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Abstract

Humans can adapt their gait to minimize energy cost when given sufficient
exposure to novel energy landscapes. However, it remains unclear whether broad
experience in one energy landscape is sufficient to initiate continuous optimization
when encountering similar but distinct conditions. In this study, we used visual
biofeedback to guide 15 participants to broadly explore walking gaits with different
step length asymmetries (SLAs) while walking on a split-belt treadmill with a large
split-belt ratio. We subsequently tested how participants adapted their walking
patterns during free exploration trials at the large split-belt ratio and at a new,
smaller split-belt ratio. Our results showed that during guided exploration,
participants were exposed to energetically favorable conditions. However,
participants did not self-select walking patterns that minimized their metabolic
cost during either free exploration trial. When first exposed to the smaller split-belt
ratio, participants immediately adjusted their leg swing distances and belt contact
times while maintaining similar step lengths. Throughout this trial, they continued
adapting by significantly increasing step lengths on the ftast belt. Taken together,
our results suggest that participants actively modified their gait strategy when
exposed to an energy landscape distinct from the one in which they gained broad
experience.

Introduction

Walking on a split-be!t treadmill, in which one belt moves faster and one belt
moves slower, is a task that has commonly been used to study human locomotor
adaptation and learning 1->. Walking on a split-belt treadmill perturbs the person’s
usual, symmetrical gait and introduces errors, a process believed to initiate motor
adaptation#6-9. Recent studies have suggested that walking on a split-belt
treadmill can theoretically reduce the energetic cost of walking below that of tied-
belt walking10-12, Since it is metabolically more costly for muscles to do positive
work than negative work!1.13.14 humans can save energy if they reduce the
amount of positive work done by their muscles. Such a reduction can be achieved
by the split-belt treadmill doing positive work on the human. This occurs when
humans adopt a particular gait pattern—that is, walk with a positive step-/ength
asymmetry (SLA). SLA is defined as the normalized difference in step length
between consecutive steps taken on the faster belt and those on the slower belt.
Thus, if humans take a larger step forward on the fast belt relative to the slow belt,
the work performed by the treadmill on the person can reduce the positive work



required by the person’s muscles and ultimately reduce their metabolic cost!l.
However, this energetic benefit is not guaranteed when walking with a positive
SLA, because humans may choose to dissipate this energy by performing
additional negative work. Therefore, humans must learn to reduce the positive
work done by their muscles to reduce their metabolic cost.

It is well-understood that humans prefer to walk with gaits that minimize energy
cost1>-17 Accordingly, it is reasonable to expect that humans would be able to
adapt their gait on a split-belt treadmill to adopt the energetically optimal strategy
of walking with a positive SLA and accepting the positive work done by the
treadmill1118  /n sjlico simulations have indeed demonstrated that machine-
learning-powered agents (such as a reinforcement learning agent!® and a muscle-
effort-minimizing agent29) will spontaneously adopt this gait pattern during a split-
belt walking task. However, such observations were not consistent across /n vivo
studies. While most experimental studies reported a gradual increase in the
human’s SLA from initially negative to near symmetrical at steady state, the
steady-state SLAs observed in many of them were not significantly more positive
than the tied-belt baseline3:21-25, While a symmetrical gait incurs lower metabolic
penalty in split-belt walking compared to gaits with negative SLA1.21.22 more
energetic savings could be achieved by adopting a positive SLA.

One explanation for this phenomenon is that humans prefer walking with a
symmetric gait, which typically minimizes energy cost during normal walking26.27,
Prior research suggests that humans tend to stick to their existing preferred gait
patterns, even in novel energy landscapes where adopting a different gait pattern
could lead to higher energetic savings. Humans’ natural gait variability is not
sufficient to initiate adaptation, and instead, humans only spontaneously optimize
their gait patterns to minimize energy cost if they have some explicit, broad
experience within the new landscape?8.29, This has been observed for a variety of
locomotion tasks with novel energetic landscapes, such as walking with a resistive
exoskeleton?8:29, an assistive mechatronic device39, and at varying inclinations31.

For split-belt treadmill walking, experiments indicate that humans require either
enforced broad experience within the new energy landscapell, or very long
exposure times (> 30 minutes)!8, to learn that walking with positive SLA and
accepting treadmill work can lower their metabolic cost. Once they have learned
this strategy, however, they can quickly and spontaneously converge to
energetically efficient gaits. Among these explanations, broad experience within
the cost landscape is likely a key contributor to the process, as multiple studies



have reported an absence of spontaneous adaptation to positive SLA despite
overall protocol lengths >45 minutes21.22,

As previously stated, after sufficient exposure to a novel energy landscape,
humans can quickly and spontaneously converge to energetically efficient gaits
that differ from their typical symmetrical gait patterns. However, we do not yet
know if broad experience within one novel energy landscape is sufficient to initiate
continuous optimization in a new energy landscape with similar properties to the
one they experienced. On one hand, it is possible that broad experience leads
humans to developing a novel—yet fixed—qgait strategy that is optimal in current
landscape. Alternatively, broad experience could enable humans to not only adapt
within the current landscape but also extrapolate beyond it and continuously adapt
in response to perturbations to the landscape.

In this study, we ask whether and how people adapt the strategies that they
previously developed through broad experience with one energy landscape when
exposed to a similar yet distinct energy landscape. One way to create distinct
energy cost landscapes within the split-belt treadmiil walking paradigm is to alter
the individual belt speeds while maintaining the same average speed across
belts22.24, This can be quantified by the split-belt ratio (SBR), defined as the ratio of
the fast belt speed to the slow belt speed->2.

Some previous studies have investigated how humans adapt to split-belt walking
at different split-belt ratios, but to our knowledge, these studies have not
evaluated how participants adapt to a new split-belt ratio after they broadly
experience walking at a different split-belt ratio. For example, Leech et al.
compared how participants’ SLA changed as a result of different split-belt ratios,
where the slow belt speed was kept constant and the fast belt speed was
changed?4. While this study involved multiple split-belt ratios, it focused on
studying how people spontaneously adapt and re-adapt, rather than their response
to guided experience. Stenum and Choi mapped the metabolic cost landscapes
created by different split-belt ratios (maintaining the same average belt speeds) by
constraining different parameters of participants’ gait22. This study focused on
mapping out the participants’ energy cost landscapes at various gaits instead of
analyzing participants’ self-selected response to a broad range of experiences.

In this study, we guided 15 participants walking on a split-belt treadmill to broadly
explore an energy landscape defined by a large split-belt ratio and subsequently
tested how they responded to walking at a new, smaller split-belt ratio with the
same average belt speeds (Figure 1) . We adapted a previously described split-belt
protocol with biofeedback!!.33 for our study. During the guided exploration phase,



we guided participants walking on the treadmill with a split-belt ratio of 3 to
achieve seven distinct SLAs from -0.15 to +0.15 in increments of 0.05. Participants
walked at each SLA for 6 minutes each. During the guided exploration phase, we
displayed participants’ real-time foot position and encouraged them to match the
target step lengths displayed on a tablet in front of them to achieve the desired
SLA. We then removed the visual feedback and asked the participants to freely
walk with a self-selected SLA in a free exploration trial at the same split-belt ratio
of 3. Finally, participants completed a second free exploration trial at a different,
smaller split-belt ratio of 2. During the walking trials, we measured participants’
spatiotemporal gait parameters and metabolic cost. We computed the work
performed by the human legs and the treadmill using previously published
methods11.12,16,3412,16 To determine how participants adapt their gait when walking
at a smaller split-belt ratio after guided experience on a larger split-belt ratio, we
compared participants’ energetics and biomechanics between the two free
exploration trials. Our novel contribution is the inclusion of the second free
exploration trial at a smaller split-belt ratio than the guided exploration trials. This
is to quantify whether, and if so, how participants adapted their gait to this new
condition that they had not previously experiencea.
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Figure 1. Overview of experimental protocol. (A) Fifteen participants walked on a split-belt
treadmill with the left belt moving faster than the right belt. We placed motion capture markers on
both lateral malleoli to determine the real-time position of each foot. (B) Participants completed
eleven 6-minute walking trials. We first measured the participants’ baseline gait in a tied-belt trial,
then added visual feedback to a second tied-belt trial (guiding participants to their baseline step
length asymmetry, SLA) to familiarize the participants with the GUI. We next guided participants to
walk with SLAs of -0.15, -0.1, -0.05, 0, 0.05, 0.1 and 0.15 using the GUI, at a split-belt ratio (SBR) of
3. Finally, we removed the visual feedback and had participants walk freely during two free
exploration trials at SBRs of 3 and 2, respectively.

Results

During the guided exploration trials, participants walked on the treadmill at a split-
belt ratio of 3, guided by the visual feedback to walk at seven distinct step-length
asymmetries (SLAs). We analyzed the work rate done by the human legs and the
treadmill as well as the human metabolic cost as a function of SLA using linear
mixed effect models (LMEM). The net work rate done by the human legs decreased
linearly with SLA (-0.027 [-0.030, -0.025], p < 0.001) (Figure 2 A), and at positive



SLAs, the human legs did net negative work (Figure 2 A). Conversely, the net work
rate done by the treadmill on the human legs increased linearly with SLA (slope
[95%CI] = 0.028 [0.025, 0.030], p < 0.001), and at positive SLAs, the treadmill did
net positive work on the human (Figure 2 B). Human leg positive work rate
decreased linearly with treadmill total work rate (slope [95%CIl] = -0.546 [-0.671, -
0.420], p < 0.001). (Figure 2 C). Participants’ metabolic cost linearly decreased
with SLA (slope [95%CI] = -0.061 [-0.092, -0.031], p < 0.001) (Figure 2 D).
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Figure 2. Linear mixed effect models of participants’ energetics vs. step length asymmetry (SLA)
auring guided exploration trials. Each data point represents a single guided exploration trial of a
single participant, and different colors represent different participants. P-values indicate
significance of the fitted slope. As SLA went from negative to positive, (A) participants’ total work
rate done by legs decreased while, (B) total work rate done by treadmill increased. (C) The
decrease in participants’ total leg work rate was linearly correlated with the increase in the
treadmill’s total work rate. (D) Participants’ metabolic energy cost decreased as SLA increased from
negative to positive.



During the free exploration trials, participants did not self-select SLAs more
positive than their tied-belt baseline for either split-belt ratio, despite potential
energy savings (Figure 3). We used paired student’s t-tests to compare self-
selected SLAs between conditions. Average self-selected SLA across participants
during the first free exploration trial (SBR = 3) was 0.010 %= 0.059 (mean = SD).
This SLA was not significantly different from participants’ baseline SLA on the tied-
belt treadmill, which was -0.006 = 0.026 (p = 0.37). Average self-selected SLA
across participants during the second free exploration trial (SBR = 2) was 0.013 +
0.052, which was not significantly different from tied-belt baseline (p = 0.22) or
the first free exploration trial (p = 0.67) (Figure 3). The change of SLA between
the first exploration trial (SBR = 3) and tied-belt was 0.016 = 0.066 [-0.021 0.052]
(mean = SD [95% confidence interval]), and the change of SLA between the
second exploration trial (SBR = 2) and tied-belt was 0.018 = 0.055 [-0.012 0.049].
Meanwhile, the change of SLA between the second exploration trial (SBR = 2) and
the first exploration trial (SBR = 3) was 0.003 = 0.025 [-0.011 0.017].

We observed significant differences in metabolic cost between tied-belt baseline
and two free exploration trials (p = 0.003, ANOVA) (Figure 4).
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Figure 3. Stride-by-stride SLA comparison between tied-belt baseline and the free exploration trials
with split-belt ratio of 3 (A) and 2 (B), averaged across participants. Purple, orange, and grey
shaded areas indicate standard deviation of each stride’s SLA across participants. The green
shaded area indicates the “early adaptation” period (strides 34 - 44), and the yellow shaded area
indicates the “steady-state” period (last 100 strides of each trial). Neither free exploration trial’s
steady-state SLA was significantly higher than that of tied-belt baseline.
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Figure 4. Dimensionless metabolic cost comparison between tied-belt baseline and the free
exploration trials with split-belt ratios (SBR) of 3 and 2. Each data point represents a single free
exploration trial of a single participant, and different colors represernt different participants. Within
each box, the center line indicates the median, while the box represents the inter-quartile range.

We compared participants’ spatiotemporal parametears between the two free
exploration trials during two distinct phases of the trial: early adaptation (EA) and
steady state (SS). We defined early adaptation as strides 34 - 44 (the subsequent
10 strides immediately after the 40-second mark averaged across participants)
(please see Methods for this definition) and defined steady state as the last 100
strides of the trial.

We calculated and compared seven outcomes: 1) step length on fast belt, 2) step
length on slow belt, 3) foot swing distance on fast belt, 4) foot swing distance on
slow belt, 5) time spent on fast belt, 6) time spent on fast belt, 7) SLA. For
statistical analysis, we applied paired student’s t-test with a Bonferroni correction.
The significance level for the overall test was set at p-value of 0.05, and we report
the adjusted p-values below.

First, we analyzed if participants adapted their gait parameters during the first 6-
minute free exploration trial at the same split-belt ratio as the guided trials
(SBR=3). We found no significant differences in any of the outcomes we analyzed
between early adaptation and steady state phases (Table 1, Figure 5).

We then compared participants’ gait parameters between steady state of first free
exploration trial (SBR = 3) and early adaptation of the second free exploration trial
(SBR = 2) (Table 1). We found no significant difference in SLA between these
conditions (p = 1). We found that participants significantly decreased their swing
distance on the fast belt (p< 0.001) and time spent on the slow belt (p< 0.001)



(Figure 5 B). Conversely, they significantly increased their swing distance on the
slow belt (p< 0.001) (Figure 5 B) and time spent on the fast belt (p= 0.005) (Figure
5 Q).
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Figure 5. Comparison between tied-belt baseline and the two free exploration trials’ early
adaptation (EA) and steady-state (5S) phases for (A) step length, (B) foot swing distance, (C) time
spent on each belt, and (D) SLA. For notational consistency, the left and right belts of the tied-belt
baseline condition are denoted fast and slow belt, respectively, despite equal belt speeds. Red and
blue boxes represent the fast and slow belts, respectively. Within each box, the center line
indicates the median, while top and bottom whiskers represent the first and third quartile,
respectively. Each data point represents a single free exploration trial of a single participant, and
different colors represent different participants. Statistical significance was represented by *
(p<0.05), ** (p<0.01) and ** (p<0.001), respectively.



During the second free exploration trial with the smaller split-belt ratio (SBR = 2),
participants continued to adapt some of their gait parameters over the 6-minute
trial, but not all of them. Specifically, we observed no significant changes in time
spent on either belt (p = 1 and p = 1, respectively) between early adaptation and
steady state phases. Meanwhile, compared to early adaptation, at steady-state
participants significantly increased their step lengths on the fast belt (p = 0.04)
while maintaining similar step lengths on the slow belt (p = 1). This change was
likely due to a significant increase in swing distance on the fast belt (p = 0.01),
while swing distance on the slow belt remained unchanged (p = 1). These gait
changes together contributed to an increasing (but not statistically significant)
trend for SLA between early adaptation (0.002 = 0.043) and steady state (0.013 =
0.052) (p = 0.76). (Figure 5 D)

Gait Parameter

Comparing
EA to SS during
Exploration

Comparing
SS of Exploration
Trial 1 to EA of

Comparing
EA to SS during
Exploration

Trial 1 Exploration Trial 2 Trial 2
No change (p = 2 )" No change (p =
SLA 1) No change (p = 1) 0.76)
Fast No change (p = [ _ Increased (p =
belt 0.24) No change (p = 1) 0.04)
Step
length ~ N\
Slow No cha[\g- = No change (p = 0.17) | No change (p = 1)
belt 1)
Fast Nc change (p = Increased (p =
Swing belt 1) Decreased (p < 0.001) 0.01)
distan
ce Slow No change (p = _
belt 1) Increased (p < 0.001) | No change (p = 1)
Time ';aeftt No chgg%()e (p = Increased (p = 0.005) | No change (p = 1)
spent .
on —
belt ilglvtv No chag)ge (p = Decreased (p < 0.001) | No change (p = 1)

Table 1. Summary of biomechanical changes between early exploration (EA) and steady-state (SS)
phases of Exploration Trial 1 (SBR = 3) and Exploration Trial 2 (SBR = 2). P-values reported are
adjusted per Bonferroni correction for 21 tests conducted.

As stated previously, participants did not self-select SLAs that could lead to a
metabolic cost reduction despite broad experience (Figure 3). To investigate this
observation, we analyzed whether participants were able to reliably achieve the




target SLAs prescribed by the real-time visual feedback. To this end, we computed
the difference between their achieved steady-state SLA and the target SLA (Figure
6). We found that participants generally under-achieved the prescribed SLAs,
walking at less negative SLAs at negative target levels as well as less positive SLAs
at positive target levels. Participants were able to most accurately track the target
SLAs that were close to symmetry, achieving the smallest absolute errors at SLA
targets of -0.05 and 0. Conversely, for the most positive and negative SLA targets,
participants performed poorly. Notably, extremely positive SLAs seemed harder to
achieve than their negative counterparts, with the most extreme positive SLA
target of +0.15 having approximately double the error of the most extreme
negative SLA target of -0.15.
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Figure 6. Difference betweern participants’ achieved SLA and the target SLA during guided
exploration trials. Each data point represents a single guided exploration trial of a single
participant, and different colors represent different participants. Within each box, the center line
indicates the median, while top and bottom whiskers represent the first and third quartile,

respectively. The solid black line with circle markers represents the mean absolute value of the
SLA differences at each target SLA.

Discussion

The purpose of our study was to analyze how people adapt their gait on a split-belt
treadmill when they are asked to walk at a smaller split-belt ratio than the
condition in which they gained broad and extensive experience. To this end, we
replicated the study protocol from Sanchez et al.1l to guide participants to broadly
explore the metabolic cost landscape of walking on a split-belt treadmill at a fixed
split-belt ratio of 3. Participants were encouraged to walk at different, prescribed
step-length asymmetries (SLAs) using real-time visual feedback of their step
length. After this guided exploration, participants performed a free exploration trial



at the same split-belt ratio, which also follows the protocol established by Sanchez
et al.11, In our study, we added a second free exploration trial at a smaller split-belt
ratio of 2, to quantify how participants might adapt their gait to this new condition
that they had not previously experienced.

During the guided exploration phase of our experiment, our observations generally
matched those reported in Sanchez et al.1! We observed that, at positive SLAs,
participants’ legs shifted from doing net positive work to doing net negative work,
which agrees with theoretical predictions. Notably, participants achieved this by
reducing their legs’ positive work rate in response to the increased net positive
work rate by treadmill rather than increasing their legs’ negative work rate. This
reduction in human positive work at higher SLAs was also correlated with a
decrease in metabolic cost (Figure 2D), suggesting that participants were able to
accept the positive work done by the treadmill and decrease the positive work
done by their legs, ultimately reducing their energy cost. One key difference
between our results and those reported in Sanchez et al. is that we observed a
linear decrease in metabolic cost as a function of SLA, whiie Sanchez et al.
reported a quadratic relationship; the second order coefficient in our model was
not significantly different from zero (p = 0.29). This indicates that participants in
our experiment did not consistently reach an upper bound on the assistance they
could receive from the treadmill at higher SLAs. In subsequent analyses, we found
that, despite the real-time feedback, our participants were not able to consistently
achieve SLA of +0.1 to +0.15 (Figure o). It is possible that the under-sampling of
this higher range of SLAs could explain why we did not observe a second order
trend. Further, this may have led to decreased exposure to SLAs that are
theoretically the most assistive, which may have influenced participants’ lack of
spontaneous adaptation.

Surprisingly, despite the guided exploration protocol, participants did not self-
select a more positive SLA than their baseline during either of the free exploration
trials. We observed SLA changes of 0.016 and 0.018 above baseline in SBR = 3
and SBR = 2 conditions, respectively. In contrast, previous studies that observed
spontaneous adaptation to positive SLAs reported higher changes of nearly 0.03
above baselinell 18, As discussed above, we observe that metabolic cost and net
work done by the human legs significantly decreased with increasing SLA during
the guided exploration trials. This means that our participants did in fact receive
assistance from the treadmill and experienced gait patterns that incurred lower
cost. However, in contrast to Sanchez et al.1! and other studies using robotic
exoskeletons?8.29, broad experience within the landscape and exposure to lower
cost gaits did not initiate participants’ spontaneous adaptation to energetically
favorable asymmetric gait when the external guidance was removed. There are



any number of potential explanations for this observed phenomenon. Some have
hypothesized that the energetic savings associated with adopting a highly
asymmetric gait may be too minor compared to the cost of maintaining symmetry
to initiate optimization33, but this remains an active area of study in biomechanics
and motor learning.

Given this discrepancy, we looked more deeply into the quality of the exploration
experience. We found a difference between our participants’ ability to follow the
prescribed SLAs compared to what was reported in Sanchez et al. As illustrated in
Figure 6, our participants were only able to achieve target SLAs near symmetry
with precision, while undershooting both highly positive and negative target SLAs.
Although participants were shown the real-time position of their feet, they were not
instructed exactly how to change their steps to meet the target SLA. Indeed, our
participants achieved an average of 6.49 + 0.41 step score (a perfect score is 10)
across all guided trials (see Methods for score computation). As a comparison,
Sanchez et al. reported that their participants were “successful at maintaining
scores of above 8 points for each stride”11. As such, it is possible that our pool of
participants had a harder time achieving the prescribed SLAs, which could have
increased the perceived effort associated with such SLAs. While we did not
measure perceived effort3> directly, some participants verbally expressed
frustration with being unable to achieve the prescribed SLA. Some prior work has
suggested that perceived effort may influence people’s choice of gait
parameters36, which is one explanation for why our participants did not self-select
positive SLAs during the free exploration trials.

To gain insight into whether participants learned a fixed gait pattern or if they
continuously adapted their gait in response to a new energetic landscape (i.e., the
smaller split-belt ratio), we examined how participants adapted their gait within
each of the free exploration trials. Between the early adaptation and steady-state
phases of the first free exploration trial (at the same split-belt ratio of 3 as guided
exploration), we found no significant changes in any of the biomechanical variables
analyzed. This suggests that participants had, throughout the previous guided
exploration trials, developed a relatively consistent strategy for walking at this
split-belt ratio.

When transitioning from the higher split-belt ratio to a lower one, participants
adjusted this strategy. We observed participants significantly altering their foot
swing distances as well as time spent on belts for both legs. This is somewhat
expected, because maintaining the exact same gait variables from the higher split-
belt ratio would have resulted in an extremely asymmetric gait. In this case,
participants would likely experience discomfort, difficulty balancing, or trouble



remaining on the treadmill due to nonzero net accelerations. Interestingly, the
change in foot swing distances and time spent on belts together led to both fast
and slow leg step lengths staying relatively unchanged. This is possibly due to
participants attempting to maintain their previously developed strategy while
staying on the treadmill comfortably.

Throughout the second free exploration trial with the lower split-belt ratio, we
observed continued change in some gait variables, but not all of them. Notably,
compared to early adaptation period, at steady state participants had increased
step lengths on the fast belt, presumably because of increased foot swing distance
on this belt. We speculate that these changes suggest that participants actively
modified their previously learned strategy, rather than passively adjusting their
gait to maintain balance or to stay on the treadmill.

It is possible that this strategy modification is at least in part explained by energy
optimization, enabled due to broad experience of the energy cost landscape at the
higher split-belt ratio. This idea is partially supported by the fact that participants
experienced decreased steady-state metabolic cost when walking at the split-belt
ratio of 2 compared to walking at the split-belt ratio of 3. However, at this stage,
we cannot definitively conclude whether such maodifications are entirely explained
by energy optimization. This is because waiking at different split-belt ratios creates
different energy landscapes. Indeed, Butterfield and Collins found that when
average belt speed was held constant, an increased difference in belt speeds can
be modeled as an increase in equivalent tied-belt speed, even though the effect is
relatively small2l, This effect by itself would result in increased metabolic demand
as split-belt ratio increases. Therefore, although we did observe lower average
metabolic cost for the second, smaller split-belt ratio compared to the first, larger
split-belt ratio, we cannot confirm whether the observed gait adaptations were the
result of spontaneous energy optimization. One potential way to investigate this is
to compare the participants’ metabolic cost between early adaptation and steady
state at both split-belt ratios. However, due to the delayed nature and stabilization
time requirement of indirect calorimetry, we were unable to do so with this
protocol. Future studies employing real-time estimation of metabolic cost37 or
longer experiment protocols may provide further insight into this question.

Further, we cannot rule out the possibility that participants modified their strategy
solely because of prolonged exposure to split-belt walking in general. Indeed,
Sanchez et al. reported that people spontaneously adapted to a positive SLA while
walking on a split-belt treadmill continuously for 45 minutes8, However, we
believe that this explanation is unlikely because the experimental condition in
Sanchez et al. remained constant throughout the prolonged exposure. Meanwhile,



multiple studies2122 with non-static conditions and total walking time exceeded
this time range when summed together over trials, did not report consistent
spontaneous adaptation. This suggests that prolonged exposure in non-static
conditions might not initiate the same level of adaptation.

The main purpose of our study was to analyze how people adapt to a smaller split-
belt ratio after experiencing and adapting to a larger one. Therefore, we designed
the free exploration trials at split-belt ratio of 2 immediately after free exploration
trials at split-belt ratio of 3. Because we were mostly interested in how people
adapt their existing strategies as opposed to learning a new one, we did not
include tied-belt wash-out trials as other studies evaluating learning or retainment
often do824.38, For the same reason, we did not include a full set of guided
exploration trials at a split-belt ratio of 2. Future work could explore if the order of
exposure to different split-belt ratios plays a role.

Here, we argued that the significant change in some gait variables during free
exploration at split-belt ratio of 2 that weren’t present during free exploration at
split-belt ratio of 3 suggests that our participants adapted their gait. However,
these observations happened after an apparent lack of spontaneous adaptation to
walking in positive SLA in both free exploration tiiais. It is currently unclear what
the implications are of this absence. Without deeper understanding of the
mechanisms behind the adaptation itseif, we cannot speculate what would happen
had we analyzed a cohort who did initiate spontaneous adaptation to positive SLA.

Additionally, the positive correlation between split-belt ratio and human metabolic
cost we observed suggested that contrary to theoretical predictions, our
participants weren’t consistently able to exploit the potential assistance from the
split-belt treadmill. These results are consistent with previous /n vivo results?1.22,
and suggest that human adaptation on split-belt treadmill is a more nuanced
process than simply an energy-optimization-based model. For example, Buurke et
al.32 found that while people adapted mediolateral dynamic balance control during
split-belt walking, such adaptations were not directly correlated with a metabolic
cost decrease. Future studies could explore the physiological mechanisms
governing spontaneous adaptation (or lack thereof) to broad guided experience.
Such research could further elucidate whether and how different factors, such as
energy optimization and center of mass stabilization contribute together to the
split-belt adaptation.

Our analysis of how participants’ gait variables change throughout a trial was
limited by the way we defined early adaptation (EA) as the first 10 strides
immediately following the 40 second mark during free explorations. We chose this
definition because we were most interested in studying adaptation in the context



of continuous energy optimization18.28, It has been shown that mediolateral
margin of stability converges relatively quickly during split-belt adaptation, with a
time scale of roughly 40 seconds for fast belt and 50 seconds for slow belt2>.
Therefore, we chose 40 seconds as a conservative time point to compare early-trial
gaits with steady-state gaits. This definition of early adaptation, as opposed to
choosing the participants’ initial steps of a trial, gives us more confidence that
differences we observe between early adaptation and steady-state will more likely
(but not guaranteed) to be linked to factors that are less related to stability, such
as energy optimization. For this reason, we made this definition unified across all
participants. Meanwhile, it has been shown that stabilization strategy during split-
belt adaptation is affected by factors such as age?? and is likely an individualized
process. Therefore, individual variability in adaptation time was likely unaccounted
for in our analysis with a consistent 40-second EA definition. In the future, it would
be interesting to use a personalized dual-timescale model?> to fit individualized
cutoffs for defining early adaptation.

Another limitation of our study is that we based our number of participants (15) on
similar previous studies on split-belt adaptation!. 12, However, we observed a
large variation in individual participants’ steady-state SLAs during the exploration
trials, as indicated by the relatively large 95% confidence intervals of mean SLA
changes between each group. This factor could have contributed to our
participants’ observed apparent lack of spontaneous adaptation to positive SLA
after guided exploration trials.

Methods

Participants

We recruited 15 participants (9 male and 6 female) with no prior experience
walking on a split-belt treadmill (mean £ SD age: 27.1 = 4.3 years; height:

174.2 £10.5 cm; mass: 76.1 = 14.5 kg; leg length 83.3 = 5.31 cm) for this study.
Participants self-reported their gender, height and mass, and we measured leg
length as the distance from the lateral malleolus to trochanter. All participants
reported no current or past cardiovascular, pulmonary, neurological, or
musculoskeletal conditions which prevent them from performing mild-to-moderate
exercise. All study procedures were approved by the University of Washington
Institutional Review Board (STUDY00020166). All study procedures were performed
in accordance with relevant guidelines and the Declaration of Helsinki. All
participants provided written, informed consent.



Data Acquisition

Participants walked on a split-belt instrumented treadmill (Bertec Corporation,
Columbus, OH, USA). Ground reaction force data were collected at 1000 Hz with
treadmill-integrated force plates. Participants’ ankle positions were measured
using retro-reflective markers placed on the lateral malleoli of each foot, tracked
by a 12-camera Qualisys Oqus Motion Capture system (Qualisys AB, Goteborg,
Sweden) at 100 Hz. Metabolic cost was measured using indirect calorimetry. Rates
of oxygen and carbon dioxide consumption were measured breath-by-breath using
the COSMED K5 wearable metabolic system (COSMED, Rome, Italy).

Study Design

All participants fasted for at least 3 hours before the start of the experiment for
consistency in metabolic cost measurement. A graphical experimental protocol is
shown in Figure 1A. We first measured participants’ baseline metabolic cost during
a 6-minute period of quiet standing. We began the walking trials with a tied-belt
trial, with both belts of treadmill running at 1 m/s (&aseline), during which we
recorded the participants’ baseline stride length and step length asymmetry (SLA).
Participants then performed another tied-belt trial with real-time feedback
(baseline with feedback), with target SLA equal to their baseline SLA. Details
about the visual feedback are provided in the next section.

Subsequently, participants performed seven guided exploration trials: split-belt
trials with real-time feedback and a split-belt ratio of 3 (fast and slow belt speeds
were 1.5 m/s and 0.5 m/s, respectively). Participants were encouraged to walk at
different SLAs using real-time visual feedback. The prescribed SLAs included those
which might penalize or benefit the metabolic cost of walking (-0.15, -0.1, -0.05,0,
+0.05, +0.1, +0.15). We randomized the order of trials for each participant. All
guided exploration trials lasted 6 minutes each.

Following the guided exploration trials, participants performed a free exploration
trial at the same split-belt ratio 3, followed by another free exploration trial at a
smaller split-belt ratio of 2 (fast and slow belt speeds were 1.33 m/s and 0.67 m/s
respectively). All free exploration trials were conducted without real-time feedback
and lasted 6 minutes each. We verbally encouraged participants to walk freely and
comfortably.

Participants rested for at least 4 minutes between walking trials. We ensured that
their metabolic rate had returned to resting level before starting a new trial by



visual inspection. The left belt was the fast belt and the right belt was the slow belt
across all split belt trials.

Real-Time Feedback

We replicated the experimental protocol from Sanchez et al.1! to guide participants
to broadly explore the energy landscape associated with different SLAs. During
baseline with feedback and all guided exploration trials, an iPad positioned at the
participant’s eye level provided them with real-time information about their foot
positions. The monitor displayed one bar for each leg, with the bar height
corresponding to the target step lengths needed to achieve the prescribed SLA
(Figure 7).

Left belt Right belt

7 9

Previous fast

step length f\

Previous sloWw
step length

Larger distance
Target slow between leadinc
step length and trailing foot

Reakim
between

Figure 7 The GUI displayed visual feedback to the participant about the real-time distance between
their feet (black dot), the target step length for each foot (green and cyan bars), and the length of

their previous step (gray dot). It also displayed a score indicating how well they were matching the
target; scores greater than 8 were green, and less than 8 were red. GUI was programmed in Matlab
2023b (MathWorks, Natick, MA, www.mathworks.com).

We computed the target step lengths as follows: for all trials with feedback, the
sum of fast and slow leg target step lengths were held constant and equal to the
sum of each subject’s baseline step lengths. During the guided exploration trials,
we back computed the target step lengths for fast leg and slow leg to achieve the
desired SLA. During the baseline with feedback trial, both left and right target step
lengths were set to the participants’ baseline step length.

We defined heel strikes for each leg when the vertical ground reaction force on the
corresponding belt surpassing a threshold of 30 N. We defined strides from the
heel strike on the fast belt to the subsequent heel strike on the fast belt. We



calculated step lengths (SL) for each leg as the instantaneous distance between
the participant’s ankle markers at heel strike. SlLf,st/s0w Was defined when the
fast/slow leg was the leading leg at heel strike. We computed SLA for each stride
according to the following equation10.11,22:

SI—fast - SI—slow

SLA =
SI—fast + SI—slow

The instantaneous anterior-posterior distance between the participant’s leading
and trailing ankle marker was computed and displayed by a black dot moving
along the bar corresponding to the leading leg. This distance was used to calculate
step lengths at heel strike, so participants were shown in real-time how large their
step length would be if they were to take a heel strike. Once heel strike occurred,
the black dot disappeared, leaving a gray mark indicating the actual step length
achieved. A score was also displayed on top of the bar at each heel strike to better
inform the participants of their performance. This score was computed according
to the following equationi!:

achieved step length
score = 10-20 X abs(1- —=_vC p leng
target step length

The score was displayed in green if the score was 8 or higher, red if the score was
between 2 and 8, and disappeared otherwise. We verbally instructed participants
to try to maintain a green score and encouraged them to aim at a score of 10 at
every step.

Post-hoc Analysis

For post-hoc analysis, ground reaction forces and marker position data were low-
pass filtered with a fourth-order Butterworth filter with cutoff frequency of 20 Hz
and 10 Hz, respectively. In addition to step lengths and SLA, in post-hoc analysis
we defined toe-offs for each leg as vertical ground reaction force on the
corresponding belt decreasing below the same threshold of 30 N. We computed
time spent on belt for each leg as the time between heel strike and toe-off for the
corresponding leg, and foot swing distance as the anterior-posterior distance
between toe-off and subsequent heel strike.

Any segmented strides that did not include exactly one fast step and one slow
step were discarded from the analysis. We averaged the last 100 strides of each
trial for computing steady-state SLA and step lengths. We defined the first 10
strides immediately following the 40 seconds mark during free explorations as



“early adaptation” (EA). Previous studies have shown that gait adaptation can be
modelled to occur at two distinctive time scales*!, with the fast time scale
associated more with stability and slow time scale associated more with energy
optimization19.20, A recent publication found that during split-belt walking, the
margin of stability converged quickly for participants at a single fast time scale,
with a time constant of around 40 seconds?>. We therefore defined the 10 strides
that participants on average walked immediately after the 40-second mark as the
early adaptation phase. This translated to steps 34 - 44 for each exploration trial,
which we averaged to compute early adaptation SLA and other biomechanical
variables.

While the real-time feedback encouraged participants to walk at preset, discrete
SLAs, we used the real SLAs achieved by participants, which was a continuous
variable, for biomechanical analyses.

We computed work rate performed by participants’ legs and the treadmill using a
modified individual limbs method that had previously beeri applied to analyze
energetics during split-belt walking11.12.16.34_ Briefly, this method assumes legs to
be massless pistons that apply equal but opposite direction forces to the treadmill
and human'’s center of mass (COM), simplified to be a point mass. We performed
the analysis on a stride-by-stride basis. Within each stride cycle, the velocities of
COM in each direction were computed by integrating the accelerations due to
forces acting on COM. We then computed work rates from the dot product of
velocities and forces. We suimmed positive work rates and negative work rates
throughout a stride cycle tc compute the net work rate.

For metabolic cost, we assumed the last three minutes’ data of each trial to be at
steady-state?8. We then computed steady-state metabolic cost computed using the
Brockway equation?? as following:

Metabolic cost (W) = 16.58 * V5 o5+ 4.51* Vg, s

Where \'/02,55 and Vcoz,ss are the average steady-state volumetric consumption
and generation rate (mL/s) of oxygen and carbon dioxide, respectively. Net
metabolic cost was computed by extracting subject-specific standing metabolic
cost from each trial’s values.

Lastly, to minimize inter-participant variability, we normalized metabolic cost and
mechanical work rates to dimensionless units (as previously described!l) by

dividing each individual’s values by m|®>g1-> where m is the body mass (kg), | the
leg length (m) and g the gravitational constant (9.8 m/s?).



Statistical Analysis

To account for individual factors affecting their energetic and metabolic cost, we
built linear mixed effect models (LMEM) using Matlab #it/me function to analyze
work and work rates by human legs and the treadmill as well as metabolic cost 11,
Specifically, we built LMEMs to capture the relationships between: 1) net work rate
done by human legs and human SLA, 2) net work rate done by the treadmill on
human legs and SLA, 3) positive work rate done by human legs and net work rate
done by the treadmill on human legs, and 4) human metabolic cost as a function of
SLA. All these models included the independent variable as a fixed effect and a
random effect intercept for each participant. For visualization purposes only, we
removed the random intercept from each data point in the figures.

To compare participants’ biomechanical variables between free exploration trials
at split-belt ratio of 3 and 2, during early adaptation and steady-state, respectively,
we applied paired student’s t-test with Bonferroni correction to account for
multiple comparisons. Specifically, we compared the following variables: 1) step
length on fast belt, 2) step length on slow belt, 3) foot swing distance on fast belt,
4) foot swing distance on slow belt, 5) time spent on fast belt, 6) time spent on
slow belt, and 7) SLA. Each variable was compared across three conditions: i)
between EA and SS of SBR = 3, ii) between SS of SBR = 3 and EA of SBR = 2, and
iii) between EA and SS of SBR = 2, for a total of 7x3 = 21 comparisons. Overall
significance level was set at p-value of 0.05, and all the reported p-values for this
analysis were adjusted by multipiying 21.

All other significance ievels were set at p-value of 0.05.

All statistical analyses were performed in Matlab 2023b (MathWorks, Natick, MA,
www.mathworks.com).

Data Availability

All data collected during this experiment have been processed as described in the
manuscript and are freely available via Dryad (DOI: 10.5061/dryad.rbnzs7hr4). The
code used to analyze and generate the results in this manuscript using these data
is provided in GitHub at https://github.com/ingraham-research/Split-belt-paper-
2025.



Acknowledgements

We thank Annika Pfister for comments and feedback. We thank all the participants
who completed this research study for their time.

Funding Declaration

This material is based upon work supported by the National Science Foundation
under Grant No. 2447698. S.A.B. also acknowledges support from the National
Science Foundation under Grant No. 2045014.

References
1.Finley, J. M., Bastian, A. J. & Gottschall, J. S. Learning to be economical: the

energy cost of walking tracks motor adaptation. /. Physio/l. 591, 1081-1095
(2013).

2.Vazquez, A., Statton, M. A., Busgang, S. A. & Bastian, A. J. Split-belt walking
adaptation recalibrates sensorimotor estimates of leg speed but not position or
force. J. Neurophysiol. 114, 3255-3267 (2015).

3.Buurke, T. ). W., Lamoth, C. j. C., Vervoort, D., van der Woude, L. H. V. & den
Otter, R. Adaptive control of dynamic balance in human gait on a split-belt
treadmill. /. Exp. Biol. 221, jeb174896 (2018).

4.Reisman, D. S., Block, H. J. & Bastian, A. J. Interlimb Coordination During
Locomotion: What Can be Adapted and Stored? /. Neurophysiol. 94, 2403-2415
(2005).

5.Dietz, V., Zijlstra, W. & Duysens, J. Human neuronal interlimb coordination during
split-belt locomotion. Exp. Brain Res. 101, 513-520 (1994).

6.Lam, T., Anderschitz, M. & Dietz, V. Contribution of feedback and feedforward

strategies to locomotor adaptations. /. Neurophysiol. 95, 766-773 (2006).



7.Emken, J. L. & Reinkensmeyer, D. ]J. Robot-enhanced motor learning: accelerating
internal model formation during locomotion by transient dynamic amplification.
IEEE Trans. Neural Syst. Rehabil. Eng. 13, 33-39 (2005).

8.Malone, L. A., Vasudevan, E. V. L. & Bastian, A. J. Motor Adaptation Training for
Faster Relearning. /. Neurosci. 31, 15136-15143 (2011).

9. Martin, T. A., Keating, J. G., Goodkin, H. P., Bastian, A. ). & Thach, W. T. Throwing
while looking through prisms. Il. Specificity and storage of multiple gaze-throw
calibrations. Brain /. Neurol. 119 ( Pt 4), 1199-1211 (1996).

10. Butterfield, J. K., Simha, S. N., Donelan, J. M. & Collins, S. H. The split-belt
rimless wheel. /nt / Rob Res 41, 1043-1076 (2022).

11. Séanchez, N., Simha, S. N., Donelan, J. M. & Finley, J. M. Taking advantage of
external mechanical work to reduce metaboilic cost: the mechanics and
energetics of split-belt treadmill walking. /. Physiol. 597, 4053-4068 (2019).

12. Selgrade, B. P., Thajchayapong, M., Lee, G. E., Toney, M. E. & Chang, Y.-H.
Changes in mechanical work during neural adaptation to asymmetric locomotion.
J. Exp. Biol. 220, 2993 (2017).

13. Burdett, R. G., Skrinar, G. S. & Simon, S. R. Comparison of mechanical work
and metabolic energy consumption during normal gait. /. Orthop. Res. Off. Publ.
Orthop. Res. Soc. 1, 63-72 (1983)

14. Umberger, B. R., Gerritsen, K. G. M. & Martin, P. E. A model of human muscle
energy expenditure. Comput. Methods Biomech. Biomed. Engin. 6, 99-111

(2003).



15. Bertram, ). E. A. & Ruina, A. Multiple Walking Speed-frequency Relations are
Predicted by Constrained Optimization. /. Theor. Biol. 209, 445-453 (2001).

16. Donelan, J. M., Kram, R. & Kuo, A. D. Simultaneous positive and negative
external mechanical work in human walking. /. Biomech. 35, 117-124 (2002).

17. Zarrugh, M. Y., Todd, F. N. & Ralston, H. J. Optimization of energy
expenditure during level walking. Eur. J. Appl. Physiol. 33, 293-306 (1974).

18. Sanchez, N., Simha, S. N., Donelan, J. M. & Finley, J. M. Using asymmetry to
your advantage: learning to acquire and accept external assistance during
prolonged split-belt walking. /. Neurophysiol. 125, 344-357 (2021).

19. Seethapathi, N., Clark, B. C. & Srinivasan, M. Exnlcration-based learning of a
stabilizing controller predicts locomotor adaptation. Nat. Commun. 15, 9498
(2024).

20. Price, M., Huber, M. E. & Hoogkamer, W. Minimum effort simulations of split-
belt treadmill walking exploit asymmetry to reduce metabolic energy
expenditure. /. Neurophysiol. 129, 900-913 (2023).

21. Butterfield, J. K. & Collins, S. H. The energy cost of split-belt walking for a
variety of belt speed combinations. /. Biomech. 132, 110905 (2022).

22. Stenum, ). & Choi, J. T. Step time asymmetry but not step length asymmetry
is adapted to optimize energy cost of split-belt treadmill walking. /. Physiol. 598,
4063-4078 (2020).

23. Brinkerhoff, S. A., Sdnchez, N. & Roper, J. A. Habitual exercise evokes fast
and persistent adaptation during split-belt walking. PLOS ONE 18, e0286649

(2023).



24. Leech, K. A., Roemmich, R. T. & Bastian, A. J. Creating flexible motor
memories in human walking. Sc/. Rep. 8, 94 (2018).

25. Brinkerhoff, S. A. et a/. The dual timescales of gait adaptation: initial stability
adjustments followed by subsequent energetic cost adjustments. /. Exp. Biol.
227, jeb249217 (2024).

26. Ellis, R. G., Howard, K. C. & Kram, R. The metabolic and mechanical costs of
step time asymmetry in walking. Proc. Biol. Sci. 280, 20122784 (2013).

27. Kodesh, E., Kafri, M., Dar, G. & Dickstein, R. Walking speed, unilateral leg
loading, and step symmetry in young adults. Gast Posture 35, 66-69 (2012).

28. Selinger, ). C., O'Connor, S. M., Wong, J. D. & Donelan, J. M. Humans Can
Continuously Optimize Energetic Cost during Walking. Curr. Biol. CB 25, 2452-
2456 (2015).

29. Selinger, J. C., Wong, J. D., Simha, 5. N. & Donelan, J. M. How humans initiate
energy optimization and converge on their optimal gaits. /. Exp. Biol. 222,
jeb198234 (2019).

30. Simha, S. N., Wong, J. D., Selinger, J. C. & Donelan, J. M. A Mechatronic
System for Studying Energy Optimization During Walking. /EEE Trans. Neural
Syst. Rehabil. Eng. 27, 1416-1425 (2019).

31. Abram, S.]., Selinger, J. C. & Donelan, J. M. Energy optimization is a major
objective in the real-time control of step width in human walking. /. Biomech. 91,

85-91 (2019).



32. Carr, S., Rasouli, F., Kim, S. H. & Reed, K. B. Real-time feedback control of
split-belt ratio to induce targeted step length asymmetry. /. NeuroEngineering
Rehabil. 19, 65 (2022).

33. Sanchez, N., Park, S. & Finley, J. M. Evidence of Energetic Optimization during
Adaptation Differs for Metabolic, Mechanical, and Perceptual Estimates of
Energetic Cost. Sci. Rep. 7, 7682 (2017).

34. Selgrade, B. P., Toney, M. E. & Chang, Y.-H. Two biomechanical strategies for
locomotor adaptation to split-belt treadmill walking in subjects with and without
transtibial amputation. /. Biomech. 53, 136 (2017).

35. Robertson, R. J. & Noble, B. J. Perception of physical exertion: methods,
mediators, and applications. Exerc. Sport Sci. Rev. 25, 407-452 (1997).

36. Julius, L. M., Brach, J. S., Wert, D. M. & VanSwearingen, J. M. Perceived Effort
of Walking: Relationship With Gait, Physical Function and Activity, Fear of Falling,
and Confidence in Walking in Older Adults With Mobility Limitations. Phys. Ther.
92, 1268-1277 (2012).

37. Zhang, J. et al. Human-in-the-loop optimization of exoskeleton assistance
during walking. Science 356, 1280-1284 (2017).

38. Torres-Oviedo, G. & Bastian, A. J. Natural error patterns enable transfer of
motor learning to novel contexts. /. Neurophysiol. 107, 346-356 (2012).

39. Buurke, T. ). W., Lamoth, C. J. C., Vervoort, D., van der Woude, L. H. V. & den
Otter, R. Adaptive control of dynamic balance in human gait on a split-belt

treadmill. /. Exp. Biol. 221, jeb174896 (2018).



40. Fettrow, T. et a/. Age differences in adaptation of medial-lateral gait
parameters during split-belt treadmill walking. Sci. Rep. 11, 21148 (2021).

41. Pagliara, R., Snaterse, M. & Donelan, J. M. Fast and slow processes underlie
the selection of both step frequency and walking speed. /. Exp. Biol. 217, 2939-
2946 (2014).

42. Brockway, J. M. Derivation of formulae used to calculate energy expenditure

in man. Hum. Nutr. Clin. Nutr. 41, 463-471 (1987).

Competing Interests

The authors declare no competing or financial interests.

Author Contributions

Z.J. contributed to the design of experiments, performed experiments, collected
and analyzed the data. J.I and S.A.B. conitributed to the design of experiments.
K.A.l. contributed to the design of experiments and analysis and interpretation of
data. All authors contributed to drafting the manuscript. All authors read and
approved of the final manuscript.

Legends

Figure 1. Overview of experimental protocol. (A) Fifteen participants walked on a split-belt
treadmill with the left belt moving faster than the right belt. We placed motion capture markers on
both lateral malleoli to determine the real-time position of each foot. (B) Participants completed
eleven 6-minute walking trials. We first measured the participants’ baseline gait in a tied-belt trial,
then added visual feedback to a second tied-belt trial (guiding participants to their baseline step
length asymmetry, SLA) to familiarize the participants with the GUI. We next guided participants to
walk with SLAs of -0.15, -0.1, -0.05, 0, 0.05, 0.1 and 0.15 using the GUI, at a split-belt ratio (SBR) of
3. Finally, we removed the visual feedback and had participants walk freely during two free
exploration trials at SBRs of 3 and 2, respectively.

Figure 2. Linear mixed effect models of participants’ energetics vs. step length asymmetry (SLA)
aduring guided exploration trials. Each data point represents a single guided exploration trial of a
single participant, and different colors represent different participants. P-values indicate
significance of the fitted slope. As SLA went from negative to positive, (A) participants’ total work
rate done by legs decreased while, (B) total work rate done by treadmill increased. (C) The
decrease in participants’ total leg work rate was linearly correlated with the increase in the



treadmill’s total work rate. (D) Participants’ metabolic energy cost decreased as SLA increased from
negative to positive.

Figure 3. Stride-by-stride SLA comparison between tied-belt baseline and the free exploration
trials with split-belt ratio of 3 (A) and 2 (B), averaged across participants. Purple, orange, and grey
shaded areas indicate standard deviation of each stride’s SLA across participants. The green
shaded area indicates the “early adaptation” period (strides 34 - 44), and the yellow shaded area
indicates the “steady-state” period (last 100 strides of each trial). Neither free exploration trial’s
steady-state SLA was significantly higher than that of tied-belt baseline.

Figure 4. Dimensionless metabolic cost comparison between tied-belt baseline and the free
exploration trials with split-belt ratios (SBR) of 3 and 2. Each data point represents a single free
exploration trial of a single participant, and different colors represent different participants. Within
each box, the center line indicates the median, while top and bottom whiskers represent the first
and third quartile, respectively.

Figure 5. Comparison between tied-belt baseline and the two free exploration trials’ early
adaptation (EA) and steady-state (5S) phases for (A) step length, (B) foot swing distance, (C) time
spent on each belt, and (D) SLA. For notational consistency, the left and right belts of the tied-belt
baseline condition are denoted fast and slow belt, respectively, despite equal belt speeds. Red and
blue boxes represent the fast and slow belts, respectively. Within each box, the center line
indicates the median, while top and bottom whiskers represent the first and third quartile,
respectively. Each data point represents a single free exploration trial of a single participant, and
different colors represent different participants. Statistical significance was represented by *
(p<0.05), ** (p<0.01) and *** (p<0.001), respectively.

Figure 6. Difference between participants’ achieved SLA and the target SLA during guided
exploration trials. Each data point represents a single guided exploration trial of a single
participant, and different colors represent different participants. Within each box, the center line
indicates the median, while top and bottorin whiskers represent the first and third quartile,
respectively. The solid black line witli circle markers represents the mean absolute value of the
SLA differences at each target SLA

Figure 7. The GUI displayed visual feedback to the participant about the real-time distance
between their feet (black dot), the target step length for each foot (green and cyan bars), and the
length of their previous step (gray dot). It also displayed a score indicating how well they were
matching the target; scores greater than 8 were green, and less than 8 were red.

Table 1. summary of biomechanical changes between early exploration (EA) and steady-state
(5S) phases of Exploration Trial 1 (SBR = 3) and Exploration Trial 2 (SBR = 2). P-values reported are
adjusted per Bonferroni correction for 21 tests conducted.



