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Creating flexible motor memories 
in human walking
Kristan A. Leech1,2, Ryan T. Roemmich   2,3 & Amy J. Bastian1,2

The human nervous system has the ability to save newly learned movements (i.e. re-learn faster after 
initial learning) and generalize learning to new conditions. In the context of walking, we rely on savings 
and generalization of newly learned walking patterns to navigate changing environments and make 
progressive improvements with gait rehabilitation. Here, we used a split-belt treadmill to study how 
different perturbation parameters can influence savings and generalization of learning during walking. 
In Experiment 1, we investigated the effect of split perturbation size on savings of a newly learned 
walking pattern. We found that larger perturbations led to better savings than smaller perturbations. 
In Experiment 2, we studied how different features of the initial split perturbation influenced the 
generalization of learning. Interestingly, we found that practicing the same thing twice did not lead to 
fastest learning. Instead, initial exposure to larger perturbation ratios led to faster subsequent learning 
of smaller perturbation ratios as compared to repeated exposures to small perturbations. Collectively, 
our findings reveal that initial learning conditions can be leveraged to increase savings and shape 
flexible motor memories during walking.

In human motor learning, we often emphasize savings and generalization as learning phenomena with important 
clinical relevance. For example, savings – i.e., the ability to store and quickly recall learned movements – drives 
successful rehabilitation because therapy hinges on the ability to build upon what has been learned previously. 
And if rehabilitation is to be progressive, people must generalize learning to new contexts outside of the specific 
training environment. This leads to an important question: what is the “best” way to learn if we hope to maximize 
savings and generalization?

Many studies have shown that movements learned via motor adaptation, or error-based learning, can be 
quickly recalled even after the new pattern is unlearned and performance has returned to baseline1–3. This savings 
manifests behaviorally as accelerated re-learning when the same task is practiced twice. Importantly, studies of 
savings have demonstrated that the way we learn new movements affects how quickly we re-learn them in the 
future. Our previous work has shown that savings during walking can be driven by (1) previous exposure to an 
abrupt versus gradual change in walking conditions (i.e. perturbations) or (2) prolonged practice in the new 
walking condition4. Data collected in reaching adaptation tasks has similarly demonstrated that the perturbation 
schedule can influence savings of a newly learned movement5 and further suggests that large perturbations during 
initial learning are also necessary to induce savings6.

Motor adaptation also generalizes to novel conditions. That is, learning does not necessarily start anew each 
time an individual encounters a new environment. Studies of adapted arm or hand movements have demon-
strated that prior learning of similar tasks can also accelerate learning of untrained movements or within new 
task demands7–9. Similar to savings of a learned movement, generalization of learning is also influenced by 
how we initially learn10, with some evidence for greater generalization following learning in response to larger 
perturbations11,12.

Here we investigated parameters of learning during walking that facilitate (1) greater savings of a newly learned 
walking pattern and (2) better generalization to new task demands. First, we systematically varied the learning envi-
ronment by manipulating the size of the perturbation driving adaptation. From this we demonstrated that savings 
of a new walking pattern is augmented through exposure to larger perturbations. We then show that prior learning 
of a novel walking pattern in response to large perturbations not only generalized to new task demands, but led to 
even faster ‘re-learning’ than could be achieved by practicing the same thing twice. In sum, our findings demonstrate 
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that repeated practice is not necessarily the best way to learn a new movement pattern, but rather specific learning 
parameters can be leveraged to accelerate subsequent learning in familiar or novel conditions.

Results
Experiment 1: How does perturbation size affect savings of a newly learned walking pattern?  
The goal of Experiment 1 was to understand how perturbation size affects savings of a newly learned walking 
pattern. In other words, we wondered whether people would re-learn a walking pattern faster upon a second 
exposure if they experienced larger perturbations during initial learning. We studied three groups of healthy 
young adults while they walked on a split-belt treadmill. All groups performed a conventional savings paradigm 
consisting of tied-belt baselines, an initial split-belt learning bout (adapt 1), tied-belt washouts, and then a second 
split-belt learning bout (adapt 2; Fig. 1). To study the effect of the size of the perturbation on savings, we varied 
the split-belt ratio among groups. In the Small group (n = 16) the split-belt ratio was 1.5:1. The Medium group 
(n = 16) walked with the belts moving at a 1.75:1 ratio. Finally, the Large group (n = 16) experienced a 2:1 split 
ratio (see Fig. 1 for further details on split-belt configurations). All groups underwent tied-belt baseline and 
washout periods at the slow and fast speeds that they experienced during the split-belt learning bouts. Given 
reports of persistent motor memories13, to ensure complete unlearning during washout we specifically designed 
the experiments here to have an extended washout relative to other studies of savings during walking (i.e. 25 
versus 10 minutes2,4). Of note, the washout blocks also alternated between fast and slow speeds because previous 
work has shown that motor aftereffects can persist at both speeds14.

We assessed learning and re-learning by measuring step length asymmetry (SLA) because this gait parameter 
adapts robustly to split-belt walking perturbations15 and shows savings across multiple learning bouts2,4. SLA is 
calculated using the following equation:

SLA = (fast step length−slow step length)/(fast step length + slow step length)
SLA value of 0 indicates symmetric stepping. We confirmed that all groups walked with similar SLA during 

baseline (F(2,45) = 1.09, p = 0.36).
We found that perturbation size affects the magnitude of savings. Figure 2a–c shows the group mean time-

courses for SLA during the adapt 1 and adapt 2 learning bouts with the Small group exhibiting the least savings 
and the Large group showing the most. To evaluate the difference in savings we compared specific epochs within 
these curves (Fig. 2d).

We found similar decreases in initial asymmetry from adapt 1 to adapt 2 across all three groups (main effect 
of learning bout, F(1,45) = 37.4, P < 0.0001, main effect of group, F(2,45) = 2.81, P = 0.07, group*bout interaction, 

Figure 1.  Experiment 1 protocol diagrams are shown for the Small (a), Medium (b), and Large (c) groups. 
Dashed lines indicate the speeds of the fast and slow belts, with solid lines indicating when the belts are tied. 
Colors assigned to each group and adaptation block will be constant throughout the figures.
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F(2,45) = 0.39, P = 0.68). However, the differences in savings started to emerge in our measure of early change 
in SLA. Specifically, we saw a group*bout interaction (F(2,45) = 6.53, P = 0.003) such that the Medium and 
Large groups showed more change from adapt 1 to adapt 2 compared to the Small group. That said, all groups 
showed significant decreases in SLA during early change in adapt 2 as compared to adapt 1 (LSD post hoc: Small 
P = 0.009, Medium P < 0.0001, and Large P < 0.0001). The group*bout interaction was most evident in SLA dur-
ing late change, with only the Medium and Large perturbation groups demonstrating significant decreases in SLA 
from adapt 1 to adapt 2 (group*bout interaction, F(2,45) = 8.94, P = 0.001; LSD post hoc comparing late change 
during adapt 1 to that during adapt 2: Small P = 0.582, Medium P = 0.002, and Large P < 0.0001).

We also considered that the differences in savings among groups might be explained by (1) differences in the 
degree of symmetry attained by the end of adapt 1 (i.e., some groups may have learned “more”) or (2) differences 
in the amount of unlearning during washout (i.e., some groups may not have fully unlearned). First, because 
we observed that the Large group stepped more symmetrically than the Small and Medium groups by the end 
of adapt 1 (adapt 1 plateau: F(2,45) = 5.98, P = 0.005; Bonferroni post hoc: Small vs. Medium: P = 1.0, Small vs. 
Large: P = 0.006, Medium vs. Large: P = 0.045), we performed a one-way ANCOVA to compare the amount of 
savings (specifically, the difference in late change from adapt 1 to adapt 2) among the groups while controlling 
for the adapt 1 plateau. When we included adapt 1 plateau as covariate, we still observed a significant difference 
in savings between the groups, with post hoc tests demonstrating significant differences between the Large and 
Small, but not Medium perturbation groups (F(2,44) = 6.56, P = 0.003; Bonferroni post hoc: Small vs. Medium: 
P = 0.21, Small vs. Large: P = 0.002, Medium vs. Large: 0.15). Therefore, the perturbation size provided is the 
primary predictor of savings with little influence of the amount of symmetry restored during adapt 1. Second, we 
compared the SLA during baseline and last washout blocks and found that all groups were similarly washed out 
(no group*time interaction effect: F(2,45) = 0.40, P = 0.67) prior to adapt 2 (Fig. 3), and thus the degree of washout 
is unlikely to have affected the differences in savings we observed among groups.

In summary, the results from Experiment 1 revealed that larger perturbations lead to better savings than 
smaller perturbations.

Experiment 2: Is practicing the same thing twice always the fastest way to learn a new walking 
pattern?  Intuitively, one might think that the fastest way to learn a new walking pattern is by practicing the 
same pattern repeatedly. However, our findings from Experiment 1 question whether this is actually true. We 
tested this by studying four groups of healthy young adults (n = 16/group) and manipulating different features of 
the split-belt perturbations in adapt 1 to see which features influenced learning during adapt 2. Specifically, we 
manipulated the belt speed ratio, average belt speed, and belt speed difference such that each group experienced 

Figure 2.  Comparison of step length asymmetry (SLA) during adapt 1 and adapt 2 (i.e. savings) among 
the Small (red and black traces) (a), Medium (pink and purple traces) (b), and Large (cyan and blue) (c) 
perturbation groups in Experiment 1. Mean curves across participants within each group ± SE are shown. The 
curves are truncated in length to match the participant that took the fewest strides during each condition. Data 
points immediately following the adapt 1 and adapt 2 curves show the SLA during the plateau (mean ± SE of 
the last 30 strides) for each group. (d) Bar graphs are shown indicating the SLA during initial (mean of the first 
5 strides), early change (mean of strides 6–30), late change (mean of strides 30–200), and plateau of adapt 1 and 
adapt 2 for each group (mean ± SE). **Indicates a significant group*learning bout interaction effect for that 
epoch (P < 0.05). Lines indicate significant differences between adapt 1 and adapt 2 found with LSD posthoc 
tests (P < 0.05). The statistical analyses are described in Methods.
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a “large perturbation” through at least one of these parameters in adapt 1(i.e., large ratio, fast average speed, or 
large speed difference). Then, the adapt 2 condition was consistent across groups and identical to the Small group 
from Experiment 1 (i.e. a 1.5:1.0 m/s split, see Fig. 4 for details). Recall that the Small group did not show as much 
savings in Experiment 1.

The groups we studied are as follows (Fig. 4). The Fast 2:1 group walked with a large belt speed ratio, an inter-
mediate average belt speed, and a large belt speed difference (2.0 m/s:1.0 m/s). The Slow 2:1 group walked with a 
large belt speed ratio, a slow average belt speed, and a small belt speed difference (1.0 m/s:0.5 m/s). Thus we held 
the ratio constant in these two groups, but varied the average belt speed and belt speed difference. The Pulse 1.5:1 
group received a 10 second exposure to a large perturbation (2.0 m/s:1.0 m/s) and then returned to walking at a 
smaller perturbation (1.5 m/s:1.0 m/s) for the remained of adapt 1. This was designed to specifically test role of 
initial asymmetry size. The Fast 1.5:1 group walked with a small belt speed ratio, a fast average belt speed, and 
an intermediate belt speed difference (2.1 m/s:1.4 m/s). This allowed us to assess the influence of faster speeds in 
absence of a large ratio.

Since each group had an “advantage” in at least one parameter (i.e., large ratio, fast average speed, or large 
speed difference), we were able to investigate the effect of each parameter on the generalization of learning to 
novel walking conditions in adapt 2. We did this by comparing the adapt 2 performance in these groups to the 
adapt 2 data of the Small group in Experiment 1. In other words, we wondered if differences in adapt 1 would 
accelerate the learning during the same adapt 2 that showed the least savings in Experiment 1.

We did not observe any group differences in SLA among groups during baseline walking (F(4,75) = 1.54, 
P = 0.2). We show SLA during the unique adapt 1 conditions for each group in Fig. 5. The Fast 2:1 and Slow 2:1 
groups showed large asymmetries early (Fig. 5a,b), as did the initial pulse within the Pulse 2:1 group (Fig. 5c). 
The Fast 1.5:1 group showed less asymmetry early on and appear to plateau at a more symmetric level (Fig. 5d).

Figure 6 shows that the large ratio split-perturbation led to accelerated ‘re-learning’ of a novel walking pattern 
(‘re-learning’ in quotations because only the Small group from Experiment 1 had actually experienced the pertur-
bation applied during adapt 2). Specifically, the Fast 2:1 and Slow 2:1 groups both demonstrated faster initial and 
early changes in SLA during adapt 2 than the Small group in Experiment 1, despite the fact that the Small group 
experienced the exact same perturbation twice (Fig. 6e; initial: F(4,75) = 5.28, P = 0.001; Dunnett’s post hoc: Fast 
2:1 P = 0.01, Slow 2:1 P = 0.02; early change: F(4,75) = 4.23, P = 0.004; Dunnett’s post hoc: Fast 2:1 P = 0.08, Slow 
2:1 P = 0.06; late change: F(4,75) = 2.0, P = 0.104). This suggests that the beneficial effect of a large perturbation is 
mediated by the size of the split ratio, as the Fast 2:1 and Slow 2:1 groups were matched for ratio while the belt 
speed difference and average belt speed varied. The importance of the split ratio size was further confirmed by our 
finding that the other two groups showed no added benefit of faster average speed (Dunnett’s post hoc: Fast 1.5:1, 
initial: P = 0.99, early change: P = 0.74) or large initial asymmetry alone (Dunnett’s post hoc: Pulse 1.5:1, initial: 
P = 0.95, early change: P = 0.92) when these conditions were paired with extended learning at a small split ratio. 
These results suggest that initial learning in response to larger split ratios not only generalizes to novel conditions, 
but also can lead to even faster learning than practicing the same thing twice.

Similar to Experiment 1, we checked to see if these effects could be explained by any differences in the level of 
washout between groups. Changes in SLA during Experiment 2 washout are presented in Fig. 7. We found small 
differences in SLA across the groups (main effect for group: F(4,75) = 3.09, P = 0.02) as well as differences between 
baseline and the end of washout (main effect for time: F(1,75) = 4.79,P = 0.032), but these differences were consist-
ent across groups (no group*time interaction effect: F(4,75) = 0.68, P = 0.61). Therefore, unequal washout between 
groups does not explain our results.

In summary, the results from Experiment 2 revealed that first practicing something different, and perhaps 
“harder”, can actually facilitate faster learning of a specific movement as compared to repetitive practice of the 
same task demands.

Figure 3.  Changes in step length asymmetry during washout blocks following adapt 1. Grey shading along the 
x-axis indicates the SLA during washout at fast vs slow speeds. Mean curves across participants within each 
group ± SE are shown. Note that the curves are truncated in length to match the participant that took the fewest 
strides during each washout block. Data points immediately following the last washout block represent the SLA 
at the end of washout (mean ± SE of the last 30 strides) for each group. There were no significant differences in 
SLA among the groups at the end of washout.
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Discussion
The human nervous system has the remarkable ability to learn, store, and recall new movement patterns. These 
features not only enable us to successfully navigate and interact with our surroundings, but are also critical to the 
success of rehabilitation targeted to improve motor function. Here, we present new information about the features 
of initial learning that drive savings and generalization of learning during walking. First, we found that the size 
of the perturbation provided affected the degree to which a new walking pattern is saved. Though all subjects 
had some savings of the newly learned walking pattern, subjects exposed to a large perturbation demonstrated 
the greatest savings upon re-exposure. Next, we demonstrated that practicing the same thing twice was not the 
best way to speed learning of a new walking pattern. Instead, larger perturbation ratios on the first exposure sped 
the learning of smaller perturbation ratios on the second exposure. Our findings reveal that locomotor learning 
produces flexible motor memories that are shaped largely by initial learning conditions.

We first showed that participants exhibited greater savings with larger perturbations during walking. Savings 
of a new motor behavior following error-based sensorimotor learning has been largely viewed to be driven by a 
cerebellar-dependent mechanism16. As such, multiple error-based learning models have been proposed to explain 
the phenomenon of savings in arm and hand movements (e.g. refs17,18), but none of these fully account for our results 
of greater savings with larger perturbations. Recent evidence suggests that cognitive learning processes interact with 
error-based learning to account for similar findings in reaching. For example, savings during reaching movements 
only occurs with large perturbations and this gain in performance was facilitated by use of a cognitive aiming strat-
egy upon re-exposure to a large perturbation6. This is consistent with data that demonstrate an increased contribu-
tion of explicit learning processes as task demands or perturbation sizes increase during sensorimotor learning19. 

Figure 4.  Experiment 2 protocol diagrams are shown for the Fast 2:1 (a), Slow 2:1 (b), Pulse 1.5:1 (c), and Fast 
1.5:1 (d) groups. Dashed lines indicate the speeds of the fast and slow belts, with solid lines indicating when the 
belts are tied. Embedded in the adapt 1 learning bout schematic is text highlighting the adapt 1 split parameters 
manipulated for that group. Note that the adapt 2 bout is kept consistent across groups. Colors assigned to each 
group will be constant throughout the figures.
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Furthermore, we have previously shown that savings during walking that occurs following large abrupt perturba-
tions may be driven acquisition of a more accurate explicit knowledge of the learning environment4.

Though studies of reaching suggest that aiming strategies may be important for savings, we think it is unlikely 
that this accounts for the effects that we see in walking. When walking over level surfaces, locomotion is a rela-
tively automatic, patterned behavior that does not require attention to where we “aim” our feet. Rather, attention 
to precise foot placement only increases when environmental demands, such as obstacles, are present20–22. These 
observations suggest that explicit aiming strategies contribute less to savings during waking as compared that 
reported with reaching movements. However, we cannot entirely rule this out because there is no clear method 

Figure 5.  Changes in step length asymmetry during adapt 1. Mean curves across participants within each 
group ± SE are shown. The curves are truncated in length to match the participant that took the fewest 
strides during each condition. Data points immediately following the curves show the SLA during the plateau 
(mean ± SE of the last 30 strides) for each group. Stepping behaviors in each group are different, reflecting the 
varied learning parameters in this initial learning block. Note that the Fast 2:1 (a), Slow 2:1 (b), and Pulse 1.5:1 
(c) groups exhibit similar magnitudes of asymmetry initially, while the Fast 1.5:1 group (d) shows a smaller 
initial asymmetry. Additionally, each group plateaued to different levels of asymmetry by the end of adapt 1.

Figure 6.  Comparison of step length asymmetry during adapt 2 relative to the adapt 2 behavior of the Small 
perturbation group in Experiment 1 (black). Plots are organized such that groups that received a 2:1 split ratio 
and exhibit accelerated learning relative to the Small group are on the left (a and b) and group exposed to 
1.5:1 ratio and demonstrate the same behavior as the Small group in adapt 2 are on the right (c and d). Mean 
curves across participants within each group ± SE are shown. The curves are truncated in length to match the 
participant that took the fewest strides during each condition. Data points immediately following the curves 
show the SLA during the plateau (mean ± SE of the last 30 strides) for each group. Differences among the groups 
during initial, early change, late change, and plateau are quantified in the bar plots at the bottom (E; mean ± SE). 
**Indicates a significant one-way ANOVA for that epoch (P < 0.05). Lines indicate a significant difference in 
SLA relative to the Small perturbation group from Experiment 1 that was found with Dunnett’s post hoc test 
(P < 0.05). The statistical analyses are described in Methods.
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to measure the contribution of an explicit aiming strategy versus the more automatic learning process that occurs 
during this walking task. An attempt to do so would change the task from an automatic walking task to a preci-
sion stepping task. While we are skeptical of a role for aiming strategies, our recent work demonstrates that other 
explicit components of learning contribute to savings during walking. Specifically, we found that savings relies 
on being able to explicitly recall the perturbation4, even if subjects cannot verbalize how they alter their walking.

Results from Experiment 2 demonstrated that prior exposure to a similar task led to generalization of 
learning to walking within new conditions. All groups performed at least as well as the reference behavior (the 
group that practiced the same thing twice) regardless of initial learning parameters. This is consistent with 
the well-documented ability of the motor system to undergo “meta-learning” and generalize prior learning to 
improve performance within novel task conditions (e.g. refs9,23,24). Multiple mechanisms have been proposed to 
account for this phenomenon. For example, Flanagan and colleagues suggested that the generalization of prior 
learning to novel task conditions is due to the ability of the central nervous system to alter previously acquired 
internal models to meet new requirements of a similar task8. Additionally, a model for motor learning has recently 
been proposed that attributes the meta-learning phenomenon to an increased sensitivity to and memory of pre-
viously experienced errors18. There is also data to suggest that subjects learn the structural features of a task, 
which speeds subsequent learning of novel tasks that have a shared structure25. While this work offers evidence 
for candidate mechanisms that may have contributed to the generalization of learning demonstrated here, it was 
performed in the context of upper extremity movements. As such, further work is required to determine the 
degree to which these or any other mechanisms also contribute to the generalization of learning during walking.

Beyond a global generalization of learning to new task conditions, we found that practicing the same thing 
twice is not necessarily the fastest way to learn a new walking pattern. Specifically, initial exposure to large ratio 
perturbations drove faster ‘re-learning’ than could be achieved by repeat exposure to small perturbations. We 
find two details about this result thought provoking. First, this suggests that initially practicing something more 
perturbing or difficult may lead to better performance than repeated practice of a specific task. Much of the initial 
work exploring the generalization of learning in adapted arm or hand movements suggests that prior exposure to 
a similar perturbation, regardless of size, facilitates better performance with subsequent adaptation9,12. Yet, similar 
to our results, recent work suggests that increasing the difficulty of initial learning can facilitate better generali-
zation of learning to different task demands. For example, learning following practice of reaching movements to 
variable versus fixed targets better generalizes to untrained targets10. Additionally, high versus low acceleration 
slip training on a treadmill has been shown result in greater control in response to untrained slip directions26 and 
overground slips11. Yet, this effect may be restricted to certain forms of added task difficulty, as divided attention 
during initial learning has been shown to limit generalization of learning27.

One puzzling detail remains: why is the ratio of the belt speeds the perturbation parameter that improves the 
generalization of learning to new conditions while the absolute speeds appear to have little influence? Given that 
walking requires interlimb coordination characterized by an out-of-phase relationship between the limbs, a rel-
ative versus absolute speed difference between the belts may be a more salient perturbation parameter. However, 
further work is necessary to determine the mechanism that underlies this result. Interestingly, this indicates that 
savings and generalization can be driven by high ratio perturbations at slower speeds, which may prove to be 
particularly important within clinical populations that may not tolerate walking at faster speeds.

In summary, here we determined that the size of the perturbation driving the learning influences the degree 
to which a new walking pattern is saved. We also found that learning of a specific walking pattern was fastest, 
not by repeated exposure to the same task, but through the generalization of prior learning in response to larger 
perturbations. These results help clarify the structure of practice that can facilitate savings and generalization 
learning during walking. As such, these findings may be relevant when considering the design of rehabilitation 

Figure 7.  Mean curves of step length asymmetry during washout blocks after adapt 1 for each group 
(mean ± SE). Note that the curves are truncated in length to match the participant that took the fewest strides 
during each washout block. Data points immediately following the last washout block represent the SLA at 
the end of washout (mean ± SE of the last 30 strides) for each group. There were no significant differences in 
SLA among the groups at the end of washout. Grey shading along the x-axis indicates the strides taken during 
washout at fast washout blocks.
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interventions that leverage adaptive motor learning mechanisms to address gait deficits. Future work will be 
required to translate these results into patient populations and determine the clinical relevance.

Methods
Participants.  One hundred and twelve young healthy volunteers participated in this study (Experiment 
1: n = 48, 17 males, 31 females; mean age ± SD: 23 ± 5 yr; Experiment 2: n = 64, 17 males, 47 females; mean 
age ± SD: 23 ± 4 yr). All participants were naïve to split-belt treadmill walking, participated in only one exper-
iment, and provided informed written consent before participating. The protocols were approved by the Johns 
Hopkins Medicine Institutional Review Board and all experiments were performed in accordance with the rele-
vant guidelines and regulations.

Experimental procedures.  During both experiments, participants walked on a custom-built split-belt 
treadmill (Woodway USA, Waukesha, WI) that has two separate belts driven by independently controlled motors. 
The treadmill motors were controlled using a custom-written MATLAB code (The Mathworks, Natick, MA). To 
start, participants stood in the middle of the treadmill with one foot on each belt. A 12” tall partition was placed 
lengthwise between the belts to prohibit stepping on both belts simultaneously, but did not otherwise interfere 
with walking. Participants wore a safety harness suspended from the ceiling that did not provide body-weight 
support during walking. They were informed when the treadmill was about to start or stop, but were not told the 
structure of the paradigm (i.e. order of the testing blocks), the speed of the belts, or given instruction as to how to 
walk. Immediately prior to starting the treadmill, participants were allowed to hold on to a horizontal handrail in 
front of them but were instructed to release the rail and cross their arms as soon as possible. While walking, the 
participants watched a television placed directly in front of the treadmill to discourage them from looking at the 
treadmill belts. No feedback was provided on their performance. The treadmill was stopped briefly (<3 minutes) 
between each testing block (e.g. baseline, adapt 1, washout, etc.).

For all groups, participants walked at baseline with the belts tied alternating between slow and fast speeds in 
2 minute increments (slow baseline 1, fast baseline 1, slow baseline 2). This was followed by a 10 minute adapta-
tion block (adapt 1), a 25 minute washout block that alternated between the slow and fast speeds (slow washout 1 
for 10 min, fast washout 1 for 5 min, slow washout 2 for 5 min, fast washout 2 for 5 min), and a second 10 minute 
adaptation block (adapt 2). Specific experimental protocols for each group are depicted in Figs 1 and 4.

Data Collection.  Kinematic data were collected at 100 Hz using Optotrak Certus motion capture hardware 
(Northern Digital, Waterloo, Ontario, Canada). Infared-emitting active markers were placed bilaterally over the 
tow (5th metatarsal head), ankle (lateral malleolus), knee (lateral femoral epicondyle), hip (greater trochanter), 
pelvis (iliac crest), and shoulder (acromion process). All participants remained on the treadmill throughout the 
duration of the testing sessions and wore comfortable walking shoes and form-fitting clothing to reduce marker 
movement artifact.

Behavioral Data Analysis.  For experiments 1 and 2, the outcome measure of interest was step length asym-
metry (fast step length−slow step length/fast step length + slow step length). We calculated step length as the 
distance between the ankle markers along the anterior-posterior axis at heel strike of each leg. We analyzed SLA 
in adapt 1 and adapt 2 across four distinct time epochs: initial (mean of the first 5 strides), early change (mean 
of strides 6–30), late change (mean of strides 31–200), and the plateau (mean of the last 30 strides). In order to 
assess baseline behavior and the amount to which all groups were washed out following initial learning, we also 
assessed the plateau value of SLA during the fast baseline (fast baseline) and last washout (fast washout 2) blocks.

For both experiments, to confirm that no differences existed in baseline walking between the groups, we first 
performed separate one-way ANOVAs to compare baseline SLA values during walking at the slow speed (slow 
baseline 2). To assess the degree to which each group washed out the learning from adapt 1 before exposure to 
adapt 2, we performed mixed methods ANOVAs with a within-subject factor for time and a between subjects 
factor for group (α = 0.05) comparing the SLA at the plateau during fast baseline walking and last washout block 
(fast washout 2).

In Experiment 1, evaluation of the SLA in these time epochs allowed us to investigate savings by quantifying 
the differences between adapt 1 to adapt 2 (within and between groups) in the degree to which they were initially 
asymmetric (initial), the rate with which they learned to walk symmetrically (early and late change), and how 
symmetrically they walked by the end of learning (plateau). These comparisons were made using 2 × 3 (learn-
ing bout (adapt 1, adapt 2) x group (Small, Medium, Large)) mixed methods ANOVAs with the α level set to 
0.05. When significant effects were observed, post hoc tests to compare adapt 1 to adapt 2 for each group were 
performed using Fisher’s LSD test. This post hoc test was chosen because multiple between group comparisons 
were not made, as such a post hoc correction for multiple comparisons was not warranted. Given that each group 
experienced difference belt speed configurations, no statistical analyses were performed to compare between 
group differences in SLA during these epochs within deadaptation (slow washout 1). We compared the level 
of symmetry at the end of adapt 1 using a one-way ANOVA to compare the SLA at plateau across the groups 
(α = 0.05). When significant effects were observed, post hoc tests were performed to compare among groups with 
a Bonferroni correction for multiple comparisons. Finally, we were also interested in the potential influence of 
symmetry achieved during adapt 1 on savings. To investigate this, we performed a one-way ANCOVA (α = 0.05) 
with the difference in late change from adapt 1 to adapt 2 as the dependent variable, group assignment as a fixed 
factor, and adapt 1 plateau as the covariate. When significant effects were observed, post hoc tests were performed 
to compare the adjusted group means with a Bonferroni correction for multiple comparisons.

Similarly, in Experiment 2 we calculated SLA in the same time epochs during adapt 2 for all groups. Adapt 
2 data from the Small group in Experiment 1 were included in these analyses as reference data to allow for 
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comparison of learning to that achieved with conventional savings paradigms. We compared these measures 
using one-way ANOVAs (α = 0.05). When significant effects were observed, post hoc tests were performed using 
a Dunnett’s test to allow for comparison of each group’s performance to the Small group reference data from 
Experiment 1. The Dunnett’s test was developed to make comparisons of multiple groups to a single reference or 
control. We employed it here in order to test the null hypothesis that no greater learning occurred relative to the 
reference group data from experiment 1. Since each group experienced different belt speed configurations during 
adapt 1 and deadaptation, there was no reasonable null hypothesis that all groups would perform similarly during 
these walking blocks. Therefore, no statistical analyses were performed on these data.

Data Availability.  The datasets analyzed during the current study are available from the corresponding 
author on reasonable request.

References
	 1.	 Martin, T. A., Keating, J. G., Goodkin, H. P., Bastian, A. J. & Thach, W. T. Throwing while looking through prisms. II. Specificity and 

storage of multiple gaze-throw calibrations. Brain 119(Pt 4), 1199–1211 (1996).
	 2.	 Malone, L. A., Vasudevan, E. V. & Bastian, A. J. Motor adaptation training for faster relearning. The Journal of neuroscience: the 

official journal of the Society for Neuroscience 31, 15136–15143, https://doi.org/10.1523/JNEUROSCI.1367-11.2011 (2011).
	 3.	 Kitago, T., Ryan, S. L., Mazzoni, P., Krakauer, J. W. & Haith, A. M. Unlearning versus savings in visuomotor adaptation: comparing 

effects of washout, passage of time, and removal of errors on motor memory. Front Hum Neurosci 7, 307, https://doi.org/10.3389/
fnhum.2013.00307 (2013).

	 4.	 Roemmich, R. T. & Bastian, A. J. Two ways to save a newly learned motor pattern. J Neurophysiol 113, 3519–3530, https://doi.
org/10.1152/jn.00965.2014 (2015).

	 5.	 Orban de Xivry, J. J. & Lefevre, P. Formation of model-free motor memories during motor adaptation depends on perturbation 
schedule. J Neurophysiol 113, 2733–2741, https://doi.org/10.1152/jn.00673.2014 (2015).

	 6.	 Morehead, J. R., Qasim, S. E., Crossley, M. J. & Ivry, R. Savings upon Re-Aiming in Visuomotor Adaptation. The Journal of 
neuroscience: the official journal of the Society for Neuroscience 35, 14386–14396, https://doi.org/10.1523/JNEUROSCI.1046-15.2015 
(2015).

	 7.	 Welch, R. B., Bridgeman, B., Anand, S. & Browman, K. E. Alternating prism exposure causes dual adaptation and generalization to 
a novel displacement. Percept Psychophys 54, 195–204 (1993).

	 8.	 Flanagan, J. R. et al. Composition and decomposition of internal models in motor learning under altered kinematic and dynamic 
environments. The Journal of neuroscience: the official journal of the Society for Neuroscience 19, RC34 (1999).

	 9.	 Seidler, R. D. Multiple motor learning experiences enhance motor adaptability. J Cogn Neurosci 16, 65–73, https://doi.
org/10.1162/089892904322755566 (2004).

	10.	 Neva, J. L. & Henriques, D. Y. Visuomotor adaptation and generalization with repeated and varied training. Exp Brain Res 226, 
363–372, https://doi.org/10.1007/s00221-013-3444-1 (2013).

	11.	 Liu, X., Bhatt, T. & Pai, Y. C. Intensity and generalization of treadmill slip training: High or low, progressive increase or decrease? J 
Biomech 49, 135–140, https://doi.org/10.1016/j.jbiomech.2015.06.004 (2016).

	12.	 Abeele, S. & Bock, O. Mechanisms for sensorimotor adaptation to rotated visual input. Exp Brain Res 139, 248–253 (2001).
	13.	 Hadjiosif, A. M. & Smith, M. A. Savings in restricted to the temorall labile component of motor adaptation (Abstract). Translational 

and ComputationalMotor Control. San Diego, CA: Am. Soc. Neurorehabiliation (2013).
	14.	 Vasudevan, E. V. & Bastian, A. J. Split-belt treadmill adaptation shows different functional networks for fast and slow human 

walking. J Neurophysiol 103, 183–191, https://doi.org/10.1152/jn.00501.2009 (2010).
	15.	 Reisman, D. S., Block, H. J. & Bastian, A. J. Interlimb coordination during locomotion: what can be adapted and stored? J 

Neurophysiol 94, 2403–2415, https://doi.org/10.1152/jn.00089.2005 (2005).
	16.	 Medina, J. F., Garcia, K. S. & Mauk, M. D. A mechanism for savings in the cerebellum. The Journal of neuroscience: the official journal 

of the Society for Neuroscience 21, 4081–4089 (2001).
	17.	 Smith, M. A., Ghazizadeh, A. & Shadmehr, R. Interacting adaptive processes with different timescales underlie short-term motor 

learning. PLoS Biol 4, e179, https://doi.org/10.1371/journal.pbio.0040179 (2006).
	18.	 Herzfeld, D. J., Vaswani, P. A., Marko, M. K. & Shadmehr, R. A memory of errors in sensorimotor learning. Science 345, 1349–1353, 

https://doi.org/10.1126/science.1253138 (2014).
	19.	 Bond, K. M. & Taylor, J. A. Flexible explicit but rigid implicit learning in a visuomotor adaptation task. J Neurophysiol 113, 

3836–3849, https://doi.org/10.1152/jn.00009.2015 (2015).
	20.	 Drew, T. & Marigold, D. S. Taking the next step: cortical contributions to the control of locomotion. Current opinion in neurobiology 

33, 25–33, https://doi.org/10.1016/j.conb.2015.01.011 (2015).
	21.	 Matthis, J. S. & Fajen, B. R. Visual control of foot placement when walking over complex terrain. J Exp Psychol Hum Percept Perform 

40, 106–115, https://doi.org/10.1037/a0033101 (2014).
	22.	 Matthis, J. S. & Fajen, B. R. Humans exploit the biomechanics of bipedal gait during visually guided walking over complex terrain. 

Proc Biol Sci 280, 20130700, https://doi.org/10.1098/rspb.2013.0700 (2013).
	23.	 Thoroughman, K. A. & Shadmehr, R. Learning of action through adaptive combination of motor primitives. Nature 407, 742–747, 

https://doi.org/10.1038/35037588 (2000).
	24.	 Bock, O., Schneider, S. & Bloomberg, J. Conditions for interference versus facilitation during sequential sensorimotor adaptation. 

Exp Brain Res 138, 359–365 (2001).
	25.	 Braun, D. A., Aertsen, A., Wolpert, D. M. & Mehring, C. Motor task variation induces structural learning. Current biology: CB 19, 

352–357, https://doi.org/10.1016/j.cub.2009.01.036 (2009).
	26.	 Hak, L. et al. Speeding up or slowing down?: Gait adaptations to preserve gait stability in response to balance perturbations. Gait & 

posture 36, 260–264, https://doi.org/10.1016/j.gaitpost.2012.03.005 (2012).
	27.	 Bedard, P. & Song, J. H. Attention modulates generalization of visuomotor adaptation. J Vis 13, 12, https://doi.org/10.1167/13.12.12 

(2013).

Acknowledgements
This work was supported by NIH grants 5 T32 HD007414 23 to K.A.L., 5 F32 NS090751 03 to R.T.R., and 5 R37 
NS090610 12 to A.J.B. We thank Kevin Day for his assistance with data collection.

Author Contributions
Conceptualization, K.A.L., R.T.R. and A.J.B.; Methodology, K.A.L., R.T.R. and A.J.B.; Investigation, K.A.L.; 
Formal Analysis, K.A.L.; Writing – Original Draft, K.A.L.; Writing – Review & Editing, K.A.L., R.T.R. and A.J.B.; 
Resources, A.J.B.; Supervision, A.J.B.

http://dx.doi.org/10.1523/JNEUROSCI.1367-11.2011
http://dx.doi.org/10.3389/fnhum.2013.00307
http://dx.doi.org/10.3389/fnhum.2013.00307
http://dx.doi.org/10.1152/jn.00965.2014
http://dx.doi.org/10.1152/jn.00965.2014
http://dx.doi.org/10.1152/jn.00673.2014
http://dx.doi.org/10.1523/JNEUROSCI.1046-15.2015
http://dx.doi.org/10.1162/089892904322755566
http://dx.doi.org/10.1162/089892904322755566
http://dx.doi.org/10.1007/s00221-013-3444-1
http://dx.doi.org/10.1016/j.jbiomech.2015.06.004
http://dx.doi.org/10.1152/jn.00501.2009
http://dx.doi.org/10.1152/jn.00089.2005
http://dx.doi.org/10.1371/journal.pbio.0040179
http://dx.doi.org/10.1126/science.1253138
http://dx.doi.org/10.1152/jn.00009.2015
http://dx.doi.org/10.1016/j.conb.2015.01.011
http://dx.doi.org/10.1037/a0033101
http://dx.doi.org/10.1098/rspb.2013.0700
http://dx.doi.org/10.1038/35037588
http://dx.doi.org/10.1016/j.cub.2009.01.036
http://dx.doi.org/10.1016/j.gaitpost.2012.03.005
http://dx.doi.org/10.1167/13.12.12


www.nature.com/scientificreports/

1 0Scientific Reports |  (2018) 8:94  | DOI:10.1038/s41598-017-18538-w

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Creating flexible motor memories in human walking

	Results

	Experiment 1: How does perturbation size affect savings of a newly learned walking pattern? 
	Experiment 2: Is practicing the same thing twice always the fastest way to learn a new walking pattern? 

	Discussion

	Methods

	Participants. 
	Experimental procedures. 
	Data Collection. 
	Behavioral Data Analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 Experiment 1 protocol diagrams are shown for the Small (a), Medium (b), and Large (c) groups.
	Figure 2 Comparison of step length asymmetry (SLA) during adapt 1 and adapt 2 (i.
	Figure 3 Changes in step length asymmetry during washout blocks following adapt 1.
	Figure 4 Experiment 2 protocol diagrams are shown for the Fast 2:1 (a), Slow 2:1 (b), Pulse 1.
	Figure 5 Changes in step length asymmetry during adapt 1.
	Figure 6 Comparison of step length asymmetry during adapt 2 relative to the adapt 2 behavior of the Small perturbation group in Experiment 1 (black).
	Figure 7 Mean curves of step length asymmetry during washout blocks after adapt 1 for each group (mean ± SE).




