 

to respond to a visual cue (in this case, lights on the obstacle itself) in order to quickly and safely 

execute a new stepping pattern and step over the obstacle. In contrast with our hypothesis, our 

participants only demonstrated an effect of direction change on their approach and crossing 

velocity and CSL, but not vertical clearance. To execute this stepping behavior our participants 

slowed their approach and crossing velocities when performing a sudden direction change 

(Figure 4.3). This may have been a strategy to control the CoM trajectory during the gait 

transition initiated by the visual cue to change travel direction, and allow greater time to 

accommodate this adjustment in strategy prior to reaching the obstacle. This adjustment in 

velocity may also be a result of participants approaching the obstacle from an oblique angle 

down the walkway during trials where they were initially cued to circumvent, thus reducing their 

measured forward velocity.  
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 Prior research has shown that reduced vertical clearance of an obstacle is a predictor of 

incidental contact and tripping (Heijnen et al., 2012). It is interesting that our young adult 

participants were able to maintain consistent clearance values across all trial conditions. Visual 

information sampled during approach is essential for adjusting online stepping patterns in order 

to execute a safe crossing step and ensure that clearance is appropriate (Patla & Greig, 2006). We 

know from past work that to be successful individuals require this information at least two steps 

in advance (Patla et al., 1991; Patla & Vickers, 2003). As such, we expected that vertical 

clearance would decrease when participants were required to perform this last-minute obstacle 

crossing strategy following a visual cue delivered 2 steps before the obstacle. However, it 

appears that our participants were capable of integrating the changed visual direction cues and 

adapting their stepping patterns to successfully clear the obstacle. Because the obstacle was static 

and visible, it is possible that our young adult participants were capable of forming a plan to 

cross the obstacle which they were prepared to execute if necessary, resulting in consistent 

vertical clearance regardless of condition. Only one trial, or 0.16% of all crossing trials, resulted 

in a contact, indicating that our young adults were very effective at executing this clearance task. 

4.5.2 Dual-tasking leads to adjusted step patterns during obstacle crossing 

 Although we did not observe large changes to step parameters during our challenging 

motor task as we expected to see, our young adults did demonstrate a change to their stepping 

patterns during obstacle crossing when the motor task was presented with additional cognitive 

system demands. Specifically, an increase in CSL and TOD, and decrease in HOD when 

responding to a simultaneous Stroop task. This suggests that the addition of additional cognitive 

demands disrupts obstacle crossing behaviors in young adults. 

 A common strategy utilized by individuals when dual-tasking during locomotion is to 

reduce gait velocity (Review; Al-Yahya et al., 2011), likely this strategy alleviates the temporal 

constraints of the gait task (Koch et al., 2018) and allows more time and space for the participant 

to respond to the cognitive task. Though we did observe a main effect of cognitive task on 

Approach Velocity, post-hoc analyses revealed this was only present in trials when participants 

were required to respond to a congruent Stroop task (Figure 4.3). It is interesting that this effect 
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was not found in incongruent Stroop trials; recall, we expected that completion of this more 

complex cognitive task would result in greater motor task performance decrements (McIsaac et 

al., 2015). However, participants did not significantly slow down their approach velocity 

compared to the no cognitive task condition when contending with the more complex Stroop 

task. We would note that though statistically significant, the reduction in velocity shown in 

congruent Stroop response trials is still quite small (Brach et al., 2010).  

 Despite not significantly adjusting their approach and crossing velocities, participants did 

adjust their step placement for obstacle crossing when contending with simultaneous cognitive 

task demands. As expected, we did not observe the neutral task to have any effect on 

participant’s HOD, TOD, or CSL compared to trials where no cognitive task was performed. 

This response supports previous findings from dual-task paradigms and indicates that fine 

control of step placement about an obstacle is controlled by sophisticated EF processes (Siu et 

al., 2008; Weerdesteyn et al., 2003). Recall that when participants responded to the more 

complex Stroop tasks, they executed shorter crossing steps, increased their trail limb toe-obstacle 

distance, and decreased lead limb heel-obstacle distance compared to either the neutral or no 

cognitive task trials (see Figures 4.4 and 4.5). Greater TOD and reduced HOD have been found 

previously in older adults under dual-task conditions (Schrodt et al., 2004) or when presented 

with a particularly challenging obstacle, but not in a young adult participant group (Lu et al., 

2006). In our participants, the strategy of increasing TOD may be used to ensure adequate 

clearance of the trail limb over the obstacle. An equal HOD and TOD would indicate that 

participants were trying to cross the obstacle at the midpoint of swing of their lead limb (Chen et 

al., 1991). Our results indicate that our participants preferred to cross the obstacle slightly before 

this midpoint when no direction change nor cognitive task response was required; potentially as a 

strategy to avoid toe-obstacle contact during swing of the trail limb. Heijnen et al. (2012) found 

that anomalous trail-limb contacts occurred when TOD was reduced in young adults. 

Interestingly, in our complex experimental paradigm, young adult participants adjusted their 

crossing strategy when contending with a simultaneous cognitive task so that their lead limb 

trajectory would be in a later stage of swing when crossing the obstacle (Chou & Draganich, 

1998; Chen et al., 1991), similar to patterns shown by older adults (Lu et al., 2006).  
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 Step placement about an obstacle is guided online via visual information obtained during 

approach (Patla & Greig, 2006). These adjustments in lead limb stepping strategy shown by 

young adults may suggest that simultaneous completion of the auditory Stroop task competed 

for, and effectively constrained, cognitive resources available to perform these visually 

integrated online stepping adjustments, even when appropriate time is provided to typically 

produce an online step adjustment (Patla et al., 1991), as demonstrated by these step adjustments 

being present regardless of whether a direction change was performed or not. Though CSL was 

reduced, participants did not significantly reduce their COMPTVcross when contending with a 

simultaneous Stroop task. By placing their lead limb closer to the far edge of the obstacle and 

shortening their CSL, they would have reduced the time spent in relatively less stable single-

support during crossing while responding to the higher difficulty cognitive tasks (Muir et al., 

2020; Lajoie et al., 1996). This strategy may be a conservative measure to maintain postural 

stability during crossing in these trial conditions, regardless of motor task complexity.  

4.5.3 Performing an online direction change prior to obstacle crossing requires greater 

cognitive resource commitment 

 Cognitive task performance measures reveal further information about cognitive resource 

allocation during complex dual-task scenarios. We had anticipated that integrating a last-minute 

obstacle crossing strategy via visual cueing would increase the cognitive resource requirement of 

obstacle crossing, and generally speaking, this was demonstrated by our participants.  

 During standing trials, which we considered to be the simplest motor task as participants 

would have the greatest available cognitive resources to perform each cognitive task, participants 

required greater time to respond to the incongruent Stroop compared to the congruent Stroop task 

cues. This finding is consistent with typical Stroop responses (MacLeod, 1991). We did not 

observe a difference in response time between the congruent Stroop task and the neutral task 

when standing. As both tasks have similar demands, i.e., repeat spoken word, this is not 

surprising and provides evidence that participants were processing the spoken word semantics 

for each cognitive task rather than using strategies to anticipate Stroop cue presentation. This is 

an important finding as one possible strategy of responding to a Stroop task is to adopt an 
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anticipatory strategy and adjust ones’ cognitive framework to disregard processing the incoming 

primary stimulus, in this case identifying the word spoken, and process only the secondary 

stimulus, or the pitch the word was spoken in (Koch et al., 2018; Jonides & Mack, 1984). As the 

Stroop effect relies on interference occurring between the primary and secondary stimulus 

applied (MacLeod, 1991), if participants do not identify the primary stimulus, this would greatly 

reduce the challenge presented by the incongruent Stroop.  The neutral cue was an ambivalent 

word spoken in a moderate tone, and it was advantageous for participants to correctly process 

and identify the spoken word itself, as well as the pitch, in order to respond correctly. 

Participants required less time to respond to the neutral cue than either Stroop cue throughout all 

trials, which makes sense as the neutral cue did not require an identification of pitch, and only 

identification of the word. This may also explain why we see relatively higher response times to 

our Stroop task than other studies; for comparison Siu et al. (2008) reported verbal response 

times of ~800 ms during obstacle crossing compared to our response times of about 1 second.   

 Verbal Response Times to all cognitive tasks were significantly higher during obstacle 

avoidance trials (No Change and Change trials; Figure 4.6). This was expected and indicates an 

increase in the cognitive processing requirements necessary to control step placement about the 

obstacle (Siu et al., 2008; Harley et al., 2009). As we were interested in quantifying the demand 

on cognitive resources required to perform a direction change prior to crossing an obstacle it is 

especially interesting that when participants were required to perform direction changes verbal 

response times were increased even more for incongruent Stroop trials (compared to congruent 

and neutral cues). This observation provides evidence to suggest that when motor task 

complexity and cognitive task complexity is high there is a greater demand placed on cognitive 

resources. We also found that the difference in response time required to respond to the 

congruent and incongruent Stroop tasks was not significant in the more complex, direction 

change trials. This finding is similar to that reported by Siu et al., (2008) who reported that when 

obstacle height increased, increasing the challenge of the gait task, the Stroop effect 

demonstrated during more simple motor tasks was less prominent, while incongruent and 

congruent Stroop responses required similar response times.  
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 Verbal response time to the neutral task also increased in Direction Change trials 

compared our single-task Standing trials. This is interesting, and suggests that performing a 

motor task of high complexity, requiring integration of new visual information and executing a 

new stepping pattern provides a general increased demand on attentional resources, whereas 

when no change in direction was required the only observed change in verbal task performance 

was for the more complex cognitive (Stroop) tasks. Similar to Potocanac et al., (2015) who used 

projected stepping stones rather than obstacles to initiate a last minute step adjustment, the 

current task was quite challenging for our young adult participants. The allocation of cognitive 

resources, shown by the time required to respond to each cognitive task, revealed that 

sophisticated cognitive control aids in obstacle crossing maneuvers and greater input is 

demanded when young adults are forced to perform a last-minute stepping strategy adjustment.  

4.5.4 Conclusions 

 Integrating visual information into the execution of a complex motor task appears to be 

moderated by sophisticated cognitive system inputs. In general, young adults were effective in 

adopting a strategy of reducing their CoM velocity in order to maintain a relatively consistent 

stepping pattern when required to perform a last-minute obstacle crossing task. In contrast to 

work done by Siu et al., (2008) which presented an auditory Stroop task to young adults during 

obstacle crossing and found that young adults followed the “posture-first” hypothesis 

(Shumway-Cooke et al., 1997), for our novel locomotor task we observed bilateral dual-task 

effects. Specifically, our young adult participants performed shorter crossing steps, placed their 

trail limb further from the obstacle, and landed with their lead limb closer to the opposite side of 

the obstacle when responding to the auditory Stroop task, regardless of whether they were cued 

to step across the obstacle from the beginning of the trial or just two steps before. The clearest 

evidence that performing an online direction change prior to obstacle crossing is reliant on 

sophisticated cognitive processes was found in the verbal response times recorded for cognitive 

task performance. We integrated a neutral task to parse out the effects of performing a more 

targeted demand on executive functions compared to a task which placed a more general demand 

on attentional resources, and found that visually integrating a new stepping pattern to cross an 

obstacle demanded greater attentional resources compared to simply walking across the obstacle. 
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Incorporating a last-minute direction change is an incredibly complex locomotor maneuver that 

requires increased cognitive resources compared to execution of a pre-planned obstacle 

avoidance task.  
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5 The dual-task implications of producing an unexpected obstacle 

circumvention stepping strategy 

5.1 Abstract 

 We know that performing simultaneous cognitive tasks while circumventing an obstacle 

results in reduced approach velocities, and increased horizontal space preserved between an 

individual and the obstacle. However, less is known about how humans are able to respond to a 

sudden change in an established obstacle avoidance strategy prior to circumventing an obstacle, 

nor the role of the cognitive system in aiding these maneuvers. Nineteen young adults performed 

15 standing response trials to an auditory cognitive task (neutral task, congruent or incongruent 

Stroop) and 64 obstacle circumvention trials. Participants were cued via lights on a 50cm wide 

obstacle placed at the center of a walkway to either circumvent to the left, right, or step across 

the center of the obstacle at the beginning of each trial. In half of these trials, the light changed 

two steps prior to the obstacle to indicate participants to change their avoidance strategy (from 

crossing to circumvention, or alternating circumvention sides). Three-quarters of all trials 

required participants to respond to a simultaneous cognitive task two steps prior to the obstacle 

as well. Three-quarters of all trials required participants to respond to a simultaneous cognitive 

task two steps prior to the obstacle as well. We found that participants slowed their approach 

velocity, and deviated their center of mass earlier and to a greater magnitude when required to 

perform an online circumvention strategy adjustment. No effect of performing a cognitive task 

was found on locomotor behavior. However, participants did require greater time to respond to 

the cognitive tasks when alternating their circumvention strategy. These findings demonstrate 

that circumvention is a complex motion, requiring feedforward control for execution. 
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5.2 Introduction  

 Locomotion is a complex task; moving from one location to another challenges the 

human motor system to adapt to ongoing environmental demands, progress forward, and 

maintain balance (Das & McCollum, 1988; Patla et al., 1991). However, independence in daily 

life largely demands that humans maintain their mobility effectively and efficiently. Whether 

navigating through a crowd, along a street, or maneuvering around trees or rocks in a forest, 

obstacles appear, providing additional task constraints and requiring individuals to adjust their 

stepping patterns. When an obstacle is in the path of travel, we can select to either step around or 

across it (Patla et al., 1991). Depending on the constraints of the environment, we may be forced 

to perform a last minute adjustment to our avoidance strategy; consider approaching a curb 

where another pedestrian has stepped in front of you, forcing you to step around this individual 

to continue forward and avoid contact.   

How are these actions coordinated? We know that accurate sampling of visual 

information during the approach of an obstacle is necessary to ensure appropriate foot placement 

(Patla & Grieg, 2006); in fact, at least two steps are required to integrate visual information into 

a new stepping pattern during ongoing gait (Patla et al., 1991; Patla and Vickers, 2003). This 

requirement is particularly concerning when obstacles appear suddenly, or when the avoidance 

strategy selected must be changed suddenly to adapt to a dynamic environment. For example, an 

individual may have to perform a transient direction change to avoid an oncoming pedestrian and 

step across a street curb; visual information would detect the relative position and velocity of the 

pedestrian and subsequently generate an appropriate avoidance strategy. If not executed in an 

appropriate and timely manner a collision with the obstacle may occur.  

We now understand that complex locomotor strategies as previously described require 

some level of input from the cognitive system to control and adapt to changing environmental 

conditions (Yogev et al., 2008; Chen et al., 1991; Worden et al., 2016). Executive functions (EF) 

are highly sophisticated cognitive processes, which allow for deliberate behaviors to be 

anticipated, executed, monitored, and if need be, inhibited (Yogev et al., 2008; Banich, 2009). In 

terms of locomotion, EF aid in the integration of visual information about the surrounding 
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environment (Ellmers et al., 2016). Past research has also shown that cognitive control 

requirements increase when the locomotor task complexity increases, such as during obstacle 

circumvention (e.g. Gérin-Lajoie et al., 2006; Richer et al., 2014). Performance of this particular 

task requires multiplanar control of the center of mass through adjusted lateral step placement 

and reorientation of the trunk and pelvis to a new, transient path of travel in order to eventually 

reach the final end point goal (Vallis and MacFadyen, 2003; Wilmut et al., 2017). What may 

appear to be a very simple maneuver to execute is actually quite complex to undertake.   

Performance of a cognitive task simultaneous with a locomotor task (dual-tasking) often 

results in reduced performance in either the cognitive task (Siu et al., 2008; Worden et al., 2016), 

the gait task (Hausdorff et al., 2008), or both tasks (Gérin-Lajoie et al., 2006) compared to 

performing either task in isolation (single-task performance). Previous research has reported 

dual-task performance ‘costs’ when performing a simultaneous cognitive task while 

circumventing an obstacle in the locomotor path (dual-tasking). These have included decreased 

gait speed (Gérin-Lajoie et al., 2006) and delayed lateral center of mass shifts to pass by the 

obstacle (Souza Silva et al., 2020). Circumventing an obstacle that appears suddenly has also 

been investigated previously; these last minute adjustments have been found to also lead to 

decreased gait velocity and increased lateral step placements, away from the obstacle (Wilmut et 

al., 2017). No studies, to our knowledge, have explored the cognitive demands required for the 

execution of these on-line transient obstacle circumventions.  

It is the aim of the current study to address this gap in the literature. The underlying 

processes which allow for transient, online shifts of the center of mass without adjusting the 

endpoint goal of locomotion have not yet been characterized, nor has the role of the cognitive 

system in overseeing these stepping pattern adjustments. We hypothesize that when participants 

are required to circumvent an obstacle in response to visual cues provided two steps prior, gait 

velocity during the approach of the obstacle will decrease, and lateral deviation of their center of 

mass (CoM) will be delayed and of greater magnitude while maneuvering about the obstacle. As 

well, indicative of increased cognitive system demands required to perform a last-minute 

direction change to circumvent the obstacle successfully, we expect that participants will 

demonstrate an increased effect of these last minute strategy adjustments when required to 
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respond to a simultaneous cognitive task. We also expect participants to increase their response 

time for cognitive task performance during trials where they are required to execute direction 

changes. This would indicate a reliance on EF processes to integrate this visual information into 

a novel, transient obstacle circumvention strategy.  

5.3 Methods 

5.3.1 Participants 

 A total of 19 young adults (10 males, 9 females, age: 22.7  2.5 years; height: 1.75  0.07 

m; weight 75.48  13.81 kg) provided written consent to participate in this protocol. This study 

was approved by the institutional research ethics board. All participants were self-reported to be 

free of any musculoskeletal or neurological conditions which would affect their mobility (e.g. 

recent fractures, sprains, or concussive event), and were asked to wear comfortable, fitted 

clothing as well as their preferred exercise shoes, as they performed all gait tasks while shod. 

The Waterloo footedness questionnaire (Appendix 8.1; Elias et al., 1997) was completed by 

participants to determine footedness; all participants were found to be right-foot dominant. This 

study was a part of a larger data collection, which included trials where participants crossed over 

the center of the obstacle. 

5.3.2 Experimental Protocol  

 Participants completed 64 gait trials, traversing a 7 m walkway with an obstacle placed 

3.5 m from the start. Motion of the trunk, pelvis, lower limb and foot was recorded via 37 

retroreflective markers placed at anatomical landmarks (Leardini et al., 2007; Leardini et al., 

2011; 120 Hz; Optitrack, Motive v. 2.2; Natural Point, Corvallis, OR). We required participants 

to form an initial travel plan during approach of an obstacle (50 x 2 cm width x depth, height = 

15% leg length, measured from the greater trochanter to lateral malleolus) as indicated by LED 

lights placed on the obstacle (e.g. left LED = left circumvention; right LED = right 

circumvention; center LED = step over). Two steps before reaching the obstacle, a laser sensor 

(Arduino IDE v. 1.8.12) would require participants to make a sudden shift in their travel 
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direction by changing which LED lights were illuminated. Figure 5.1 outlines the Experimental 

trials conducted for this paradigm. 

 

Figure 5.1. Overview of experimental paradigm. After familiarization with the task, all participants were first 

asked to complete the cognitive task while standing (top row; cognitive ‘single’ task; n = 15 trials). 

Participants then completed 64 walking trials (randomized; middle and bottom rows; trial n-values 

indicated). LED lights illuminated on the obstacle indicated to participants to circumvent or step over the 

obstacle. In 32 of the gait trials, this light would stay lit throughout the trial, and the participant would 

circumvent in the direction indicated. In another 32 of these walking trials, the LED light array would change 

two steps before the obstacle, indicating participants to change their approach strategy from what was 

initially cued, either from stepping over the obstacle to circumventing to one side (third row down) or from 

circumvention of one side of the obstacle to the other (bottom row). Of these walking trials, some also 

included a cognitive task that required a verbal response (second column; auditory Stroop or Neutral cue).  
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 The auditory Stroop provides a significant challenge to the cognitive system by requiring 

individuals to verbally identify the pitch of a word spoken through speakers in the laboratory, 

saying the word “high” or “low” in either a high or low pitch. Concurrent with the prior 

described visual cue change indicating a shift in circumvention trajectory, this cognitive load was 

presented via speakers mounted at the middle of the walkway (Sony: SRS-X5). The word could 

match the pitch (congruent Stroop; i.e., a high pitched voice saying the word “high”) or 

mismatch (incongruent Stroop; i.e., a low pitched voice saying the word “high” (Siu et al., 2008; 

Worden et al., 2016). A neutral cue was also presented to participants, requiring them to respond 

to a moderate pitched voice saying the word “hello” by repeating “hello” back. This neutral cue 

was used to assess participant’s response times to provide a cognitive performance independent 

of the executive function demands of the auditory Stroop task (Knight & Heinrich, 2017). Vocal 

response times were captured via a custom-made microphone worn by the participant on a small 

lapel microphone. Vocal waveforms were sampled (1200 Hz) using the Motive software 

platform along with kinematic data 

 Participants were first provided with a verbal explanation of each of the cognitive tasks. 

Each audio cue was played over the speakers once, with the correct response identified for each 

cue by a member of the researcher team. Following this, participants performed 15 

familiarization trials of the cognitive tasks while seated, consisting of 5 congruent Stroop cues (3 

x high pitched “high”, 2 x low pitched “low”) 5 incongruent Stroop cues (3 x low pitched “high”, 

2x high pitched “low”) and 5 neutral cues, all randomly presented. Accuracy and not response 

time was captured for these trials. Participants were required to answer at least 80% of these 

familiarization trials in order to proceed with the experimental protocol; all of our young adult 

participants achieved this score, though one participant required one extra trial. Participants were 

given feedback depending on their answer to each cue “Correct, good job” or “That was actually 

____.” Following this familiarization period, participants no longer received feedback on their 

cognitive response accuracy. Next, participants underwent 15 cognitive single-task trials, where 

they were asked to stand quietly and respond to a cognitive task, presented randomly (n = 5 

congruent Stroop, n = 5 incongruent Stroop, n = 5 neutral task). Accuracy as well as response 

time was collected for these standing trials (see Figure 5.2).  
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 To assess the cost of adding a cognitive load during our challenging stepping task, 

participant performance was measured when both cognitive and gait tasks were presented 

simultaneously (dual-task), and compared to measures collected when the two tasks were 

presented in isolation from each other (single-task gait; single-task cognitive; Figure 5.2). 

Participants received explicit instructions to perform both the cognitive and motor task to the 

best of their ability, and not prioritize one task over the other.  

 During walking trials, participants were presented with an auditory cognitive cue 

simultaneous with the visual direction change described prior, initiated by a laser sensor tower 

placed 2 steps prior to the obstacle. All cognitive and motor task conditions were randomly 

presented and blinded to each participant, so it was unknown to the participant at the start of each 

trial if they would be responding to a cognitive task during that trial, performing a direction 

change, or both. The three cognitive conditions were randomly presented during the 

experimental dual-task walking trials (Figure 5.2, right panel) for the No Change (n=32 total; 

n=8 no cognitive task; n=8 neutral; n=8 congruent Stroop; n=8 incongruent Stroop), Crossing-

Circumvention (n=16 total; n=4 no cognitive task; n=4 neutral; n=4 congruent Stroop; n=4 

incongruent Stroop) and Circumvention-Circumvention directions (n=16 total; n=4 no 

cognitive task; n=4 neutral; n=4 congruent Stroop; n=4 incongruent Stroop). This randomization 

occurred prior to data collection, and all participants performed the experimental trials in the 

same order.  

5.3.3 Data Analyses 

5.3.3.1 Motor task performance 

 All data was analyzed and any missing markers less than 10 frames (~ 83 ms) were 

interpolated within Visual 3D (version 6.03.6; C-Motion, USA) using a 5-point cubic spline 

interpolation. A zero-lag low-pass 2nd order Butterworth filter was applied to all kinematic data 

(10 Hz cutoff). The pelvis and trunk segment CoM positions were approximated by tracking the 

positions of the left and right acromion, xiphoid process (trunk), and left and right anterior 

superior iliac spines (pelvis); from these two segments a weighted CoM average was calculated 
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(CoMPT; modified from Winter et al., 1998). The first derivative of the horizontal displacement 

of the CoMPT was calculated with reference to the anterior-posterior axis of each participant, and 

an average of this (CoMPT velocity) during both approach (from two steps prior to passing 

midpoint of obstacle) and retreat (from passing midpoint of obstacle to two steps proceeding the 

obstacle) was measured for each trial. The minimum distance of the nearest foot border to the 

outer edge of the obstacle when passing was calculated as the Horizontal Foot Clearance (HFC) 

to provide insight to physical margins provided between the obstacle and the participant under 

each condition.  

 The point in time where the participant’s CoMPT deviated laterally across the walkway to 

circumvent around the obstacle was calculated and expressed as time from any visual or auditory 

cues being issued. The deviation threshold was defined as when the participant exceeded 2 

standard deviations from their average medial lateral (ML) CoMPT displacement during straight 

walking without the obstacle present, from the position of their CoMPT at the point of triggering 

the visual cue, towards the side in which they would circumvent. A longer onset time of this 

lateral CoMPT deviation was considered a delay in the execution of the transient direction change 

strategy required to circumvent the obstacle. The magnitude of this ML shift was measured as 

the maximal lateral path length displacement of the CoMPT in each trial, referenced to the ML 

global coordinates of the CoMPT at the time of receiving the visual indicator cue. Greater 

magnitude deviations in a condition would indicate that participants traversed a greater lateral 

distance while progressing a consistent antero-posterior distance to the obstacle.  

5.3.3.2 Cognitive Performance 

 Cognitive response times were captured via a custom microphone, which relayed 

auditory responses as an analog signal, digitally sampled at 1200 Hz. These signals were 

rectified, a root means square was performed, and a low pass 2nd-order Butterworth filter (10 Hz) 

was applied, in this order. A square wave signal was captured for each trial when an auditory cue 

was relayed to the speakers within the lab, and underwent the same processing as the response 

signals. Verbal response time (RT) was defined as the time between this square wave signal and 

when the processed auditory signal from the microphone increased to 1.5 standard deviations 
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above the average of the signal from before the auditory cue was played over the speakers. 

Incurring a greater RT in a condition was considered indicative of a decrement in cognitive task 

performance. Cognitive task accuracy was also recorded for each standing and walking trial and 

expressed as a percentage of total trials and a percentage of trials within each experimental 

condition. Any inaccurate cognitive trials were removed from further analyses to try and ensure 

that the participant had dedicated appropriate executive resources to the cognitive task 

performance. For context, participants accurately responded to 1167 out of 1195 cognitive tasks, 

for a success rate of 97.66%. 

5.3.4 Statistical Analyses 

 All statistical analyses were performed using SPSS (SPSS Inc., USA, Version 25). 

Significance was set at p<0.05. To assess the effect of the secondary cognitive task on obstacle 

circumvention strategies, a cognitive task (no task, neutral task, congruent and incongruent 

Stroop) by motor task (no direction change, crossing to circumvention, circumvention to 

circumvention) repeated measures ANOVA was performed (dependent variables: all spatial and 

temporal gait metrics). To determine effects of motor task complexity on cognitive task 

performance, cognitive (neutral task, congruent and congruent Stroop) by motor task (standing, 

no direction change, crossing to circumvention, circumvention to circumvention) two-way 

repeated measures ANOVA (dependent variable: RT) was also performed. When appropriate, 

Bonferroni and t-test post-hoc analyses were conducted. 

5.4 Results 

5.4.1 Motor task performance 

 Average and standard errors as well as statistical differences observed for the gait 

parameters measured are presented in Table 5.1. Note that no statistical interactions of Cognitive 

* Motor task complexities were found in any of the spatial or temporal gait metrics calculated.  

 A main effect of Cognitive task was found for approach velocity (F(3, 54) = 3.44, p < 0.05, 

ηp2 = 0.160) but no other measure, where the slowest approach velocity was demonstrated when 

participants responded to a simultaneous congruent Stroop task. The repeated-measures ANOVA 
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also revealed a main effect of Motor task complexity for approach velocity (F(2,36) = 57.35, p < 

0.001, ηp2 = .761) in addition to retreat velocity (F(2, 36) = 3.85, p < 0.05, ηp2 = .176). Specifically, 

participants reduced their approach velocity on average by 0.091 ± 0.011 m/s (p < .001) when 

required to adjust their circumvention strategy from one side of the obstacle to the opposing side, 

and by 0.037 ± 0.007 m/s when adjusting their avoidance strategy from crossing to 

circumvention (p < 0.001), compared to trials where no direction change was required. Approach 

and retreat velocities across motor and cognitive task conditions are illustrated in Figure 5.2
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Table 5.1. Mean ± standard error of gait parameters across motor and cognitive task complexity conditions. No interaction effects of motor * cognitive 

task complexity were observed for any gait measures. Main effects of motor task complexity were also observed for CoMPTVapp, CoMPTVret, CoM 

ML maximum deviations, and CoM ML deviation onset timing; t-tests were used to reveal where conditions significantly differed from no direction 

change (a; p < 0.05). The only effect of cognitive task complexity was found in approach velocity, specifically in that the neutral task during No 

Direction Change trials resulted in greater CoMPTV (b; p < 0.05). Bolded values highlight statistically significant findings. 

Condition: CoMPTVapp (m/s) CoMPTVret (m/s) Minimum Horizontal 
Distance (m) 

CoMPT ML maximum 
Deviation (m) 

CoMPT ML Deviation 
onset (s) 

No Direction Change + No Cognitive task 1.15 ± 0.03 1.18 ± 0.03 0.112 ± 0.009 0.346 ± 0.022 0.383 ± 0.032 

No Direction Change + Neutral task 1.16 ± 0.03b 1.19 ± 0.03 0.117 ± 0.013 0.362 ± 0.018 0.359 ± 0.030 

No Direction Change + Congruent Stroop 1.15 ± 0.03  1.18 ± 0.03 0.117 ± 0.010 0.352 ± 0.022 0.363 ± 0.027 

No Direction Change + Incongruent Stroop 1.14 ± 0.03  1.18 ± 0.03 0.112 ± 0.008 0.343 ± 0.017 0.363 ± 0.034 

Crossing-Circumvention + No cognitive task 1.12 ± 0.03 1.17 ± 0.03 0.113 ± 0.009 0.418 ± 0.016 a 0.644 ± 0.021 a 

Crossing-Circumvention + Neutral task 1.11 ± 0.04 1.18 ± 0.03 a 0.119 ± 0.007 0.417 ± 0.014 a 0.678 ± 0.022 a 

Crossing-Circumvention + Congruent Stroop 1.12 ± 0.04 1.18 ± 0.03 0.123 ± 0.010 0.420 ± 0.014 a 0.592 ± 0.035 a 

Crossing-Circumvention + Incongruent Stroop 1.11 ± 0.03 1.18 ± 0.03 0.116 ± 0.009 0.445 ± 0.025 a 0.661 ± 0.021 a 

Circumvention-Circumvention + No cognitive task 1.06 ± 0.03 a 1.18 ± 0.03 0.111 ± 0.007 0.516 ± 0.023 a 0.974 ± 0.021 a 

Circumvention-Circumvention + Neutral task 1.06 ± 0.03 a 1.17 ± 0.03 a 0.123 ± 0.008 0.530 ± 0.026 a 0.948 ± 0.036 a 

Circumvention-Circumvention + Congruent Stroop 1.06 ± 0.03 a 1.16 ± 0.03 0.119 ± 0.008 0.494 ± 0.028 a 0.959 ± 0.029 a 

Circumvention-Circumvention + Incongruent Stroop 1.06 ± 0.03 a 1.17 ± 0.03 0.123 ± 0.009 0.515 ± 0.026 a 0.915 ± 0.036 a 
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Figure 5.2. Approach (A) and Retreat (B) CoMPTVel; mean ± SE. Participants demonstrated a main effect of 

motor task complexity in both approach and retreat velocity, with a reduced approach velocity in 

circumvention-circumvention direction change trials compared to crossing-circumvention direction change 

trials (p < .05). Both direction change trials resulted in reduced approach CoM velocity compared to trials 

with no change (black circles).  
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 No statistical interactions of Cognitive * Motor task complexities were found for the 

CoMPT metrics calculated however a main effect of Motor task was observed when participants 

executed a last-minute direction change. Individuals increased their maximum CoMPT deviation 

in these trials compared to those where participants were not required to perform a direction 

change (F(1.12, 36) = 20.52, p < 0.001, ηp2 = .533) indicating that CoM motion was affected by 

performing an online obstacle avoidance strategy adjustment (see Figure 5.4). Specifically, 

participants showed a greater maximum lateral CoMPT deviation of  0.16 ± 0.03 m (p < 0.05) 

when performing a circumvention-circumvention direction change, and by 0.09 ± 0.02 m (p < 

0.05) when adjusting from an obstacle crossing to an obstacle circumvention strategy change 

compared to trials with no direction change required. 

 Similarly, a main effect of Motor task  (F(1.44, 36) = 3.83, p < 0.001, ηp2 = .892) was 

also observed for CoMPT ML onset timing. When participants were required to adjust their 

obstacle avoidance strategy from crossing to circumvention, they demonstrated a delay of 0.277 

± 0.029 s. A larger delay of 0.582 ± 0.043 s (p < 0.05) was found when participants were 

required to change from a circumvention strategy from one side of the obstacle to the other, 

compared to trials where no direction change was required. No main effect of Cognitive task 

complexity was found for either maximum CoMPT ML deviations magnitudes or CoMPT ML 

deviation onset timing. No effect of Cognitive or Motor task was found for MFC. 
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Figure 5.3. Center of MassPT mediolateral deviation characteristics, mean ± SE. Main effects (*) of Motor 

task, but not Cognitive task complexity, were found in both CoM ML maximum deviations (A) and onset 

timing (B). Specifically, participants deviated the furthest and with the greatest delay when required to 

perform a direction change from circumvention one side of the obstacle to the other. To a lesser degree, 

participants also deviated more laterally and later when changing from crossing to circumvention compared 

to when no direction change was incurred. 
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5.4.2 Cognitive Task Performance    

Table 5.2 Verbal response time; mean ± standard error of response time (s) during single task, dual-task 

without a strategy change, and dual-task with an avoidance strategy change from crossing to circumvention, 

or circumvention to the side opposing what was initially planned by participants. Response times for the 

Stroop tasks, and not the neutral task, increased in trials not requiring a change in approach strategy 

compared to single-task (a). Neutral task and incongruent Stroop response times increased significantly when 

performing a direction change compared to both standing and No Change condition trials (b). Congruent 

Stroop response times increased only in Circumvention-Circumvention trials compared to No Change trials 

(c) (p < 0.05). 

 

 Standing 

(Single-Task) 

No Change Crossing-

Circumvention 

Circumvention-

Circumvention 

Neutral Task 0.828 ± 0.032 0.803 ± 0.021 0.931 ± 0.035b 0.944 ± 0.025b 

Congruent Stroop 0.819 ± 0.026 0.943 ± 0.023a 0.944 ± 0.026 1.073 ± 0.025c 

Incongruent 

Stroop 

0.944 ± 0.032 1.041 ± 0.025a 1.086 ± 0.047 1.142 ± 0.043b 

     

 Response times across accurate single task conditions and dual-task gait conditions are 

presented in Table 5.2 and Figure 5.4. Repeated measures analysis revealed an interaction of 

Motor task * Cognitive task complexity for verbal response time (F(3.44, 108) = 3.51, p < 0.05, 

ηp2 = .163).  

 On average, across all Motor task complexities participants took longer to respond to 

incongruent Stroop tasks (average 1.054 ± 0.03) compared to congruent Stroop tasks (0.945 ± 

0.024); both Stroop tasks required greater time to respond compared to the neutral task (0.878 ± 

0.021) (p < 0.05).  

 Similarly, across all cognitive task complexities, participants required greater RT in trials 

where a direction change was required, e.g. circumvention strategy from one side to the other 

compared to both Standing (single-task) and No Change trials. When required to change from a 



 

 

84 

 

crossing strategy to circumvention strategy, participants did not significantly increase their 

response time compared to No Change trials, but did increase compared to standing trials. Post-

hoc analyses revealed that within the Standing condition (single-task), participants required 

greater time to respond to the incongruent Stroop task compared to either the congruent Stroop 

(t(18) = 4.89; p <0.001) or neutral task (t(18) = 2.78; p <0.05). There was no difference found 

between the congruent Stroop and neutral task response times during standing.  

 When participants performed obstacle circumvention with no direction change required, 

participant cognitive task performance decreased significantly for both the congruent (t(18) = 

4.66; p <0.001) and incongruent (t(18) = 3.48; p <0.01) Stroop tasks, indicated by increased RT. 

Neutral task performance was not significantly different from standing in the no direction change 

condition (p = 0.30). Performance on the neutral task did significantly increase in both motor 

task conditions requiring a last minute direction change, crossing-circumvention (t(18) = 3.58; p 

<0.01) and circumvention-circumvention (t(18) = 5.18; p < 0.001), compared to no change trials, 

but did not differ between direction change conditions (p = 0.68). Congruent Stroop task 

performance was not affected in trials requiring a strategy adjustment from crossing to 

circumvention strategy (p = 0.98), but RT on the congruent Stroop task did increase significantly 

when participants were required to change from one circumvention strategy to the opposing side 

(t(18) = 3.57; p < 0.01). Similarly, compared to No Change trials, incongruent Stroop task RT was 

greatest when participants changed from one circumvention strategy to the other (t(18) = 2.99; p 

<0.01). There was no effect of adjusting from a crossing strategy to a circumvention strategy 

found for incongruent Stroop RT (p = 0.2). 
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Figure 5.4. Verbal response time for cognitive tasks performed while standing and during obstacle 

circumvention trials. A significant interaction of Cognitive task by Motor task complexity effects was 

observed (p<0.05). Participants significantly increased their response times during circumvention trials when 

no direction change occurred compared to standing when responding to either of the two Stroop tasks, but 

not the neutral task. Conversely, when required to adjust their avoidance strategies from crossing to 

circumvention, participants required greater time to respond to the neutral task, but not to either of the 

Stroop tasks. All cognitive task conditions demonstrated an increase in RT in trials where participants were 

required to shift their avoidance strategy to circumvent from one side of the obstacle to the other compared 

to trials with no direction change indicated, which in turn resulted in greater RT compared to single-task 

trials (*). 
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5.5 Discussion 

 Our initial aim was to characterize how individuals are capable of integrating last-minute 

visual information into ongoing step patterns and execute a transient obstacle circumvention 

strategy, and to better understand the role of the cognitive system in aiding these online 

adjustments. Supporting our hypotheses, performing these last minute avoidance strategy 

adjustments resulted in delayed lateral deviations of the CoM about the obstacle and an increase 

in the magnitude of these deviations, as well as slowed CoMPT velocity when approaching the 

obstacle compared to trials where participants were given greater than two steps of notice 

regarding their obstacle avoidance strategy. We did not observe increases in these effects when 

participants were required to respond to a simultaneous cognitive task. However, our cognitive 

task performance measures did demonstrate a change in cognitive resource allotment away from 

the cognitive task during trials where participants performed a direction change, specifically 

when required to alternate circumvention strategies from one side of the obstacle to the other, 

indicating an increase in cognitive commitment required to perform the maneuver.  

5.5.1  When circumventing based on a last-minute direction change, participants slow 

their approach, delay their ML CoMPT deviation, and deviate further 

 Our participants demonstrated a strategy of reducing their CoMPTV when approaching 

the obstacle during both conditions requiring a last-minute obstacle strategy adjustment. This 

makes sense as participants would have decelerated along their initial path of travel in order to 

accelerate along the new, indicated path around the obstacle. This is similar to findings by 

Wilmut and colleagues (2017) when investigating young adult approach of obstacles which 

appear suddenly. Our participants slowed their CoMPT more when required to perform an 

alternating circumvention-circumvention strategy change compared to when required to adjust 

from crossing the obstacle to circumventing. This makes sense, as maintaining mediolateral 

balance during locomotion requires greater active control compared to antero-posterior 

(O’Connor & Kuo, 2009), due to inherent passive mechanics based on forward locomotion and 

foot swing (Bruijn & Van Dieën, 2017). Reducing gait velocity then would be a useful strategy 

to improve postural stability and minimize the destabilizing effect of forward momentum as an 
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individual incorporates this greater magnitude lateral adjustment (Kaya et al., 1998). Both 

strategy change conditions resulted in significantly slower approach velocities compared to trials 

where no direction change was required, indicating a need to reduce approach velocity in order 

to ensure adequate lateral clearance of the obstacle.  

 When our participants were not required to complete a strategy adjustment, we saw the 

earliest mediolateral deviation onset as well as the smallest magnitude of the CoMPT lateral 

deviation. This is consistent with previous obstacle circumvention research, which found that 

young adults maintain a spatially consistent margin of safety between themselves and the 

obstacle, and initiate their circumvention parameters several steps prior to contact with the object 

(Cinelli & Patla, 2008; Wilmut et al., 2017; Vallis & McFadyen, 2003). The CoMPT lateral 

measures do not provide a direct metric of personal space affordance, as calculated in previous 

work with pedestrian-sized obstacles (i.e., Gérin-Lajoie et al., 2005) though still provide useful 

insight on control strategies undertaken when performing these online maneuvers.  

When required to perform a change in circumvention strategy two steps prior to obstacle 

contact, participants delayed deviating their CoMPT laterally from their initial path of travel and 

increased the magnitude of this deviation. Because the obstacle used in our paradigm was low in 

height and contrast compared to other studies which utilize a pedestrian-sized obstruction (Gérin-

Lajoie et al., 2005; Cinelli & Patla, 2008; Souza Silva et al., 2020), we used the lateral border of 

the foot to measure lateral clearance and obstacle affordances. It is interesting then, that though 

our participants maintained a consistent horizontal foot clearance, their center of mass behavior 

differed when required to incorporate a last-minute avoidance strategy change. Delaying shifting 

the CoMPT and increasing the magnitude of the CoMPT during these trials was likely a 

conservative avoidance strategy utilized by our participants to maintain personal space about the 

obstacle during approach and passing (Gérin-Lajoie et al., 2005; Cinelli & Patla, 2008), while 

also minimizing the disruption the last-minute visual cue had on their stepping pattern and thus 

reducing the muscular requirement to perform the maneuver by keeping their step placement 

relatively near the obstacle (Patla et al., 1999).  
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5.5.2 Alternating from one circumvention strategy to another is a more complex 

maneuver than changing from crossing to circumvention  

 Though our participants adjusted their approach CoMPT behaviors during both 

circumvention strategy adjustment conditions, trials where participants were required to alternate 

circumventing from one side of the obstacle to the other resulted in the greatest biomechanical 

changes in these avoidance strategies. The only difference between the two motor task conditions 

was the initial obstacle avoidance strategy formed and undertaken by participants. As such, our 

results suggest a strong preference for participants to initiate a circumvention strategy prior to the 

two step minimum required to incorporate visual information into new stepping patterns (Patla et 

al., 1991). As stated previously, young adults have been found to preserve a consistent spatial 

“safety-zone” between themselves and an obstacle during circumvention. Obstacle crossing, 

however, does not require this same strategy to be employed; rather, the participant must adjust 

the steps immediately prior to crossing, which can be executed anytime within the two steps 

leading up to obstacle crossing (Patla & Vickers, 2003). The spatial constraints of the avoidance 

task also likely had an effect here. If a participant had already initiated this circumvention 

strategy, they would also have translated laterally along the walkway towards the initial side 

directed, requiring a greater lateral distance to be traversed to alternate to circumventing the 

contralateral side of the obstacle.  

 It is important to note that our participants also performed these alternate circumvention 

trials more slowly than the crossing-circumvention conditions. Collectively these data tell us that 

the deviation occurs later than in the relatively faster, crossing-circumvention or no direction 

change trials. We know from past research that adjusting from an obstacle crossing strategy to an 

obstacle circumvention strategy requires control of the center of mass over a smaller lateral 

distance than the alternating circumvention strategy, requiring less activation of the hip abductor 

muscles to perform the maneuver (Berry et al., 2015). It makes sense, then that this maneuver 

was faster to initiate than the alternating circumvention condition.    

 Out of the two direction change conditions, alternating from circumvention of one side of 

the obstacle to the other was found to provide our participants with the greatest biomechanical 
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challenge, with the greatest changes from trials with no direction change required. Thus, the 

complexity of maintaining postural integrity as well as gait progression during circumvention 

was determined to be a more complex gait task to perform compared to changing from one 

obstacle avoidance strategy to another altogether.  

5.5.3 More cognitive resources were allocated to perform these alternating circumvention 

strategy changes 

 Contrary to our initial hypothesis, we did not observe any effect of responding to a 

simultaneous cognitive task on most of our obstacle avoidance measures. We did observe a 

statistically significant effect of cognitive task on approach velocity, specifically responding to a 

simultaneous neutral task resulted in participants approaching the obstacle more quickly when 

not integrating a last-minute avoidance strategy change. This is contrary to previous work which 

investigated dual-tasking during obstacle circumvention, where participants reduced their 

approach velocity when responding to a simultaneous cognitive task (Gérin-Lajoie et al., 2006; 

Souza Silva et al., 2020). It is important to note that these previous paradigms included moving, 

pedestrian-sized obstacles, and different cognitive tasks than what was used in the current 

paradigm.  

 We did observe significant effects of performing a last minute strategy adjustment on the 

allocation of cognitive resources between the locomotor and the cognitive task. As illustrated in 

Figure 5.4, the greatest performance decrements on the auditory Stroop task were found in 

conditions where either task was of high complexity. The incongruent Stroop was the most 

complex, requiring the greatest time to respond across all motor task conditions. Similarly, the 

greatest performance decrement, indicative of reduced resources allotted to the cognitive task, 

was observed during circumvention-circumvention strategy adjustment trials. This is an 

interesting finding, as although this condition presented a challenging biomechanical maneuver 

as demonstrated by results from our locomotor measures, the response time data also infer that 

this placed a high demand on the cognitive system as well.  
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  All cognitive task complexities demonstrated a significant increase in response time 

during alternating circumvention trials compared to trials requiring no direction change, but only 

the neutral task increased relative to no direction change trials when completing crossing-

circumvention strategy adjustments. Configuring ones’ cognitive framework to respond to a new 

set of task demands is thought to add to the processing requirements of cognitive tasks (Koch et 

al., 2018). In the case of this study, the goal of the initial obstacle avoidance task was either to 

cross over the center of the obstacle successfully, or reorient ones’ path of travel to circumvent 

the obstacle, and continue to the end of the walkway. The ML CoMPT data suggest that our 

participants had committed to performing the initial circumvention task during alternating 

circumvention trials. Thus, when visually cued to adjust to the other side of the obstacle, our 

young adult participants were required to inhibit this initial plan and execute a new one, a 

process aided by the executive functions of the cognitive system which would be in competition 

with the simultaneous auditory Stroop task (Yogev et al., 2008). This could account for the 

increased cognitive resource demand to attend to the alternating circumvention condition 

compared to the crossing-circumvention condition, and resulting decreased performance in the 

cognitive task. 

  To our knowledge, no study has yet compared performance on an auditory Stroop task to 

performance on a neutral task such as ours. Our neutral task required similar perceptive and 

response modalities to the auditory Stroop (e.g. hear, and then answer verbally), however the 

neutral cue did not require the facilitative or inhibitory processes required by the Stroop task. A 

neutral cue has been used in Stroop paradigms before, acting as a measure of time necessary to 

process a task of a similar modality to the Stroop task, though this work has shown that neutral 

cue responses are independent of facilitative or inhibitory effects of the congruent and 

incongruent Stroop (Wright, 2017). As such, we would consider this neutral task to be a metric 

representative of general attentional resource allotment, rather than competition for EF 

processes. The fact that participants required greater time to process and respond to the neutral 

task during trials with a direction change demonstrates that there was a large demand on each 

individual’s attention, or ability to allocate their cognitive resources to a task, to integrate this 

new visual information and execute the adjusted stepping pattern. This is interesting as this 
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increase in demand was not present when the direction change was not required, though 

participants were still performing the same task constraint (i.e., circumvent the obstacle). In 

contrast to this, auditory Stroop performance only significantly decreased in alternating 

circumvention avoidance strategy conditions compared to conditions with no strategy 

adjustment, and in this condition the difference between incongruent and congruent Stroop 

response time was not significant. This relationship between congruent and incongruent Stroop 

response time is similar to that found by Siu et al., (2008) during obstacle crossing, where with 

increasing locomotor task complexity such as increased obstacle height, congruent Stroop 

response times increased to a similar degree, representing a general increase in cognitive system 

requirement to perform more complex obstacle avoidance maneuvers.  

5.5.1 Conclusions 

 To our knowledge, our study is the first to characterize the role of the cognitive system in 

performing obstacle circumvention tasks which are cued by visual information provided only 

two steps prior to obstacle contact. The biomechanical effect of alternating circumvention 

strategies from one side of an obstacle to the other has been demonstrated to have a greater 

lateral motion requirement compared to adjusting an obstacle avoidance strategy from crossing 

to circumvention two steps prior to the obstacle, and requires greater input from the cognitive 

system to execute. We only examined stepping responses in young adults, who were able to 

perform this short-notice circumvention task successfully. However, our results provide an 

interesting avenue for future research. For example, exploring the strategies used by individuals 

with visual or cognitive concerns to complete these avoidance maneuvers may provide useful 

information regarding falls risks during navigation of complex environments. Perhaps these 

individuals would require greater cognitive resources to perform these maneuvers, or would have 

greater motor performance deficits compared to those demonstrated by our participants. Our 

present work indicates that increasing the complexity of a locomotor maneuver during obstacle 

circumvention increases the requirement of the cognitive system to aid in locomotor control, 

which is a useful insight on how humans navigate their complex environments.  
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6 To what extent is the cognitive system required to perform a 

visually evoked online step adjustment? 

6.1 Introduction 

As revealed in Chapters 4 and 5, the process of using new visual information to produce a 

new locomotor pattern to cross or circumvent and obstacle during ongoing gait requires greater 

input from the cognitive system compared to avoiding the obstacle with no online stepping 

adjustment; this was shown through greater RT to respond to a cognitive task during these trials. 

While these are important findings, questions remain regarding the actual demands placed on the 

cognitive system when performing complex locomotor maneuvers with different task constraints.  

To our knowledge, no published experimental study has directly compared the dual-task 

costs of obstacle crossing to obstacle circumvention. As such, it is unclear if there is a significant 

difference between the two locomotor strategies when it comes to demand on the cognitive 

system. This is likely due to the differences in constraints across the two tasks. As discussed in 

Section 2.2.1, obstacle crossing requires fine control of the crossing limbs to avoid contact (Chou 

& Draganich, 1998), with control over step placement prior to the obstacle critical for guiding 

the step trajectory over the obstacle (Heijnen et al., 2012) and safe movement of the center of 

mass (MacLellan & Patla, 2006). Obstacle circumvention, however, requires coordination of the 

body’s axial segments as well as adjusted step placement (Paquette & Vallis, 2010) to reorient to 

a new, transient direction of travel about the obstacle. It would be expected that these two motor 

tasks, with such different constraints, would demand differing levels of cognitive system 

involvement to perform.  

The calculated percentage difference in performance of tasks when performed concurrently 

(dual-task) compared to task performance when performed in isolation (single-task) provides a 

useful metric for comparing the effect of adjusting the complexity of a task within dual-task 

paradigms (McIsaac et al., 2015). This dual-task effect (DTE) provides either a positive or 

negative measure of performance change which, in the case of cognitive task response time, 

would indicate either a decrease or increase in performance when our participants were 
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responding to a cognitive task while also avoiding the obstacle. Greater DTE in trials requiring a 

direction change compared to those which do not require this direction change would indicate 

that the cognitive system is utilized to aid in the integration of visual information (i.e. our LED 

direction indicators), from the environment into a novel stepping pattern. The results of this 

calculation provide a general measure of the cognitive system demand incurred by performing 

these online stepping changes. To this end, we calculated the dual-task effect (DTE) for making 

a sudden change in an obstacle avoidance strategy (based on a visual cue) while simultaneously 

performing a cognitive task. We expect that due to the increased motor task complexity 

presented by requiring participants to execute a new stepping pattern and inhibit their previous 

one, we would observe an increased DTE in trials where online strategy adjustments were 

required. 

Finally, we were also interested in examining the effect of cognitive system flexibility, 

measured in our young adult participants using the Trail Making Test versions A and B (TMT-A 

and TMT-B). The trail-making test (TMT) provides a simple assessment of an individual’s visual 

processing efficiency, as well as the ability of an individual to attend to multiple tasks in quick 

succession (Tombaugh, 2004). We were curious about possible relationships between an 

individual’s capacity to flexibly switch from one task to another on their ability to adjust their 

avoidance strategies under dual-task conditions. We expect that participant scores on the TMT-B 

will be predictive of cognitive task performance during obstacle strategy adjustment trials, due to 

the increased temporal demand placed on participants to reroute their cognitive resources and 

adjust their locomotor behavior.   

6.2 Methods 

A repeated-measures ANOVA was conducted to compare across all trials where a change 

in travel direction was not required to test for an effect of obstacle avoidance strategy (crossing, 

circumvention) on RT for each cognitive task (neutral task, congruent Stroop, incongruent 

Stroop). Response times for each participant were then collapsed across all motor conditions 

where a direction change adjustment was required, regardless of the obstacle avoidance strategy 

itself (n = 36 trials per participant). This process was repeated across both conditions that did not 
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require a change in avoidance strategy (n = 36 trials per participant). Note that any trials which 

did not require a response to a cognitive task were not included in the analyses for this chapter, 

as no RT was measurable in these trials.  

Next, the dual-task costs of responding to a cognitive task (neutral cue, congruent, or 

incongruent Stroop) while performing an obstacle avoidance task were calculated with the 

following formula:  

𝐷𝑢𝑎𝑙 𝑇𝑎𝑠𝑘 𝐸𝑓𝑓𝑒𝑐𝑡 =  
(𝐷𝑢𝑎𝑙 𝑡𝑎𝑠𝑘) − (𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘)

(𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘)
 ∗  100 % 

 

An additional two-way repeated measures ANOVA was then conducted across cognitive 

task (neutral cue, congruent or incongruent Stroop) and step adjustment condition (direction 

change required, or no change required), to investigate the effects of performing an online step 

adjustment on cognitive task DTE, regardless of the obstacle avoidance strategy required. 

Finally, we asked our participants complete both the TMT-A and TMT-B (Appendix 8.2) 

prior to performing any walking trials or completing the task familiarization trials for the 

auditory cognitive tasks. Details on the execution of the TMT-A can be found in Chapter 3; the 

analysis outlined in this chapter will focus on performance on the TMT-B. As a reminder, this 

version of the TMT required participants to draw a continuous line, connecting dots containing 

numbers and letters in alternating, ascending order (i.e., 1-A-2-B-3-C … ) as fast as possible, 

without making any mistakes until they reached the letter “L”. Scores on the TMT-B were 

measured as time required to complete; greater time taken on this section of the TMT would 

indicate reduced efficiency in integrating visual information and switching between task 

constraints (Tombaugh, 2004). A simple linear regression analysis was run to predict cognitive 

task RT based on TMT-B scores. Similar to Section 6.2, each motor task complexity condition 

was collapsed into two categories: “Change” or “No Change.” All statistical analyses were 

performed within SPSS (SPSS Inc., USA, Version 25), with significance set at p < 0.05. 

Bonferroni post-hoc corrections and t-test analyses were performed when appropriate.  
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6.3 Results 

There was no significant effect of avoidance strategy observed for RT across any cognitive 

task (p = 0.454), see Figure 6.1. A second repeated-measures ANOVA compared across all trials 

where participants executed a Direction change two steps prior to obstacle crossing; in this 

analysis we were curious about how the avoidance strategy executed (crossing to circumvention, 

circumvention to alternate circumvention, circumvention to crossing) impacted cognitive RT for 

each cognitive task. A significant interaction of avoidance strategy × cognitive task was observed 

(F(4,72) = 3.55, p < 0.05, ηp2 =0.165). There were no significant effects of avoidance strategy on 

RT for the neutral task, however, participants required less RT to respond to a congruent Stroop 

task when adjusting from crossing to a circumvention strategy compared to either other strategy 

change, and greater time to respond to an incongruent Stroop task during circumvention to 

crossing strategy adjustments compared to either of the other avoidance strategies. For details, 

see Figure 6.2.  

In investigating the effects of performing an online avoidance strategy adjustment, a 

significant interaction was found for cognitive task * step adjustment (F(2,36) = 3.41, p < 0.05, ηp2 

= 0.159). Results indicate that performing a direction change significantly increased the DTE 

particularly for the two Stroop tasks, compared to trials where no direction change was required. 

Executing an online strategy change increased neutral task response times (RT) by 11.4 ± 3.8%, 

congruent Stroop RT by 38.1 ± 4.6%, and incongruent Stroop RT by 27.9 ± 5.3%, while 

avoidance trials that did not require a direction change actually showed a nonsignificant dual-

task benefit (improved performance) on the neutral task of -5.32 ± 3.5%, and an increase in RT 

to respond to the congruent (12.7 ± 3.2%) and incongruent Stroop (15.5 ± 4.0%). These results 

are illustrated in Figure 6.3.  

Finally, in the investigation of the role of cognitive system flexibility on dual-task 

performance, significant regression equations were found for all cognitive tasks when 

participants were asked to perform a last minute adjustment to their travel direction. In addition, 

responses to the incongruent Stroop and neutral tasks during trials where no Direction change 

was required could also be significantly predicted by the participant’s TMT-B score, however, 
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these regressions were weak; see Figure 6.4 for R2 values. Participants, on average, required 

39.44 ± 2.58 seconds to complete the TMT-B.  

  

 

Figure 6.1 Average (± standard error) response time during “No Change” trials. Recall that participants were 

provided with a visual cue at the beginning of the trial which did not change two steps prior to the obstacle. 

No significant interaction or main effects of avoidance strategy or cognitive task were observed. 
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Figure 6.2. Comparison across all direction change conditions for Response Time required to answer each 

cognitive task (average ± standard error). Trials where participants stepped over the obstacle are noted by 

black bars; trials where participants circumvented the obstacle are indicated with gray bars (grey dots: 

Crossing to Circumvention; solid grey: Circumvention to Circumvention). A significant interaction of 

avoidance strategy * cognitive task was observed. Post-hoc analyses revealed no effect of avoidance strategy 

adjustment for neutral task RT. For congruent Stroop responses, adjusting from Crossing to Circumvention 

avoidance strategies resulted in significantly faster RT compared to both the Circumvention to Crossing and 

Circumvention to Circumvention trials. For the incongruent trials, there was only a significant difference 

between the Circumvention to Crossing and Crossing to Circumvention trials. * = p < .05 
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Figure 6.3. Average DTE (± standard error) for responses to the auditory Stroop cognitive task for trials with 

(black) and without a direction change (striped). A significant interaction was found for cognitive task * step 

adjustment. Post-hoc analyses indicated that  congruent Stroop responses incurred a greater DTE compared 

to incongruent Stroop responses when participants were required to perform an online direction change 

(black bars), but no difference was demonstrated between the Stroop task RT when No Change was required. 

A main effect of Motor task complexity was also observed; trials where the participants had to incorporate 

visual information to change their travel direction required greater cognitive resources compared to those 

which did not require a change (**: p < 0.05).   
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Figure 6.4. Linear regression analyses for the predictive capacity of TMT-B scores grouped according to 

combined cognitive and obstacle avoidance tasks. Dotted lines represent 95% confidence intervals. Weak, but 

statistically significant regression values were observed for all cognitive tasks when participants were 

required to perform a Direction change (* = p < .05). Further weak, yet significant regression R2 values were 

also observed in neutral task RT and incongruent Stroop RT for trials that did not involve a Direction 

change. These findings indicate that the TMT may be a weak predictor for dual-task performance, but is not 

necessarily affected by increasing the motor task complexity. 
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6.4 Discussion 

6.4.1 Comparing the cognitive system demands of obstacle crossing versus obstacle 

circumvention 

 In summary, when no change in the avoidance strategy was required, there was no 

difference in the allocation of cognitive resources for either of the two obstacle avoidance 

strategies. However, when a visual cue was issued that evoked a Direction change, there was a 

difference in RT between obstacle crossing and obstacle circumvention strategies. Specifically, it 

appears that there is greater demand on the cognitive system when the initial avoidance strategy 

cued to participants is to circumvent the obstacle. This is interesting, as it suggests that the 

cognitive system plays a considerable role in feedforward planning of an obstacle avoidance 

strategy. Data from our biomechanical analyses of CoM behaviors during Direction change trials 

(Chapter 5) suggest that our participants initiated circumvention strategies prior to receiving a 

directional cue; recall they were initially told to circumvent the obstacle but knew that they could 

be required to execute a new avoidance strategy. As well, as illustrated in Figure 6.3, neither 

condition where participants were initially cued to circumvent the obstacle (Circumvention to 

crossing, or circumvention to circumvention), resulted in significant difference in RT for any 

cognitive task compared to each other. This suggests that for young adults, cognitive system 

input may be more tied to the initial strategy planned rather than the final one executed. 

6.4.2 What is the dual-task effect of performing an online step adjustment? 

The process of performing an online step adjustment during the approach of an obstacle 

presented a greater ‘cost’ to the cognitive system compared to simply approaching and avoiding 

the obstacle. We also observed an increase in response times when our participants were asked to 

avoid the obstacle without being visually cued to adjust their avoidance strategy compared to 

standing (single task) response times, though this was only in the more challenging Stroop tasks, 

and was not demonstrated in the neutral task. In contrast, performing a direction change provided 

a significant challenge to an individual’s executive system; this claim is supported by the large 

increases in dual-task costs calculated for Stroop response times observed during these trials. 
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Additionally, we observed an increase in response time regardless of the constraints of the motor 

task. This decrease in Stroop task performance is similar to previous findings in online step 

adjustments (Potocanac et al., 2015) where greater time was required to respond to an auditory 

Stroop task when individuals were asked to simultaneously execute an online step adjustment. 

However, this previous work required participants to adjust their ongoing step trajectories, to 

avoid a stepping stone (Potocanac et al., 2015), and not a three-dimensional object in their path 

of travel. Our results build on this previous work, and suggest that performance of an online step 

adjustment in itself requires highly sophisticated cognitive system input.   

6.4.3 Does cognitive system flexibility predict dual-task performance? 

 Results from the regression analyses conducted demonstrate that the TMT-B is a useful, 

yet weak predictor of dual-task performance on a cognitive task in our young adult participant 

group. This is not entirely surprising, as the TMT is a test typically used in clinical populations 

as part of a battery of tests to assess cognitive impairments (Lezak, 1995; Tombaugh, 2004; 

Ashendorf et al., 2008). Though the TMT has been found to be reliable (Fals-Stewart, 1992) and 

sensitive to differences within a young adult group e.g. difference in education levels, the test is 

vulnerable to a ceiling effect in young adults (Tombaugh, 2004). In comparison, for an older 

adult population a longer time to complete the TMT-B has been associated with reduced task 

response efficiency (Lezak, 1995; Tombaugh, 2004). Our TMT-B values were faster than those 

found by Tombaugh (2004), where 155 young adults aged 18-24 scored an average of 48.95 ± 

12.69 seconds. As our young adult participant pool appears to be efficient at rerouting their 

cognitive resources from one task set to another, the weak predictions for dual-task performance 

found here may be due to a ceiling effect created by our participant’s cognitive integration 

abilities. It would be very interesting to examine the relationship between cognitive system 

flexibility and dual-task performance within other population groups.    

6.4.4 Implications 

Incorporating visual information into a new obstacle avoidance strategy while approaching 

an obstacle provides a significant challenge to the cognitive system. As discussed in Section 
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6.4.1, it appears that the strategy used by a participant when approaching an obstacle may 

provide a greater challenge to the cognitive system, particularly if locomotor adjustments to 

change from a circumvention strategy to either an alternate circumvention or a crossing strategy 

are required. Regardless of the strategy employed, the process of producing a new stepping 

pattern in response to a visual cue places greater demand on the cognitive system compared to a 

strategy that is used to simply approach and avoid an obstacle in the path. The ability of an 

individual to flexibly allocate cognitive resources from one task to another may influence 

performance of last minute changes in travel direction, though as discussed in Section 6.4.3, this 

is still unclear due to the abilities of our participant group; our participants may have simply been 

very skilled at flexibly reorienting their cognitive system from one task to another, and as such 

did not show as strong of a relationship between TMT-B scores and dual-task performance.  

It is interesting that, despite the fact that the physical properties of the obstacle did not 

change throughout this protocol and it remained visible throughout each trial, we observed an 

increase in the demand placed on the cognitive system when an individual’s initial avoidance 

strategy is disrupted. This has important implications for real-world environment navigation. 

Particularly, we know and accept that obstacles which appear suddenly (Potocanac et al., 2015) 

or move (Worden et al., 2016) provide a significant challenge to the cognitive system. As a 

whole, however, it is apparent that incorporating visual cues at a point which has found to be 

adequate in executing new step patterns during ongoing gait (Patla et al., 1991), places a 

significant challenge to the central nervous system when a cognitive task is performed 

simultaneously.  
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7 General Discussion and Implications  

 The objective of this thesis was to investigate the role of the cognitive system in 

facilitating the performance of complex, visually-initiated online gait pattern adjustments. To 

this end, relevant research in the field was discussed, and a need was identified to provide greater 

context to earlier foundational work, particularly as there is still controversy and questions 

regarding the extent to which young adults rely on their cognitive system to execute visually 

driven, quick adaptations to ongoing locomotor patterns. Nineteen young adults performed 15 

standing cognitive task response trials, and 96 locomotor trials to test the biomechanical and 

cognitive costs of performing last minute adaptations to obstacle crossing (Chapter 4) or 

circumvention strategies (Chapter 5). In general, performing a last minute strategy adjustment 

affected CoMPT behavior when circumventing the obstacle, but did not have a significant effect 

on stepping behavior when crossing over the obstacle. Diverting cognitive resources to a 

simultaneous auditory Stroop task did, however, affect obstacle crossing behaviors, resulting in 

participants placing their trail limb further from the leading edge of the obstacle, their lead limb 

closer to the trailing edge of the obstacle, and decreasing their crossing step length. Performing 

an online adaptation to an obstacle avoidance strategy, regardless of the strategy involved, was 

found to incur a greater dual-task cost in response efficiency to a Stroop task, as demonstrated in 

Chapter 6. This cost was likely not due to individual variances in cognitive system resource 

efficiency, but rather due to the integral role of the cognitive system in performing these online 

gait adjustments, regardless of the obstacle avoidance task required.  

7.1 Summary of key findings 

7.1.1 Executing a last-minute change in avoidance strategy affects obstacle circumvention 

behaviors, but not obstacle crossing 

 As explored in Chapters 4 and 5, participants were asked to execute a complex locomotor 

maneuver by forming an obstacle avoidance strategy, initially cued by the LED lights placed on 

the obstacle, and in certain trials modifying this plan ‘on the fly’ in response to a subsequent 

LED direction cue. It was initially hypothesized in Chapter 1 that responding to these visual cues 
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while integrating a novel avoidance strategy would result in our young adult participants 

undertaking a more conservative avoidance motor strategy. Specifically, we hypothesized that 

this conservative strategy would include slowing of the approach velocity and, in the case of 

obstacle crossing, increase vertical clearance of the obstacle, reducing TOD and HOD values. 

When circumventing the obstacle, we expected participants to deviate their center of mass later 

and to a greater magnitude around the obstacle. Interestingly, while we observed participants 

adjust their approach behaviors when performing obstacle circumvention strategies (outlined in 

Chapter 5), we did not observe a similar change in stepping behaviors when asked to cross an 

obstacle at the last minute (see Chapter 4 Results).  

 Bearing in mind that the CNS must account for distinctly different challenges to postural 

stability and gait progression for each avoidance strategy, these findings appear to demonstrate a 

clear difference in biomechanical requirements to execute each strategy successfully. This could 

be due to increased spatial and temporal requirements to initiate and perform a circumvention 

strategy compared to crossing. As discussed in Section 5.4, our paradigm demonstrates that 

obstacle circumvention may be initiated earlier than two steps prior to the obstacle, when 

participants are directed ahead of their approach to circumvent the obstacle. This is in contrast to 

what has been reported for other online step adjustment paradigms (e.g. circumvention around 

vertical column, Vallis & MacFadyen, 2003; circumventing virtual pedestrians, Souza Silva et 

al., 2020; or when asked to adjust targeted step placement in response to visual cues, Patla et al., 

1991). This is especially interesting considering that prior to commencing the walking trials, 

participants were informed that the initial LED indicator given at the beginning of a trial may 

change at “some point” during the trial, and that they must take the new indicated strategy if one 

is given. Though participants were not explicitly told by the research team, the timing/location of 

the cue to initiate a new strategy did not change across trials. As such, it appears that our 

participants may have initiated their circumvention strategy at the start of the trial, i.e. before two 

steps prior to obstacle contact.  
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7.1.2 Responding to a simultaneous EF demand resulted in adjusted stepping behaviors 

in obstacle crossing, but no adjustments in circumvention behavior 

 If we consider that the cognitive system has a finite supply of resources, an increase in 

RT when responding to a cognitive task during an obstacle avoidance maneuver suggests that 

greater cognitive resources were allocated to the locomotor task. Disrupted motor task 

performance, on top of decreased cognitive task performance, would indicate that the demand 

from both tasks exceeded the capacity of the cognitive system to respond to both tasks 

efficiently. Our results demonstrated this disruption in our participant’s locomotor behaviors 

when diverting cognitive resources to attend to a simultaneous cognitive task. 

  As the demands of the cognitive task increased, there was an observable effect on 

obstacle crossing step behaviors, however this was not the case during obstacle circumvention. 

One potential reason for this is that participants prioritized maintaining ML CoMPT control 

during obstacle circumvention. Performing a last minute circumvention strategy adjustment is 

quite a complex maneuver as demonstrated by decreased approach velocities, greater magnitude 

and delayed ML CoMPT displacements. Interestingly, though locomotor behaviors did not 

change when responding to a simultaneous cognitive task, the analyses performed in Chapter 5 

and 6 revealed that there was a measurable dual-task cost of performing these online 

circumvention tasks. This finding indicates that the maneuver was of sufficient postural threat 

that participants prioritized performance of the locomotor task, following the “Posture-First” 

hypothesis (Shumway-Cook et al., 1997) where the simultaneous cognitive task was down 

regulated in priority, perhaps to ensure appropriate cognitive resources were allocated to the 

postural task.  

 This pattern was only demonstrated in trials where participants were responding to either 

an incongruent or congruent Stroop task, and not when participants were required to respond to a 

neutral task, indicating that the neutral task requires fewer cognitive resources. Further, 

participants showed greater response times in trials where they were required to adjust their 

obstacle avoidance strategy from circumvention to either obstacle crossing or an alternative 

circumvention strategy. In the case of changing from obstacle circumvention to crossing, the 
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switch from one set of task demands to another seems to present an additional cognitive load for 

the system (McIsaac et al., 2015; Koch et al., 2018). This addresses an initial hypothesis of this 

thesis; providing evidence that performing these online strategy adjustments provides a 

significant challenge to the cognitive system.  

7.2 Strengths and limitations of this work 

 This work demonstrates that performing a last-minute obstacle avoidance strategy 

adjustment is a very complex locomotor task, and requires dedicated EF control to be executed. 

While there were interesting new findings presented, there are inherent limitations to this work 

which arise from the methodology and analyses; these are outlined below. 

7.2.1 Comparison of obstacle crossing to obstacle circumvention 

 Previous research in this area has focused on characterizing locomotor and cognitive 

system behaviors during one specific obstacle avoidance strategy. In contrast, the experimental 

protocols used in this thesis required participants to execute both obstacle circumvention and 

crossing strategies, which either stayed the same or changed mid-way through the trial. When the 

response to a motor task is uncertain, as in this paradigm, humans are less capable of preparing 

their response ahead of time (as compared to when the response is certain; Koch et al., 2018; 

Carlson et al., 2004; Gérin-Lajoie et al., 2006). The strength of the current experimental 

paradigm is that this uncertainty was present in both the cognitive and motor tasks, as trials were 

presented randomly to participants, with no foreknowledge of either task response provided. 

Specifically, participants were required to efficiently adopt and execute an entirely different 

stepping pattern, with different goals to meet to either step across or around the obstacle safely. 

Unfortunately, the nature of the two motor tasks chosen for this body of work reduces the ability 

to directly relate the two locomotor tasks from a biomechanical standpoint.  

 As described previously, in order to transiently circumvent an obstacle, one must safely 

shift their CoM and step placement laterally (Vallis & MacFadyen, 2003; Wilmut et al., 2017), 

while obstacle crossing requires vertical coordination of the lower limb as well as control of the 

CoM during both lead and trail limb crossing (Chou & Draganich, 1998; Heijnen et al., 2012). 
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With such varying coordination strategies, there are few homologous or comparable 

biomechanical outcome measures to directly compare the effect of performing this last minute 

direction change across both strategies. This leaves the only direct comparison to be in 

performance of the cognitive task as described in Chapter 6; which, as discussed in Section 2.5, 

paints only a partial picture of the dual-task costs to the system. We can infer that greater 

cognitive resource allocation was required to execute a strategy change from circumvention to a 

new strategy, yet this is an indirect measurement, based on reduced cognitive system efficiency, 

and likely reduced available cognitive resources or increased competition for cognitive structures 

to respond to the cognitive task. As such, the comparisons drawn in Chapter 6 depict general 

trends observed in this participant pool, as drawing large-scale conclusions from these analyses 

would be inappropriate.  

7.2.2 Generalizability of findings to real-world scenarios 

 The fact that greater mechanical requirements were observed to adjust from a 

circumvention strategy to one side of the obstacle to new strategy requiring them to either step 

across the center of the obstacle or circumvent to the opposing side of the obstacle suggests that 

participants were in fact creating and committing to an initial avoidance strategy prior to two 

steps before the obstacle. As such, there are some limitations to the direct generalizability of this 

work to real-world environments. In our experimental design, one obstacle was placed in the 

same spot within the laboratory and did not move. Obviously we know that the real world often 

requires maneuvering about environments cluttered with obstacles (Matthis & Fajen, 2018) and 

that there are distinct visuomotor integration behaviors utilized by individuals when faced with 

multiple obstacles (Young et al., 2012). Additionally, our young participants completed 96 

walking trials in the time span of 2-3 hours; this short exposure period may have led to less 

variable stepping behaviors compared to responses within a more natural, real-world setting, 

potentially due to a practice effect (Brodie et al., 2016).  

As well, we opted not to constrain participant stepping behaviors during the approach of 

the obstacle. Though participants were not explicitly informed that the laser trigger was present, 

it is possible that after repetitions of trials that participants were able to anticipate that a direction 
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change event would happen two steps prior to the obstacle. Steps were taken to minimize this 

effect. For example, the study design was equally weighted between trials which involved a 

direction change two steps prior to the obstacle and trials where the LED light indicator 

illuminated prior to gait initiation did not change, proving their initial avoidance strategy reliable 

and advantageous. As well, as participant velocity was not constrained as would be possible to 

do on a treadmill, for example, there is some degree of variability accepted in the phase of the 

gait cycle which participants received the visual direction change cues. As addressed in Chapter 

1, this thesis sought to produce as realistic and ecologically sound of an environment as possible 

within the constraints of the experimental design, and present a degree of uncertainty in the 

environment to participants that would also be present in a real-world environment, which has 

yet to be adequately explored in the literature. However, there are drawbacks to this design 

which should be considered when considering the larger implications of this work on real-world 

scenarios.  

7.3 Future directions and concluding thoughts  

 This thesis demonstrates the reliance on cognitive control during complex locomotion in 

young adults, but does not explore that of older adults, or individuals with greater challenges to 

their mobility or to those experiencing cognitive decline. A prudent next step would be to 

investigate this paradigm in older adults, or in populations such as those with Parkinson’s 

disease, to explore if this type of online maneuver is at greater risk due to deficiencies in 

cognitive-motor processing. If so, this could be an interesting avenue for future clinical care and 

mobility training in these individuals. As mentioned, this paradigm only involved a single 

obstacle in ones’ path. There has been interesting work done demonstrating that older adults with 

greater falls anxiety present altered gaze behaviors when approaching and avoiding multiple 

obstacles (Young et al., 2012) or when dual-tasking (Ellmers et al., 2015); it would be interesting 

to explore if these behaviors persist when an individual is asked to execute multiple online 

obstacle avoidance strategies.  

 In conclusion, findings from this thesis demonstrate that there is a distinct reliance by 

young adults on their cognitive system during complex, online locomotor maneuvers to avoid an 
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obstacle in ones’ path. Circumvention appears to be a more difficult strategy to adjust from, once 

initiated; greater cognitive resources are required to adjust to an alternative circumvention 

strategy or crossing strategy compared to conditions where the opposite is required. Increasing 

demands on the cognitive system (e.g. auditory Stroop) placed on an individual while navigating 

a complex environment presents a significant challenge to healthy, cognitively capable young 

adults.  
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8 Appendices  

8.1 Footedness Questionnaire     

Instructions: Answer each of the following questions as best you can. If you always use one foot 
to perform the described activity, circle RA or LA (for right always or left always, respectively). If 
you usually use one foot circle RU or LU ( for right usually or left usually, respectively). If you 
use both feet equally, please circle EQ. 

Please do not simply circle one answer for all questions, but imagine yourself performing each 
activity in turn, and then mark the appropriate answer. If necessary, stop and pantomime the 
activity. 

Which foot would you use to kick a stationary ball at a target straight in front 

of you? 

LA LU EQ RU RA 

If you had to stand on one foot, which foot would it be? LA LU EQ RU RA 

Which foot would you use to smooth sand at the beach? LA LU EQ RU RA 

If you had to step up onto a chair, which foot would you place on the chair 

first? 

LA LU EQ RU RA 

Which foot would you use to stomp on a fast moving bug? LA LU EQ RU RA 

If you were to balance on one foot on a railway track, which foot would you 

use? 

LA LU EQ RU RA 

If you wanted to pick up a marble with your toes, which foot would you use? LA LU EQ RU RA 

If you had to hop on one foot, which foot would you use? LA LU EQ RU RA 
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Which foot would you use to help push a shovel into the ground? LA LU EQ RU RA 

During relaxed standing, people initially put most of their weight on one foot, 

leaving the other leg slightly bent. Which foot do you put most of your weight 

on first? 

LA LU EQ RU RA 

Is there any reason (i.e. injury) why you have changed your foot preference 

for any of the above activities? 

Yes No 

Have you ever been given special training or encouragment to use a 

particular foot for certain activities? 

Yes No 

If you have answered YES for either question 11 or 12, please explain below: 
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8.2 Trail-Making Test; Parts A and B 

 

Trail Making Test Part A: 
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Trail Making Test Part B: 
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