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Abstract  [285 Words – Max = 300] 

 
Background: Walking requires frequent maneuvers to navigate changing environments with shifting goals. 
Humans accomplish maneuvers and simultaneously maintain balance primarily by modulating their foot 
placement, but a direct trade-off between these two objectives has been proposed. As older adults rely more on 
foot placement to maintain lateral balance, they may be less able to adequately adapt stepping to perform lateral 
maneuvers.  
Research Question: How do older adults adapt stepping to enact lateral lane-change maneuvers, and how do 
physical and perceived ability influence their task performance?  
Methods: Twenty young (21.7 ± 2.6 yrs) and 18 older (71.6 ± 6.0 yrs) adults walked on a motorized treadmill in a 
virtual environment. Following an audible and visual cue, participants switched between two parallel paths, 
centered 0.6m apart, to continue walking on their new path. We quantified when participants initiated the 
maneuver following the cue, as well as their step width, lateral position, and stepping variability ellipses at each 
maneuver step.   
Results: Young and older adults did not differ in when they initiated the maneuver, but participants with lower 
perceived ability took longer to do so. Young and older adults also did not exhibit differences in step width or 
lateral positions at any maneuver step, but participants with greater physical ability reached their new path faster. 
While only older adults exhibited stepping adaptations prior to initiating the maneuver, both groups traded-off 
stability for maneuverability to enact the lateral maneuver.  
Significance: Physical and perceived balance ability, rather than age per se, differentially influenced maneuver 
task performance. Humans must make decisions related to the task of walking itself and do so based on both 
physical and perceived factors. Understanding and targeting these interactions may help improve walking 
performance among older adults.   
 

 
1.  Introduction  
Falls are the leading cause of fatal and non-fatal injuries among older adults [1]. Falls to the side are particularly 
dangerous given both the significant risks posed by these falls [2] and that humans are thought to be more 
unstable side-to-side [3]. Most falls occur while walking [4, 5] and importantly, many of these falls occur during 
non-steady-state actions, such as incorrect weight shifting while attempting to maneuver [4]. In part, this high 
incidence of falls during maneuvers may result from the high frequency of such maneuvers during real-world 
walking [6]. Additionally, it has been suggested that humans trade off stability for maneuverability when 
performing lateral maneuvers [7, 8]. Humans enact walking maneuvers [9] and avoid falls [10] primarily by 
modulating their foot placement. Therefore, it is important to better understand how humans adapt stepping to 
simultaneously maintain balance and perform such maneuvers.  
 
We developed a theoretical framework that defines repetitive tasks and proposes how humans regulate trial-to-
trial variability with respect to Goal Equivalent Manifolds (GEMs) [11]. We used this framework to identify how 
humans regulate consecutive stepping movements during both straight-ahead walking [12, 13] and lateral 
maneuvers [14, 15]. In the lateral direction during straight-ahead walking, humans multi-objectively seek to 
minimize errors at each step with respect to primarily step width (w) to maintain lateral balance, as well as lateral 
body position (zB) to remain on their desired path [13]. However, if these task goals change substantially during 
lateral maneuvers, humans may need to abruptly and precisely modulate stepping in response. To enact a lateral 
lane-change maneuver, young healthy adults adapt stepping regulation at each step to directly trade off w-
regulation for zB-regulation [14]. These results both support and explicitly quantify the proposed “stability-
maneuverability trade-off” during lateral maneuvers [7, 8]. 
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The limited studies that have assessed stepping strategies during walking maneuvers were primarily conducted 
with young healthy participants [7-9, 14]. However, older adults rely more on modulating lateral stepping to 
maintain lateral balance [16, 17]. Healthy aging is also associated with declines in both actual and perceived 
physical ability [5, 18], which in turn influence lateral stepping [19, 20]. Thus, while we previously found that 
young and older adults similarly regulate stepping during continuous walking [21], older adults may be less 
willing to enact the stability-maneuverability trade-offs exhibited by young adults during lateral maneuvers. 
Accordingly, the present analysis aimed to determine how older adults adapt stepping to enact lateral lane-change 
maneuvers, and to determine the influence of physical and perceived ability on their task performance.  
 
2.  Methods  
 
2.1 Participants 
Twenty young healthy (YH: 9M/11F, 21.7 ± 2.6 yrs) and eighteen older healthy (OH: 5M/13F, 71.6 ± 6.0 yrs) 
adults who participated in a previous experiment [22] were included in this analysis. All participants signed 
informed consent statements approved by the Institutional Review Board at The Pennsylvania State University 
prior to participating. All participants were screened to ensure they had no history of orthopedic problems, recent 
lower extremity injuries, visible gait anomalies, or medication regimens that may have influenced their gait. 
Groups did not differ in height, body mass, BMI, or leg length (all p > 0.25) [22].   
 
2.2 Physical Ability and Perceived Ability Assessments 
We assessed [22] participants’ balance and lower extremity strength using 30-Second Chair Stand (30CST) [23], 
Timed Up and Go (TUG) [24], and Four Square Step Test (FSST) [25] (Table 1). We assessed participants’ 
perceived balance ability using Activities-Specific Balance Confidence Scale (ABC) [26] and abbreviated 
Iconographic Falls Efficacy Scale (I-FES) [27]. For each grouping, we then calculated composite “Physical 
Ability” and “Perceived Ability” scores using principal component analysis (Table 1) [22, 28].  
 

[Insert Table 1 About Here] 
 
2.3 Lateral Lane-Change Maneuver Task 
Participants walked in an “M-Gait” system, comprised of a 1.2m wide motorized treadmill in a virtual reality 
environment (Motek, Amsterdam, Netherlands). Each participant walked at a constant speed of 0.75 m/s. 
Following a 4-minute acclimation trial, participants completed several different walking trials involving path 
navigation [22]. The data analyzed here were from one such trial, where participants were instructed to switch 
between two parallel paths, centered 0.6m apart, following an audible and visual cue (Fig. 1). Participants 
completed 6 such maneuvers in one 4-minute walking trial.  They were instructed to walk normally on their 
current path between each maneuver. To ensure consistent task performance, we analyzed only the middle four 
maneuvers from each participant. Thus, we analyzed 80 lateral maneuvers from YH participants and 72 from OH 
participants. 
 

[Insert Figure 1 About Here] 
 
2.4 Data Collection and Analyses 
All relevant experimental walking data are available on Dryad [15]. Kinematic data were recorded from 16 
retroreflective markers placed on the head, pelvis, and feet [22]. Marker trajectories were collected at 120Hz 
using a 10-camera Vicon motion capture system (Oxford Metrics, Oxford, UK) and post-processed using Vicon 
Nexus and D-Flow software (Motek, Amsterdam, Netherlands). Marker trajectories were analyzed in MATLAB 
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(MathWorks, Natick, MA). Heel strikes were determined using a velocity-based detection algorithm [29]. Lateral 
foot placements (zL and zR) were defined as the lateral location of the heel marker at each heel strike. Step width 
(w) was defined as the lateral displacement between foot placements: w = zR − zL. Lateral position (zB) was defined 
as the midpoint between foot placements: zB = ½(zL + zR)  [13].  
 
2.5 Stepping Characteristics  
We were unable to determine accurate heel strikes for three lateral maneuvers (one YH, two OH) and thus 
excluded these maneuvers from further analyses. One YH maneuver was completed with a different stepping 
strategy, a large cross-over step, and was therefore also excluded. Stepping data from the remaining 78 YH 
maneuvers and 70 OH maneuvers were normalized to a consistent direction (left-to-right).  
 
To determine when participants performed these maneuvers, we computed the number of steps taken following 
the cue and before initiating the maneuver. We then aligned each maneuver to the initiation of the transition, 
defined here as the last step taken on the initial path. Mean w and zB were determined for each step of the lateral 
maneuver.  
 
Statistical analyses were performed using Minitab (Minitab, Inc, State College, PA). Group differences in the 
number of steps taken before initiating the maneuver were assessed using single-factor Mixed Effects Analyses of 
Variance (ANOVA). Group differences in mean w and zB were assessed using two-factor (Group x Step) Mixed 
Effects ANOVAs. Individual Group and Step differences in mean w and zB were determined using Tukey’s least 
significant difference pairwise comparisons. For each ANOVA, we then also added Physical Ability and 
Perceived Ability composite scores as covariates to determine these factors’ influence. 
 
To determine how participants performed these maneuvers, we first plotted all lateral foot placements for each 
group in the [zL, zR] plane. We analyzed such plots for straight-ahead walking periods both before and after each 
maneuver and also for each step of the lateral maneuver [14]. At each of these steps, data across all subjects in 
each group were pooled to compute a single 95% prediction ellipse from these [zL, zR] data for each group at each 
step [14, 30]. We characterized each ellipse by its aspect ratio, area, and orientation angles (measured 
counterclockwise from the +w axis). The aspect ratio reflects the relative weighting of w and zB regulation (for 
orientations ≈ 0˚): larger aspect ratios indicate stronger prioritization of w-regulation. The area characterizes 
overall [zL, zR] stepping variability: larger areas reflect greater variability. The orientation reflects the degree of 
alignment to the w GEM: larger angles indicate less concern about minimizing deviations relative to the desired w 
[14]. We computed 95% confidence intervals for each ellipse characteristic from 10,000 bootstrapped samples, 
with replacement, for each group at each step.   
 
As bootstrapping was required to obtain estimates of within-group variance for these ellipse characteristics, 
standard inferential statistics would not be appropriate. To compare these estimates between Groups, we instead 
used a previously established two-sample procedure for bootstrapped data [31]. The YH and OH stepping data 
were pooled, from which we generated 10,000 new bootstrapped samples with replacement at each step. These 
pooled, bootstrapped data were randomly split into two groups, sized in accordance with the experimental data. 
This generated a series of between-group differences with distribution ~N(0,SP) for each ellipse characteristic at a 
given step. A p-value was then computed as the percentage of bootstrapped samples with a greater difference than 
that observed experimentally [31]. 
 
3.  Results 
 
For both groups, approximately half of the cues prompting participants to switch paths occurred on a contralateral 
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step with respect to the transition direction, while the other half occurred on an ipsilateral step (Fig. 2A-B). Both 
YH and OH participants took more steps following cues presented on an ipsilateral step than a contralateral step 
(p < 0.001). The number of steps was not different between Groups when pooling all maneuvers (p = 0.076), nor 
when separating maneuvers by contralateral (p = 0.063) versus ipsilateral (p = 0.148) cue step. When we added 
both Physical Ability and Perceived Ability scores as covariates in these models, the number of steps was not 
influenced by Group (all p > 0.53) nor Physical Ability (all p > 0.45). However, Perceived Ability significantly 
influenced the number of steps taken following the cue when pooling across all maneuvers (p = 0.019) and for 
maneuvers cued on an ipsilateral step (p = 0.025), but not those cued on a contralateral step (p = 0.085). 
Participants with lower Perceived Ability scores tended to take more steps following the cue before initiating 
these maneuvers (Fig. 3A).  
 

[Insert Figure 2 About Here] 
 
Consistent with our prior results [14], both YH and OH participants performed nearly all maneuvers consistently 
once initiated (Fig. 2C). Except for the one YH participant who completed one maneuver with a large cross-over 
step, all other maneuvers were completed with a four-step strategy. Participants first took an initial “preparatory” 
step (step 0), where they narrowed their step width and incrementally moved towards their new path. Participants 
took a large “transition” step (step 1) onto their new path. Participants took a “recovery” step (step 2) that again 
exhibited a slightly narrower step width. Participants then reached their new final position and retuned to straight-
ahead walking (step 3).  
 

[Insert Figure 3 About Here] 
 
Both mean step width and mean lateral position significantly differed at each of the preparatory, transition, and 
recovery steps (both p < 0.001). However, Group differences were not significant for either variable (both p > 
0.44; Fig. 2D). When composite ability scores were included as covariates in these models, step width was not 
significantly influenced by Physical Ability (p = 0.605) nor Perceived Ability (p = 0.128). However, Physical 
Ability significantly influenced lateral position (p = 0.031), but Perceived Ability did not (p = 0.336). Participants 
with greater Physical Ability scores tended to have a greater lateral position at the transition and recovery steps, 
indicating that they reached their new path faster (Fig. 3B).  
 
The OH ellipses were significantly more isotropic than the YH ellipses during straight-ahead walking both before 
(p = 0.035) and after (p = 0.001) the lateral maneuvers (Fig. 4C). However, the ellipses of both groups were 
strongly aligned to the constant step width (w*) GEM (Fig. 4A), consistent with our prior work demonstrating a 
strong prioritization for w-regulation [13]. No significant Group differences were observed before or after the 
maneuver in ellipse areas (p = 0.211 and p = 0.242) or orientations (p = 0.311 and p = 0.052).  
 

[Insert Figure 4 About Here] 
 
During the lateral maneuver itself, OH participants exhibited a significantly lower ellipse aspect ratio at the 
preparatory step (p < 0.001), demonstrating that they began trading off w-regulation for zB-regulation prior to 
initiating the maneuver (step 0; Fig. 4B-C). Ellipse aspect ratios did not differ at the subsequent transition step 
(step 1; p = 0.211), as the OH ellipse remained more isotropic and the YH ellipse demonstrated a similar 
reduction in aspect ratio (Fig. 4B-C). Thus, both groups similarly traded-off w- for zB-regulation to enact the 
lateral lane-change. The area of the YH ellipse was significantly greater than that of the OH ellipse at the 
transition step (p = 0.044), indicating greater overall stepping variability among YH participants. However, YH 
participants reduced stepping variability faster than OH participants following the maneuver, evident by a 
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significantly greater area of the OH ellipse at step 3 (p = 0.047; Fig. 4C). 
 
4.  Discussion 
 
Humans frequently perform maneuvers when walking in the real world [6]. Prior work suggested humans trade 
off stability to enact such maneuvers [7, 8], potentially contributing falls among older adults during these types of 
tasks [4]. Humans perform maneuvers [9] and avoid falls [10] primarily by modulating their foot placement. We 
previously developed a theoretical framework to determine how young adults adapt stepping from each step to the 
next during lateral lane-change maneuvers to accomplish both objectives (stability & maneuverability) 
simultaneously [14]. Here, we applied this framework to determine how healthy older adults perform this task. 
 
Older adults typically used the same four-step strategy as young adults to perform the lateral maneuver (Fig. 2). 
No significant Group differences were observed in either step width or lateral position at the preparatory, 
transition, or recovery steps, nor did Perceived Ability influence these measures. However, lateral positions at the 
transition and recovery steps were significantly greater among participants with greater Physical Ability scores 
(Fig. 3B), corroborating our prior work demonstrating the influence of physical ability on walking task 
performance [22]. Given the substantial impulses required to execute the lateral maneuver, it is unsurprising that 
participants with greater strength and mobility reached their new path more quickly. Nevertheless, these results 
demonstrate that physical ability, more than age per se, influenced how participants enacted the lateral lane-
change.  
 
The stepping ellipses were generally consistent between YH and OH participants, indicating similar stepping 
strategies among both groups. This result extends previous analogous findings for continuous walking [21]. 
During continuous walking both before and after the maneuver, however, the OH ellipse was slightly but 
significantly more isotropic than the YH ellipse (Fig. 4C). This result was surprising, as prior work has 
demonstrated a greater reliance on stepping to maintain lateral balance among older adults [16, 17]. However, the 
OH ellipses during continuous walking remained highly anisotropic and strongly aligned to the w* GEM relative 
to those at the preparatory and transition steps (Fig. 4A-B), indicating that older adults still strongly prioritized w-
regulation during continuous walking. Older adults typically exhibit deficits in locomotor planning, including 
prioritizing future over current stepping performance during complex walking tasks [32]. Thus, the difference in 
isotropy observed here may suggest that OH participants slightly adapted their stepping throughout the trial in 
anticipation of the frequent maneuvers. 
 
The OH stepping ellipse became significantly more isotropic at the preparatory step prior to initiating the 
maneuver (Fig. 4C). This is consistent with the idea that these OH adults likely prioritized planning for the 
upcoming maneuver over current stepping performance [32]. Conversely, young adults did not substantially 
deviate from their continuous stepping regulation strategy until the transition step (Fig. 4C), indicating that they 
were able to plan for the maneuver and maintain w-regulation simultaneously. Nevertheless, the ellipses of both 
older and young adults were more isotropic at the transition step than during straight-ahead walking, indicating 
that both groups traded off w-regulation for zB-regulation to enact the maneuver. These results quantitatively 
capture the stability-maneuverability trade-off previously proposed to occur during lateral maneuvers [7, 8] and, 
to our knowledge, are the first to demonstrate how this trade-off differs for older adults.   
 
The task assessed here required participants to not only adapt their stepping to enact the lateral lane-change, but 
also to decide when to initiate the maneuver. The varying number of steps taken following the cue before 
transitioning to the new path (Fig. 2) suggests that this decision likely varied across participants. While older 
adults took slightly more steps prior to initiating the maneuver, this difference did not reach statistical 
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significance. However, lower Perceived Ability (across both groups) significantly predicted the increased number 
of steps taken prior to initiating the maneuver (Fig. 3A). Indeed, perception of one’s physical ability is a critical 
element of “embodied decisions” [33] and has been shown to influence decision-making among older adults 
during postural tasks [34], mobility-related tasks [18], and our prior work assessing a similar lateral maneuver 
task [22]. The present results extend these findings and suggest that participants’ intrinsic perception of their 
ability, more than age itself or actual physical ability, influenced when participants chose to initiate the maneuver. 
 
Goal-directed walking, including the lateral maneuver assessed here, requires humans to make decisions related to 
the task of walking itself. These decisions are based not only on physical ability, but also perceptual judgments 
and executive function [33]. Here, the increased isotropy of the OH ellipses during both continuous walking and 
at the preparatory step prior to the maneuver (Fig. 4), as well as the varying number of steps taken following the 
cue before transitioning to the new path (Fig. 2), suggest that planning and decision-making during this task likely 
differed across participants. Furthermore, this work demonstrates that physical and perceived ability, both of 
which decline with healthy aging [5, 18], significantly influenced how humans perform lateral maneuvers, but in 
different ways. Perceived ability more strongly influenced when participants maneuvered, whereas physical 
ability more strongly influenced how they did so. Thus, the present results yield a better understanding of these 
interactions and may help to inform interventions to improve walking performance among older adults.  
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Table 1: Young healthy (YH) and older healthy (OH) participant assessment scores and composite Physical 
Ability and Perceived Ability scores [22]. Composite scores were computed using principal components analysis 
[28], where each composite score was defined as the linear combination of individual assessment z-scores that 
explained the most between-subject variance. All values are given as Mean ± Standard Deviation. Group mean 
differences were determined using two-sample t-tests or Mann-Whitney U tests [22]. Bold p-values indicate 
statistically significant differences.  
 

Characteristic: Young Healthy (YH) Older Healthy (OH) p-value 

Physical Ability:    
30CST [stands/30s] 17.8 ± 6.0 13.7 ± 3.3 0.002 
TUG [s] 6.62 ± 0.75 8.20 ± 1.9 0.004 
FSST [s] 7.63 ± 1.4 9.19 ± 1.5 0.002 
Physical Composite =  
 0.496 * (30CST) – 0.636 * (TUG) – 0.592 * (FSST) 

0.1 ± 3.2 -3.8 ± 3.2 < 0.001 

Perceived Ability:    
ABC [%] 96.8 ± 2.5 93.1 ± 5.5 0.023 
I-FES [/40] 12.3 ± 1.9 16.1 ± 3.9 0.001 
Perceived Composite =  
 0.707 * (ABC) – 0.707 * (I-FES) 

2.3 ± 1.5 -0.8 ± 3.2 < 0.001 
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Figure 1: A) Participants were instructed to walk on one of two parallel paths projected onto the treadmill, the 
centers of which were 0.6m apart. They were instructed that, following an audible and visual cue, they were to 
switch (i.e., maneuver) to the adjacent path. B) A hypothetical example of a maneuver completed in four steps. 
Following two additional steps after the cue, the walker takes a small preparatory (Prep.) step, a large transition 
(Trans.) step to the new path, and a final recovery (Rec.) step before returning to straight-ahead walking on their 
new path. We previously demonstrated that young healthy adults typically utilize such a four-step strategy to 
perform lateral lane-change maneuvers [14]. 
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Figure 2: A) Time series of Young Healthy (YH) and Older Healthy (OH) left (zL; black) and right (zR; gray) foot 
placements for transitions cued on a contralateral step relative to the direction of transition [38 of 79 total 
transitions (48%) for YH; 33 of 70 (47%) for OH]. B) Analogous time series of foot placements for transitions 
cued on an ipsilateral step relative to the direction of transition [41 of 79 (52%) for YH; 37 of 70 (53%) for OH]. 
For both (A) and (B), the black dotted lines indicate the onset of the cue to transition. C) Time series of all 
transitions for both YH and OH plotted with respect to when they initiated the transition, defined as the last step 
taken on the original path (step 0). All transitions are plotted to appear from left to right. D) Step widths (w) and 
lateral body positions (zB) at the preparatory (0), transition (1), and recovery (2) steps for YH and OH participants. 
The summary boxplots indicate the median, 1st and 3rd quartiles, and whiskers extending to 1.5 x interquartile 
range. Values beyond this range are shown as individual data points. For both w and zB, differences between Steps 
were highly significant (both p < 0.001). However, Group differences were not (both p > 0.44). 
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Figure 3: A) Correlations between Perceived Ability composite scores and the number of contralateral steps 
taken following the cue for all maneuvers (top) and those cued on an ipsilateral step (bottom). B) Correlations 
between Physical Ability composite scores and lateral position (zB) at the transition (top) and recovery (bottom) 
steps of the lateral maneuver. Least squares regression lines shown on each plot are for reference only to indicate 
the direction of each relationship.  
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Figure 4: A) Stepping data from Young Healthy (YH) and Older Healthy (OH) participants during the straight 
walking periods before and after the transition, projected onto the [zL, zR] plane. For each group, data were pooled 
across 8 steps before and 8 steps after each of 4 transitions from each participant. B) Stepping data during the 
preparatory, transition, and recovery steps from 78 analyzed YH maneuvers and 70 analyzed OH maneuvers 
projected onto the [zL, zR] plane, plotted to appear from left to right. For both (A) and (B), the diagonal dotted 
lines indicate the initial (zBi

*) and final (zBf
*) constant-zB

* (downward sloping) and constant-w* (upward sloping) 
GEMs, determined from averages of each group. Gray dots indicate individual steps, and the blue (YH) and red 
(OH) ellipses depict 95% prediction ellipses. C) Prediction ellipse characteristics during straight-ahead walking 
and at each step of the lane-change maneuver for YH and OH participants: aspect ratio (top), area (center), and 
orientation (bottom). Error bars indicate ±95% confidence intervals at each step derived from 10,000 bootstrapped 
samples. Statistically significant group differences (p < 0.05) [31] are indicated by the asterisks (*). 
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