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Optimism persists when walking 
in unpredictable environments
Mary A. Bucklin 1,2*, Jasjit Deol 1, Geoffrey Brown 1, Eric J. Perreault 2,3,4 & Keith E. Gordon 1,5

Humans continuously modulate their control strategies during walking based on their ability to 
anticipate disturbances. However, how people adapt and use motor plans to create stable walking in 
unpredictable environments is not well understood. Our purpose was to investigate how people adapt 
motor plans when walking in a novel and unpredictable environment. We evaluated the whole-body 
center of mass (COM) trajectory of participants as they performed repetitions of a discrete goal-
directed walking task during which a laterally-directed force field was applied to the COM. The force 
field was proportional in magnitude to forward walking velocity and randomly directed towards either 
the right or left each trial. We hypothesized that people would adapt a control strategy to reduce 
the COM lateral deviations created by the unpredictable force field. In support of our hypothesis, 
we found that with practice the magnitude of COM lateral deviation was reduced by 28% (force field 
left) and 44% (force field right). Participants adapted two distinct unilateral strategies, implemented 
regardless of if the force field was applied to the right or to the left, that collectively created a 
bilateral resistance to the unpredictable force field. These strategies included an anticipatory postural 
adjustment to resist against forces applied to the left, and a more lateral first step to resist against 
forces applied to the right. In addition, during catch trials when the force field was unexpectedly 
removed, participants exhibited trajectories similar to baseline trials. These findings were consistent 
with an impedance control strategy that provides a robust resistance to unpredictable perturbations. 
However, we also found evidence that participants made predictive adaptations in response to their 
immediate experience that persisted for three trials. Due to the unpredictable nature of the force field, 
this predictive strategy would sometimes result in greater lateral deviations when the prediction was 
incorrect. The presence of these competing control strategies may have long term benefits by allowing 
the nervous system to identify the best overall control strategy to use in a novel environment.

In novel environments humans continuously modulate their gait based on their experience to plan for both 
anticipated and unpredictable disturbances. The control strategies1–4 that we implement depends on our ability 
to anticipate these disturbances. For example, when walking a strong dog on a leash, based on our prior experi-
ence with the animal, we will prepare to resist the movement of the dog as soon as it fixates on an approaching 
cat. In this situation, a feedforward predictive model5–7 allows for efficient generation of forces that specifically 
oppose the pulling dog and maintain our desired walking path. However, our plan should not be so specific if 
the dog is walked on a crowded street with many attractions. Although it is likely that the animal will regularly 
pull on the leash, the direction of those pulls may change quickly and unpredictably as the dog shifts its attention 
from one attraction to the next. In this situation, an alternative strategy could be to co-contract muscles in the 
body8,9 or change body postures10–13, to be more resistant to the dog’s movements regardless of direction. In the 
field of motor control, strategies that increase the body’s overall resistance to external displacements, are known 
as impedance control12,14. Prioritization of different control strategies (predictive or impedance control) will 
likely have consequential trade-offs during walking (stability15, energetic efficiency16,17, maneuverability18 etc.). 
However, how people adapt these two forms of motor planning to create stable walking in uncertain environ-
ments is not well understood. Thus, this study sought to understand how people adapt their motor plans as they 
repetitively move through an unpredictable external force field by observing changes in their walking trajectories.

During forward walking our whole body center of mass (COM) naturally oscillates in multiple directions 
relative to our base of support19. In particular, the requirements of the nervous system to select strategies to suc-
cessfully control medio-lateral motions of the whole body center of mass (COM) are considerable20–22. Beginning 
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at toe-off, the lateral velocity of the COM is relatively large and directed towards the stance limb. To maintain a 
straight-ahead walking trajectory, this lateral velocity must be reduced to zero (occurring around midstance), and 
then redirected towards the midline. Failure to arrest the lateral momentum of the COM will result in motion 
beyond the lateral base of support border (determined by the stance limb medio-lateral foot-placement). COM 
travel beyond the lateral base of support border will require a corrective step(s) to prevent a fall and restore 
the desired forward walking trajectory. The lateral motion of the center of mass is also approximately periodic. 
Appropriately timed muscle actions anticipate this periodic movement and are used for efficient control. When 
the external environment produces changes in this motion in a predictable manner, our nervous system can use 
the difference between anticipated and actual motor errors to update our predictive control system23.

If the environment is frequently changing, research suggests that error sensitivity is reduced, meaning that 
people will suppress updates to their predictive control system in response to movement errors because a com-
pensatory response may increase rather than decrease error on future movements24,25. To deal with uncertainty, 
the nervous system may instead adapt an impedance control strategy. Impedance describes the dynamic relation-
ship between imposed motions and the forces generated in response12,14. Impedance can be regulated through 
changes in muscle co-contraction26, posture10,27, or spinal and supraspinal feedback gains28,29. An advantage of an 
impedance control strategy is that if small movement errors or perturbations occur, the body can recover from 
these disruptions with minimal time delays. There is evidence that in certain situations people will adapt gait pat-
terns (i.e. short, wide, and fast steps) to provide a robust resistance to pseudorandom external perturbations30–33. 
These kinematic changes would increase the impedance of the trunk in the frontal plane, providing increased 
resistance to unexpected disturbances from either side. In contrast, others have found no changes in gait kin-
ematics when walking in unpredictable environments34–37, suggesting that strategies to increase whole body 
impedance through stepping pattern and body posture modulations were not employed. These differences in 
kinematic strategies between studies are difficult to evaluate without first understanding the underlying motor 
planning strategy.

In the current experiment, to better understand how people adapt to create stable walking trajectories in 
unpredictable environments, we assessed a series of discrete walking trials performed in an unpredictable 
environment that applied destabilizing external forces directly to the body. The iterative experimental design 
allowed us to evaluate trial-by-trial adaptations while the application and removal of external forces will be used 
to investigate underlying control mechanisms8,9,14. We previously found this experimental design valuable for 
understanding how people plan and control walking in novel and predictable environments38,39. In the current 
study, the following series of events, as were seen in the previous studies, suggests a predictive control strategy. 
When participants initially interact with a predictable force field, they experience a COM trajectory deviation 
in the direction of the force field. With practice they generate body forces specific to oppose the force field, 
thereby adapting their COM trajectory back towards baseline value. Finally, when the force field is unexpectedly 
removed, the learned compensatory forces result in and ‘after effect’ causing the COM to move opposite to the 
direction of their initial error. Similarly, in the current study, the following series of events would be evidence 
of an impedance control strategy. When participants initially interact with a force field—whether predictable 
or not—they experience COM trajectory deviation in the direction of the force field. With practice they adopt 
kinematic profiles, increase muscle co-contraction, or alter feedback pathways to increase the impedance of the 
COM to reduce deviations in response to perturbations from any direction. This strategy would also adapt their 
COM trajectory back towards baseline value, but when the force field is unexpectedly removed, there would be 
no after effect because compensation via impedance control does not involve the generation of net forces as can 
be used when disturbances to the COM motion are predictable.

There are a variety of strategies that could be implemented to control impedance during walking. These 
include controlling whole-body stiffness via co-activation of antagonistic muscle pairs8,9,14, exploitation of 
posture10–13 , and tuning of reflex gains29,40. In our previous research38 ,we observed two postural control strate-
gies that were particularly valuable for resisting strong laterally-directed external forces during goal directed 
walking (walking from a start to an end target). These strategies included modulating lateral foot placement 
of the stepping limb during walking and increasing the lateral translation of the COM during the anticipatory 
postural adjustment occurring during gait initiation. Exploitation of posture at the trunk41 and lower limb42–45 
are both well recognized strategies to control lateral motion of the COM during walking20,46. However, both these 
strategies are only effective for resisting COM movements in a single direction. If a person takes a wide step to 
the right, their body will be ideally positioned to resist external forces that accelerate the COM to the right but 
poorly positioned to resist external forces that accelerate the COM to the left. Similarly, increasing the lateral 
translation of the COM towards the left during gait initiation will position the body to resist forces applied to 
the right but not the left when forward walking begins. Thus, it is not clear if or how the nervous system may 
use these directionally specific strategies when walking in an unpredictable environment that has the potential 
to create perturbations in either the right or left direction.

Our purpose was to investigate how people adapt both predictive and impedance control strategies when 
walking in an unpredictable environment. To do this, we evaluated COM trajectories during a goal-directed 
walking task in a novel and unpredictable environment. The environment was created by applying continuous, 
laterally-directed force fields to the COM that were proportional in magnitude to forward walking velocity and 
randomly alternated between being directed to the right and left each walking trial. We hypothesized that when 
performing a goal-directed walking task in a novel and unpredictable environment, people would adapt a control 
strategy that would reduce the magnitude of the COM lateral deviations created by the unpredictable force field. 
We performed two analyses to assess if the mechanism for reducing the COM lateral deviations was associated 
with predictive or impedance control strategies. First, we examined COM trajectories during catch trials when 
the force field was unexpectedly removed. Catch trial trajectories resembling trajectories during baseline tri-
als would suggest the implementation of an impedance control strategy in the unpredictable force field, while 
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trajectory errors in the opposite direction of the proceeding force field trial would be suggestive of a predictive 
control strategy. Second, we evaluated trial-by-trial adaptations to determine how COM lateral deviations were 
influenced by the force field direction on prior trials. Outcomes from this analysis would indicate if trial-by-trial 
adaptations were either impedance control or predictive. Additionally, we evaluated foot placement (lateral foot 
placement) and anticipatory postural adjustments (COM lateral offset) to evaluate the strategies used to create 
the motor control mechanisms.

Methods
Participants.  Fifteen healthy young adults (8 females, 25.5 ± 3.6 years and 63.3 ± 9.9 kg, mean ± SD) par-
ticipated. The Northwestern University Institutional Review Board approved the protocol and all participants 
provided informed written consent. All methods were performed in accordance with relevant guidelines and 
regulations. Participant included being able to walk continuously for 30 min without fatigue or health risk and 
that they were free of any musculoskeletal and/or vestibular pathologies affecting gait or balance.

Experimental setup.  Participants preformed a series of discrete goal-directed stepping trials, stepping 
from a start target to an end target (Fig. 1a). The targets (0.4 × 0.4 m square) were projected (Hitachi America, 
Ltd) on the walking surface. The distance between targets was adjusted for each participant to be 1.5 × leg length, 
approximately a two-step task. For safety, participants wore a trunk harness attached to a passive overhead safety 
device (Aretech, Ashburn, VA) that moved freely on an overhead trolley in the fore-aft direction. The harness 

Figure 1.   Experiment overview (A) Experimental setup, (B) Applied force field, and (C) Results: representative 
participant (A) Schematic top view of a participant shown performing the goal-directed walking task, walking 
from the start to the end target. The cable robot consisted of a pair of actuated cables (dashed black lines), routed 
through a trolley system (black circles), and attached bilaterally (grey circles) on the medial aspect of a snug 
pelvic harness worn by the participant. Force on each cable was controlled by a series-elastic linear motor (grey 
boxes). Fy (dark grey vector) represents force applied to the COM and vx (light grey vector) represents forward 
walking velocity. (B) Representation of the force applied to the participant’s COM during a force field trial. Force 
applied (dark grey trace) is proportional in magnitude to forward walking velocity (light grey trace) with a gain 
of 80 N/(m/s) and was applied in a randomized order towards either towards the participant’s right or left side 
each trial. (C) COM trajectory during select trials from analysis periods for a single representative participant.
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shoulder straps were adjusted so that they did not provide bodyweight support or restrict lateral movements 
during the trials.

To create an unpredictable environment, a cable robot applied a laterally-directed force field to the COM 
during walking (Fig. 1a)47. The force field was proportional in magnitude to forward walking velocity and 
applied in a random order towards either the participant’s right or left side (Fig. 1b). Forward walking velocity 
was calculated in real-time using the derivative of COM position measured by a string potentiometer. Position 
data was sampled at 100 Hz, and low pass filtered to reject spikes in the derivative (velocity) due to noise. Prior 
to starting each trial, participants were not informed and could not detect if the force field would be applied or 
in what direction it would be applied. To ensure that participants began forward walking before experiencing 
the force field, a forward velocity threshold of 0.26 m/s was used to trigger the force field onset. The applied force 
field gain (80 N/(m/s)) was the same across participants and selected to provide a challenging walking environ-
ment, but not strong enough to evoke a fall.

To ensure similar forward walking velocities across all trials, participants received feedback at the end of 
each trial and were instructed to modify their next trial accordingly. A monitor positioned at the end of the 
walking path provided visual feedback stating either “too slow”, “too fast”, or “success”, depending on how the 
peak forward velocity compared to a desired value of 1.2 ± 0.1 m/s. The goal of this feedback was to encourage 
participants to maintain a consistent speed such that they would experience an approximately consistent force 
field each trial. Therefore, all trials were included in analysis, even if they were “too slow” or “too fast”.

We placed 13 active markers on the pelvis and bilaterally on the greater trochanter, lateral malleolus, cal-
caneus, and 2nd and 5th metatarsals to measure kinematics. A 12-camera motion capture system (Qualisys, 
Gothenburg Sweden) recorded 3D marker coordinates at 200 Hz.

Protocol.  Participants performed 130 consecutive goal-directed walking trials (Fig. 2), consisting of 20 Base-
line trials (no applied forces), followed by 70 Force Field trials (forces applied randomly to either the right or 
left), and concluding with 40 Washout trials (no applied forces). Additionally, three catch trials (no applied 
forces) were interspersed within the Force Field trials occurring during trial numbers 45, 60, and 75. Catch trials 
were used to evaluate control strategies. Participants were not aware of trial order.

Before starting the stepping task, participants first practiced the task without any forces applied to become 
familiar with the target speed requirement. Then participants performed two trials in the force field (one right 
directed field and one left) when they were explicitly told the direction of the field before each trial. This expe-
rience was provided for safety to ensure participants had a general awareness of they may experience during 
the upcoming experiment. Besides these preliminary trials, participants did not have any prior experience to 
walking in this robotic device.”

Each stepping trial began with the participant standing stationary with both feet located in the start target. 
Next, participants heard an auditory “get ready” command followed by a “beep” cue. At the cue, participants 
walked quickly to the end target, stepping with their right foot first. The trial concluded when both feet were 
located within the end target. At this time, a second auditory “beep” signaled the trial was over and that the 
participant should return to the start target. No forces were applied to the participant as they reset their position 
to the start target. Participants could take as many steps as needed to accomplish the task. To minimize upper 
limb movements, participants crossed their arms during the trials. Besides these provisions, participants were 
told to complete the task in the manner they felt most comfortable.

Data processing and calculations..  Kinematic marker data was processed using Visual3D (C-Motion, 
Germantown, MD) and a custom MATLAB (MathWorks, Natick, MA) program. Marker data was gap-filled and 
low-pass filtered (Butterworth, 6 Hz cut-off frequency). Gait events, time of initial foot contact and toe-off, were 
identified by the inferior-superior positions of the calcaneus and 2nd metatarsal markers for each step. Initial 
contact was identified as the local minimum of the calcaneal marker per step and toe-off as the local minimum 
of the 2nd metatarsal per step. All steps were visually inspected to verify accurate event detection. COM posi-
tion was calculated in Visual3D as the center of the pelvis model, determined by three pelvic and two greater 
trochanter markers.

To measure control of COM trajectory, we analyzed kinematic data of COM trajectory between start and end 
targets. To evaluate control of COM trajectory we calculated a normalized COM signed deviation (COM signed 

Trial:

Baseline Early
Right

Catch Late
Left

Baseline
(20 trials)

Force Field
(70 trials)

Washout
(40 trials)

Protocol

Early
Left

Late
Right

Figure 2.   Protocol Participants performed 130 consecutive trials, each represented as a rectangular block 
ordered left to right. The force field was applied during Force Field trials (except for catch trials) and absent 
during Baseline and Washout trials. Data was analyzed during six distinct experimental four-trial periods 
highlighted in their respective colors.
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deviation), the signed area of COM trajectory relative to a straight-line path originating from the lateral COM 
position at first toe-off, minus the average of COM signed deviation throughout Baseline (Fig. 3). COM signed 
deviation reflects directional biases in COM trajectory relative to baseline performance.

To gain insight into the strategies that participants used to create their COM trajectory we evaluated antici-
patory postural adjustments (APA’s)48,49 by quantifying the lateral movement (kinematics) of the COM prior to 
forward movement. We calculated this COM lateral offset as the lateral distance between the COM position at 
the “GO” cue, and the COM position at first toe-off (Fig. 3). Additionally, we evaluated lateral foot placement, 
calculated as the medio-lateral distance between the COM and 5th metatarsal markers at initial foot contact. 
We evaluated lateral foot placement for the first two steps of each trial.

Statistical Analysis.  We hypothesized that when performing a goal-directed walking task in a novel and 
unpredictable environment, people would adapt a control strategy to reduce the magnitude of the COM lateral 
deviations created by the unpredictable force field. We tested this hypothesis by evaluating if the magnitude of 
the COM Signed Deviation changed from the initial to final trials in the force field. We performed two analyses 
to gain insight into the control strategy people used. First, we examined COM trajectories during catch trials 
when the force field was unexpectedly removed. If participants were using an impedance control strategy, we 
would anticipate that COM trajectories would be similar during baseline and catch trials. Second, we evaluated 
trial-by-trials adaptations to assess how the force field direction on a given trial influenced participants’ response 
COM signed deviation on the current and future trials. Finally, to understand the mechanisms participants used 
to interacted with the force field we examined if anticipatory postural adjustments (COM lateral offset) and foot 
placement (lateral foot placement) were adapted in the force field.

For this statistical analysis, we averaged four trials at seven different experimental periods defined within the 
130 consecutive stepping trials (Fig. 2).

1.	 Baseline performance was estimated as an average of trials 17–20 (last four trials of Baseline).
2.	 Early field right was an average of the first four trials when the force field was applied to the right (first four 

right trials in the Force Field).
3.	 Early field left was an average of the first four trials when the force field was applied to the left (first four left 

trials in the Force Field).
4.	 Late field right was an average of the last four trials when the force field was applied to the right (last four 

right trials in the Force Field).
5.	 Late field left was an average of the last four trials when the force field was applied to the left (last four left 

trials in the Force Field).
6.	 Catch right was an average of trials 45, 60, 75, and 90 (three catch trials and first trial of Washout) for trials 

that were immediately preceded by a force field right trial.
7.	 Catch left was an average of trials 45, 60, 75, and 90 (three catch trials and first trial of Washout) for trials 

that were immediately preceded by a force field left trial.

For COM signed deviation and lateral foot placement, each individual trial was normalized to baseline prior 
to averaging for experimental periods. For each participant we calculated these average performance estimates 
for four experimental periods (early field right, early field left, late field right, and late field left) for each metric 
(COM signed deviation, COM lateral offset, and lateral foot placement) and calculated three additional experi-
mental periods for COM signed deviation (baseline, catch right, and catch left) Due to directionality differences, 
for COM signed deviation, we took the absolute value of early field right, early field left, late field right, and late 
field left, prior to statistical analyses.

The following statistical analyses were conducted using SPSS (IBM, Armonk, NY). We performed two-by-two 
repeated measures ANOVAs with a within subject factor of direction (right or left) and experimental period (early 

Figure 3.   Center of Mass Data Analysis COM lateral offset, shown in purple, was defined as the lateral distance 
between the COM location before the “GO” cue (1) and COM location at first toe-off (2). This value represents 
lateral excursion of the COM prior to forward movement. The grey trajectory represents the COM motion 
during the trial. COM signed deviation was defined as the blue shaded area between the grey trajectory and a 
straight-line path originating from (2) and ending at (3). Deviations to the right of the straight-line path were 
given negative values, and deviations to the left were positive. Positive and negative deviations were added 
together for the total signed deviation.
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or late) to evaluate COM signed deviation, COM lateral offset, and lateral foot placement. Additionally, we per-
formed one-way repeated measures ANOVA with a within subject factor of experimental period (baseline, catch 
right, and catch left) to evaluate COM signed deviation. When a significant main effect was found, Bonferroni-
corrected pairwise comparisons were made between experimental periods. Three pairwise comparisons were 
made (baseline—catch right, baseline—catch left, and catch right—catch left) to evaluate COM signed deviation. 
Significance was set at the p < 0.05 level for the ANOVAs and pairwise comparisons.

To further test our hypothesis that COM signed deviation (COMerr) was controlled using an impedance 
control strategy rather than a predictive control strategy, we evaluated trial-by-trials adaptations. Specifically, 
we used a finite impulse response function to estimate how the COM signed deviation (COMerr)  on a given trial 
was influenced by the force field directions (d) in the current trial and on the five trials immediately preceding 
it (Eq. 1). Parameters (ai) of the finite impulse response function were estimated using a linear regression. The 
analysis was conducted using MATLAB (MathWorks, Natick, MA). Significance was set a p < 0.05 level for all 
comparisons. 

Results
Center‑of‑mass signed deviation—early to late.  Initially when participants performed walking tri-
als in the unpredictable force field, they exhibited large lateral deviations of their COM trajectory in the same 
direction as the applied force field (right or left depending on the force field direction) (Fig. 1c). As participants 
practiced walking in the force field, the magnitude of the COM lateral deviation resulting from the applied force 
field was reduced, becoming more similar to COM trajectories performed during the baseline trials. Specifically, 
COM signed deviation had a large bias towards the right during the early field right trials, − 0.066 ± 0.032 m2 
(mean ± SD) (negative values indicate a bias towards the right relative to baseline) and large bias towards the left 
during the early field left trials 0.055 ± 0.017 m2 (Fig. 4). By the late field trials the magnitude of the COM signed 
deviations had been reduced by 44% (right) and 28% (left). Outcomes from the two-by-two ANOVA, which 
analyzed adaptation, identified a significant main effect of experimental period (p = 0.001) indicating that the 
magnitude of the COM signed deviation was greater during the early field trials than the late field trials. There 
was no significant main effect of force field direction (p = 0.264), and no significant interaction between experi-
mental period and direction (p = 0.478).

(1)COMerrj =

5∑

i=0

aidj−i

Figure 4.   COM signed deviation (A) Representative participant and (B) Statistical results (A) Representative 
data for a single participant’s COM signed deviation are shown across experimental trial. Grey boxes represent 
Baseline periods when the force field was off. Light green represents trials when the force field was applied to the 
right. Dark green represents trials when the force field was applied to the left. Red represents catch trials when 
the force field was off. (B) Mean ± SD for COM signed deviation across experimental period. X-axis labels: ER, 
EL, LR, LL, B, RC, and LC represent periods early right, early left, late right, late left, baseline, right catch, and 
left catch, respectively. Significance (p < 0.05) from early field right is denoted by (✽) and significance (p < 0.05) 
from early field left is denoted by ( +). Outcomes from the two-by-two ANOVA, which analyzed adaptation, 
identified a significant main effect of experimental period (p = 0.001) indicating that the magnitude of the COM 
signed deviation was greater during the early field trials than the late field trials. Outcomes from the one-way 
ANOVA found no significant main effect of experimental period (p = 0.267) when comparing baseline, catch 
right, and catch left.
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Center‑of‑mass signed deviation—catch trials.  When the force field was unexpectedly removed dur-
ing catch trials, participants exhibited COM trajectories that were similar to the trajectories performed during 
baseline trials (Fig. 4). Specifically, the COM signed deviation of catch trials preceded by a right directed force 
field (catch right) was − 0.002 ± 0.017 m2 and catch left trials were − 0.008 ± 0.017 m2. Outcomes from the one-
way ANOVA found no significant main effect of experimental period (p = 0.267) when comparing baseline, 
catch right, and catch left.

Center‑of‑mass signed deviation—trial‑by‑trial analysis.  Outcomes from our trial-by-trial analysis 
indicate that COM signed deviation was influenced by force field direction on a given trial and by the force field 
direction from the three prior trials, as indicated by a statistically significant relationship between force field 
direction and COM signed deviation (p < 0.001, r2 = 0.709; Fig. 5). The magnitude of the COM signed deviation 
on a given trial was positively influenced by the direction of the lateral force field on the current trial and nega-
tively influenced by the force field direction of the three proceeding trials. For example, the effect of a force field 
directed to the right would be an increase in the COM signed deviation to the right (the same direction as the 
force field) on the current trial and a bias COM signed deviation to the left (the opposite direction of the force 
field) on the following three trials, indicating that subjects attempted to learn and correct for past disturbances. 
The linear regression model resulted in estimated coefficients that were positive (0.045 ± 0.001 m2) (mean ± SE) 
indicating that force field and COM signed deviation were in the same direction and significant for the trial of a 
given force field direction (p < 0.001). Estimated coefficients were negative (indicating that force field and COM 
signed deviation were in the opposite direction) and significant for the first trial (− 0.013 ± 0.001 m2) (p < 0.001), 
second trial (− 0.008 ± 0.001 m2) (p < 0.001), and third trial (− 0.003 ± 0.001 m2) (p < 0.004) after a given trial. 
Estimated coefficients were not significant for the fourth trial (p = 0.098) and fifth trial (p = 0.605) after a given 
trial.

Center‑of‑mass lateral offset.  As participants walked in the force field their COM lateral offset became 
increasingly biased towards the right. Specifically, COM lateral offset shifted right from 0.020 ± 0.007 m in early 
field right to 0.015 ± 0.009 m in late field right (negative values indicate a bias towards the right). COM lateral 
offset also shifted right from 0.0240 ± 0.008 m (mean ± SD) in early field left and 0.018 ± 0.010 m in late field 
left (Fig. 6). Outcomes from the two-by-two ANOVA found a significant main effect of experimental period 
(p = 0.014), indicating that the magnitude of the COM lateral offset was greater during the late field trials than 
the early field trials. We also found a significant main effect of direction (p = 0.032), indicating that force field 
right trials were more biased towards the right than force field left trials. Additionally, we found no significant 
interaction between experimental period and direction (p = 4.02).

Lateral foot placement.  With experience the lateral foot placement of the first step became increasingly 
biased towards the right for force fields applied in either direction. Specifically, participants lateral foot place was 
− 0.068 ± 0.037 m (mean ± SD) (positive values indicate steps that are left of the COM) during early field right 
which adapted to be placed more to the right during late field right − 0.123 ± 0.084 m (Fig. 7). Similarly, during 
early field left trials, lateral foot placement was 0.055 ± 0.058 m which adapted to be placed more to the right 
during late field left trials 0.041 ± 0.082 m. Outcomes from the two-by-two ANOVA identified a significant main 
effect of both experimental period (p < 0.001), indicating that steps were placed more to the right during late field 
trials relative to early field trials, and direction (p < 0.001), indicating that force field right lateral foot placement 

Figure 5.   Trial-by-trial analysis Results of a linear regression model between force field direction and COM 
signed deviation. Variable coefficient estimates are on the y-axis and variable number representing previous trial 
number are listed on the x-axis. Error is shown as mean ± SD. Significance from zero (p < 0.05) is denoted by 
(✽). These results suggest that when a given force field trial was implemented this caused error in that direction. 
On previous trials there was compensation in the opposite direction of the initial error.
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was placed farther to the right than force field left, along with no significant interaction between experimental 
period and direction (p = 0.197).

With experience lateral foot placement of the second step remained the same as in the early field conditions. 
Specifically, participants lateral foot place was 0.072 ± 0.153 m (mean ± SD) (positive values indicate steps that are 
left of the COM) during early field right which remained the same during late field right 0.124 ± 0.112 m (Fig. 7). 
Similarly, during the early field left lateral foot placement was 0.083 ± 0.111 m which also remained the same 
during the late field left trials 0.070 ± 0.168. Outcomes from the two-by-two ANOVA found no significant main 
effect of experimental period (p = 0.700) or direction (p = 0.350) and no significant interaction effect between 
experimental period and direction (p = 0.243).

Discussion
This study investigated how people plan their COM trajectory during a goal-directed walking task when a 
laterally-directed force field was randomly pulled them either to their right or left. When participants initially 
performed the walking task in the force field they exhibited substantial increases in their COM signed deviation 
in the same direction as the applied field for both the left and right directed force field trials. As participants 
practiced walking in the force field, the magnitude of the COM signed deviation was reduced becoming more 
similar to trials performed during the baseline condition. This finding supports our primary hypothesis that 
people would adapt a control strategy to reduce the COM lateral deviations created by the novel and unpredict-
able force field.

To effectively walk from one location to another, it is essential that a person be able to respond to external 
disturbances. An inability to do so would result in movement errors that may require a corrective step or worse 
may create a fall or collision with an obstacle. A challenge arises when the external environment is unpredictable 
because the nervous system is unable to plan specific walking patterns that efficiently and reliably offset destabi-
lizing aspects of the environment. In an unpredictable environment the motor control strategy used to control 
walking should provide resistance to the range of possible disturbances that may be encountered. However, the 
strategies people adapt to control walking in unpredictable environments is not clear. In the current experiment, 
we used a cable-driven robot to create a powerful destabilizing force field that was unpredictably directed to 
either the left or right. We found that with experience participants adapted a control strategy that substantially 
reduced the magnitude of the lateral COM deviation created when the force field was applied in either direction. 
We also found that during catch trials, when the force field was unexpectedly removed, COM trajectories were 
similar to those performed during baseline trials. As should be expected in an unpredictable environment8,9,14 
, the absence of after-effects during the catch trial indicates that the control strategy adapted was not predictive 
of a force field applied in a specific direction. Our findings are consistent with the adaptation of an impedance 
control strategy to stabilize lateral displacements of the COM during walking in an unpredictable environment. 
The adaptation of an impedance control strategy that provided a generalized resistance to external perturbations 
allowed participants to successfully complete a goal directed walking task that had both temporal and spatial 
requirements in a consistent and reliable manner.

The results of our trial-by-trial analysis indicate that participants were also using a predictive control strategy. 
Our linear regression model indicates that the direction of the force field applied on a given trial resulted in 
changes in the COM signed deviation in the opposite direction of the applied force field on the following trial 
(Fig. 5). Furthermore, COM signed deviation for a given trial was the result of the current trial and three previous 

Figure 6.   COM Lateral Offset Statistical Results Results of statistical analysis for COM lateral offset. Mean ± 
SD for COM lateral offset across experimental period. X-axis labels: ER, EL, LR, and LL represent periods early 
right, early left, late right, and late left respectively. Significance (p < 0.05) from early field right is denoted by (✽) 
and significance (p < 0.05) from early field left is denoted by ( +). Outcomes from the two-by-two ANOVA found 
a significant main effect of experimental period (p = 0.014), indicating that the magnitude of the COM lateral 
offset was greater during the late field trials than the early field trials. We also found a significant main effect of 
direction (p = 0.032), indicating that force field right trials were more biased towards the right than force field 
left trials.
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trials. Therefore, on a trial-by-trial level, our model indicates that participants were using a predictive strategy 
to adapt COM trajectory in response to recent experience. Thus, in this short time scale experiment participants 
were persistent in finding predictable aspects of the environment. This could be because it is likely that we are 
rarely in a completely random environment.

The presence of two competing strategies is complementary when you look at the scope of each individual 
analysis. The catch trial analysis shows the cumulative result of all the preceding trials and their effective out-
come. Although the trial-by-trial analysis suggests that the effect of any given trial will persist for three trials, 
in the presence of randomized trials right and left, the effect of each individual trial can be counteracted if the 
surrounding trials are in the opposite direction. While the presence of two strategies—impedance and predic-
tive—may seem contradictory to learning, when learning to control walking in a novel environment, the presence 
of these two competing strategies may be valuable. In a novel environment the nervous system will not know if 
the destabilizing components of the environment are predictable or unpredictable. The presence of an impedance 
control strategy can produce stable walking trajectories during the initial exposure when it is still unknown if 
the environment is predictable or unpredictable. At the same time, the presence of a predictive control strategy 
can allow the nervous system the flexibility to try and identify predictable aspects of the environment. If the 
environment is indeed learnable, a predictive control strategy is valuable for creating movements because precise 
motor commands can be generated that directly counter the predicted force field5–7 and allow for both stable 
and energetically efficient movements50. Should the novel environment turn out to be unpredictable, as was the 
case in the current experiment, we would anticipate that over time that the predictive compensatory response 
to a given force field direction should be gradually diminished24,25. As the title of this paper suggests, we define 
this combination of strategies as “optimism” because the nervous system is continuing to search for predict-
able aspects of the environment. If predictable aspects of the environment are found, this could lead to better 

Figure 7.   Lateral foot placement (A) Representative participant and (B) Statistical results (A) Foot placement 
during select trials from analysis periods for a single representative participant. Filled in footprints represent the 
right foot and outlined footprints represent the left foot. Black and white footprints show feet at start position 
and colored footprints show step one and step two, respectively. (B) Mean ± SD for lateral foot placement across 
experimental period. X-axis labels: ER, EL, LR, and LL represent periods early right, early left, late right, and late 
left respectively. Significance (p < 0.05) from early field right is denoted by (✽) and significance (p < 0.05) from 
early field left is denoted by ( +). For step one, outcomes from the two-by-two ANOVA identified a significant 
main effect of both experimental period (p < 0.001), indicating that steps were placed more to the right during 
late field trials relative to early field trials, and direction (p < 0.001), indicating that force field right lateral foot 
placement was placed farther to the right than force field left, along with no significant interaction between 
experimental period and direction (p = 0.197). For step two, outcomes for the two-by-two ANOVA found no 
significant main effect of experimental period (p = 0.700) or direction (p = 0.350) and no significant interaction 
effect between experimental period and direction (p = 0.243).
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performance, even amid the presence of uncertainty. This is optimism because experience would suggest that 
this would be unsuccessful in an unpredictable environment.

Participants used two distinct mechanisms to create a bilateral whole-body resistance to the unpredictable 
force field. First, participants adapted their COM lateral offset to become more biased to the right (Fig. 6). The 
COM lateral offset is an anticipatory postural adjustment that during a typical gait initiation is used to shift the 
COM location laterally to unweight the stepping limb41. In our prior study38 we found that participants adapted 
the magnitude of their COM lateral offset in the opposite direction of a predictable and consistent laterally-
directed force field. The effect of this action preemptively positioned the COM location to counter the effects of 
the force field once the forward walking trajectory begins. In the current experiment, increasing the COM lateral 
offset to the right will position the COM location to resist force fields applied to the left. This was a unilateral 
strategy that increased resistance to force fields applied to the left but placed the COM in a poor location to 
counteract force fields applied to the right. It is important to note that in the results, the force field right trials 
significantly deviated towards the right compared to the force field left trials. This is because we calculated lateral 
offset as the difference in lateral position at the start of the task and at right foot toe-off. We selected a forward 
velocity of 0.26 m/s to trigger the force field onset based on pilot data that found on average this threshold was 
reached immediately after right toe-off. However, due to intra- and inter-subject variations, on some trials the 
force field began just prior to toe-off which likely resulted in the differences between right and left force field 
trials. We don’t believe that this significantly influenced our overall findings. Second, participants adapted the 
lateral foot placement location of their first step (always performed with the right leg) (Fig. 7). With experience 
in the unpredictable force field, the location of the first step was placed farther to the right. The placement of the 
first step farther to the right occurred for force fields applied to either the right or the left. A lateral adjustment 
of foot placement farther to the right will increase resistance to force fields applied to the right but will place the 
body in a poor position to resist forces applied to the left. Thus, the adaptation of a wider step to the right was a 
unilateral strategy increasing resistance in only one direction.

It is important to note that step one was primarily analyzed because we were most interested in strategies 
that contributed to predictive control. Due to the timing, step two has significantly more feedback information 
available and therefore likely relies on a combination of both predictive and reactive control strategies. Further-
more, another study has found that people primarily use stepping strategies when perturbed at walking speeds of 
0.8 m/s or higher as opposed to a stance response that includes a combination of ankle and hip strategies when 
walking at slower speeds50. At faster speeds the change to a stepping strategy is necessary to generate a sufficient 
lateral impulse. This is because the associated shortening of the stance phase duration will limit the mediolateral 
impulse that can be created by the ankle and hip strategies. These previous observations are consistent with our 
study which found that people primarily use a stepping strategy when responding to the lateral force fields dur-
ing the rapid stepping task.”

By themselves neither strategy should be effective for increasing bilateral resistance to the unpredictable force 
field. In fact, when considered independently, it would be anticipated that with experience in the unpredictable 
force field that a participant would select a foot placement location and COM lateral offset that are optimized 
to maximize resistance in both directions, adapting a strategy that is the best response to the average direction 
of the unpredictable force field, such as choosing a COM lateral offset that is neither bias to the left or right. 
However, this was not how participants adapted these two control mechanisms. We observed that the two 
mechanisms were adapted in a synergistic manner, foot placement adaptations were used to increase resistance 
to force fields directed to the right and COM lateral offset adaptations were used to increase resistance to force 
fields directed to the left.

Previous studies have looked at differences in control strategy between inward and outward perturbations51–53. 
In the current study, participants stepped with their right foot first and forces were applied to either the right or 
left. When forces were applied to the right, this would create an outward perturbation on step one. When forces 
were applied to the left, this would create an inward perturbation on step one. These prior studies found that 
outward perturbations were more complex and involved various strategies including hip/ankle strategies as well 
as stepping strategies, while inward perturbations were less complex and primarily involved a stepping strategy. 
In this study, we found that COM signed deviation was reduced by 28% for the left force field and 44% for the 
right force field. The greater reduction in COM signed deviation for the outward perturbation created by the 
right force field could be due to the availability of a greater number of possible strategies that could be used to 
adapt in the force field when compared to the left force that created an inward perturbation.

Conclusions
We found that participants adapted a control strategy that was effective for reducing the magnitude of lateral 
COM deviations in response to unpredictable force fields applied in either the left or right direction. Impedance 
control was an important component of the strategy adopted by all subjects. In addition to impedance control, 
we found evidence for predictive control, even though effective predictions were not possible for the random 
disturbances that the participants’ experienced. The presence of these competing control strategies created move-
ment errors on certain trials but may have long-term benefits by allowing the nervous system to identify the best 
overall control strategy to use in a novel environment. Additionally, participants adapted two distinct unilateral 
strategies that collectively created a bilateral resistance to the unpredictable force field. These strategies included 
an anticipatory postural adjustment to resist against forces applied to the left, and a wider first step to resist 
against forces applied to the right.
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Data availability
The data generated and analyzed during this current study is available in Open Science Framework, https://​osf.​
io/​q8bf9/.

Received: 9 August 2022; Accepted: 17 April 2023

References
	 1.	 Kuo, A. D. The relative roles of feedforward and feedback in the control of rhythmic movements. Mot. Control 6, 129–145 (2002).
	 2.	 Gordon, K. E., Wu, M., Kahn, J. H. & Schmit, B. D. Feedback and feedforward locomotor adaptations to ankle-foot load in people 

with incomplete spinal cord injury. J. Neurophysiol. 104, 1325–1338. https://​doi.​org/​10.​1152/​jn.​00604.​2009 (2010).
	 3.	 Hiebert, G. W. & Pearson, K. G. Contribution of sensory feedback to the generation of extensor activity during walking in the 

decerebrate Cat. J. Neurophysiol. 81, 758–770. https://​doi.​org/​10.​1152/​jn.​1999.​81.2.​758 (1999).
	 4.	 Patla, A. E. Strategies for dynamic stability during adaptive human locomotion. IEEE Eng. Med. Biol. Mag. 22, 48–52 (2003).
	 5.	 Kawato, M. Internal models for motor control and trajectory planning. Curr. Opin. Neurobiol. 9, 718–727 (1999).
	 6.	 Wolpert, D. M., Ghahramani, Z. & Jordan, M. I. An internal model for sensorimotor integration. Science 269, 1880–1882 (1995).
	 7.	 Shadmehr, R. & Mussa-Ivaldi, F. A. Adaptive representation of dynamics during learning of a motor task. J. Neurosci. 14, 3208–3224 

(1994).
	 8.	 Takahashi, C. D., Scheidt, R. A. & Reinkensmeyer, D. J. Impedance control and internal model formation when reaching in a 

randomly varying dynamical environment. J. Neurophysiol. 86, 1047–1051 (2001).
	 9.	 Osu, R., Burdet, E., Franklin, D. W., Milner, T. E. & Kawato, M. Different mechanisms involved in adaptation to stable and unstable 

dynamics. J. Neurophysiol. 90, 3255–3269. https://​doi.​org/​10.​1152/​jn.​00073.​2003 (2003).
	10.	 Trumbower, R. D., Krutky, M. A., Yang, B. S. & Perreault, E. J. Use of self-selected postures to regulate multi-joint stiffness during 

unconstrained tasks. PLoS ONE 4, e5411. https://​doi.​org/​10.​1371/​journ​al.​pone.​00054​11 (2009).
	11.	 Franklin, D. W., Osu, R., Burdet, E., Kawato, M. & Milner, T. E. Adaptation to stable and unstable dynamics achieved by combined 

impedance control and inverse dynamics model. J. Neurophysiol. 90, 3270–3282. https://​doi.​org/​10.​1152/​jn.​01112.​2002 (2003).
	12.	 Hogan, N. The mechanics of multi-joint posture and movement control. Biol. Cybern. 52, 315–331 (1985).
	13.	 Rancourt, D. & Hogan, N. Stability in force-production tasks. J. Mot. Behav. 33, 193–204. https://​doi.​org/​10.​1080/​00222​89010​

96031​50 (2001).
	14.	 Burdet, E., Osu, R., Franklin, D. W., Milner, T. E. & Kawato, M. The central nervous system stabilizes unstable dynamics by learning 

optimal impedance. Nature 414, 446–449. https://​doi.​org/​10.​1038/​35106​566 (2001).
	15.	 McAndrew, P. M., Wilken, J. M. & Dingwell, J. B. Dynamic stability of human walking in visually and mechanically destabilizing 

environments. J. Biomech. 44, 644–649. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2010.​11.​007 (2011).
	16.	 Donelan, J. M., Kram, R. & Kuo, A. D. Mechanical and metabolic determinants of the preferred step width in human walking. 

Proc. Biol. Sci. 268, 1985–1992. https://​doi.​org/​10.​1098/​rspb.​2001.​1761 (2001).
	17.	 Donelan, J. M., Shipman, D. W., Kram, R. & Kuo, A. D. Mechanical and metabolic requirements for active lateral stabilization in 

human walking. J. Biomech. 37, 827–835. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2003.​06.​002 (2004).
	18.	 Acasio, J., Fey, N. P. & Gordon., K. E. Stability-Manuverabiltiy trade-offs during lateral steps. Gait Posture 52, 171–177 (2016).
	19.	 Saunders, J., Inman, V. T. & Eberhart, H. D. The major determinants in normal and pathological gait. J. Bone Joint Surg. Am. 35, 

543–558 (1953).
	20.	 MacKinnon, C. D. & Winter, D. A. Control of whole body balance in the frontal plane during human walking. J. Biomech. 26, 

633–644 (1993).
	21.	 Kuo, A. D. Stabilization of lateral motion in passive dynamic walking. Int. J. Rob. Res. 18, 917–930 (1999).
	22.	 Bauby, C. E. & Kuo, A. D. Active control of lateral balance in human walking. J. Biomech. 33, 1433–1440 (2000).
	23.	 Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R. & Bastian, A. J. Sensory prediction errors drive cerebellum-dependent 

adaptation of reaching. J. Neurophysiol. 98, 54–62. https://​doi.​org/​10.​1152/​jn.​00266.​2007 (2007).
	24.	 Albert, S. T. et al. An implicit memory of errors limits human sensorimotor adaptation. Nat. Hum. Behav. 5, 920–934. https://​doi.​

org/​10.​1038/​s41562-​020-​01036-x (2021).
	25.	 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/​scien​ce.​12531​38 (2014).
	26.	 Weiss, P. L., Hunter, I. W. & Kearney, R. E. Human ankle joint stiffness over the full range of muscle activation levels. J. Biomech. 

21, 539–544. https://​doi.​org/​10.​1016/​0021-​9290(88)​90217-5 (1988).
	27.	 Rancourt, D. & Hogan, N. The biomechanics of force production. Adv. Exp. Med. Biol. 629, 645–661. https://​doi.​org/​10.​1007/​

978-0-​387-​77064-2_​35 (2009).
	28.	 Krutky, M. A., Trumbower, R. D. & Perreault, E. J. Influence of environmental stability on the regulation of end-point impedance 

during the maintenance of arm posture. J. Neurophysiol. 109, 1045–1054. https://​doi.​org/​10.​1152/​jn.​00135.​2012 (2013).
	29.	 Krutky, M. A., Ravichandran, V. J., Trumbower, R. D. & Perreault, E. J. Interactions between limb and environmental mechanics 

influence stretch reflex sensitivity in the human arm. J. Neurophysiol. 103, 429–440. https://​doi.​org/​10.​1152/​jn.​00679.​2009 (2010).
	30.	 McAndrew, P. M., Dingwell, J. B. & Wilken, J. M. Walking variability during continuous pseudo-random oscillations of the support 

surface and visual field. J. Biomech. 43, 1470–1475. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2010.​02.​003 (2010).
	31.	 McAndrew Young, P. M., Wilken, J. M. & Dingwell, J. B. Dynamic margins of stability during human walking in destabilizing 

environments. J. Biomech. 45, 1053–1059. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2011.​12.​027 (2012).
	32.	 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.​gaitp​ost.​2012.​03.​005 (2012).
	33.	 Hak, L. et al. Stepping strategies for regulating gait adaptability and stability. J. Biomech. 46, 905–911. https://​doi.​org/​10.​1016/j.​

jbiom​ech.​2012.​12.​017 (2013).
	34.	 Wu, M. N. M., Brown, G. & Gordon, K. E. Control of locomotor stability in stabilizing and destabilizing environments. Gait Posture 

55, 191–198. https://​doi.​org/​10.​1016/j.​gaitp​ost.​2017.​04.​021 (2017).
	35.	 Major, M. J. et al. Proactive locomotor adjustments are specific to perturbation uncertainty in below-knee prosthesis users. Sci. 

Rep. 8, 1863. https://​doi.​org/​10.​1038/​s41598-​018-​20207-5 (2018).
	36.	 Gates, D. H., Wilken, J. M., Scott, S. J., Sinitski, E. H. & Dingwell, J. B. Kinematic strategies for walking across a destabilizing rock 

surface. Gait Posture 35, 36–42. https://​doi.​org/​10.​1016/j.​gaitp​ost.​2011.​08.​001 (2012).
	37.	 Birn-Jeffery, A. V. et al. Don’t break a leg: Running birds from quail to ostrich prioritise leg safety and economy on uneven terrain. 

J. Exp. Biol. 217, 3786–3796. https://​doi.​org/​10.​1242/​jeb.​102640 (2014).
	38.	 Bucklin, M. A., Wu, M., Brown, G. & Gordon, K. E. American society of biomechanics journal of biomechanics award 2018: 

Adaptive motor planning of center-of-mass trajectory during goal-directed walking in novel environments. J. Biomech. 94, 5–12. 
https://​doi.​org/​10.​1016/j.​jbiom​ech.​2019.​07.​030 (2019).

	39.	 Bucklin, M. A., Brown, G. & Gordon, K. E. People adapt a consistent center-of-mass trajectory in a novel force field. J. Neurophysiol. 
https://​doi.​org/​10.​1152/​jn.​00391.​2021 (2022).

https://osf.io/q8bf9/
https://osf.io/q8bf9/
https://doi.org/10.1152/jn.00604.2009
https://doi.org/10.1152/jn.1999.81.2.758
https://doi.org/10.1152/jn.00073.2003
https://doi.org/10.1371/journal.pone.0005411
https://doi.org/10.1152/jn.01112.2002
https://doi.org/10.1080/00222890109603150
https://doi.org/10.1080/00222890109603150
https://doi.org/10.1038/35106566
https://doi.org/10.1016/j.jbiomech.2010.11.007
https://doi.org/10.1098/rspb.2001.1761
https://doi.org/10.1016/j.jbiomech.2003.06.002
https://doi.org/10.1152/jn.00266.2007
https://doi.org/10.1038/s41562-020-01036-x
https://doi.org/10.1038/s41562-020-01036-x
https://doi.org/10.1126/science.1253138
https://doi.org/10.1016/0021-9290(88)90217-5
https://doi.org/10.1007/978-0-387-77064-2_35
https://doi.org/10.1007/978-0-387-77064-2_35
https://doi.org/10.1152/jn.00135.2012
https://doi.org/10.1152/jn.00679.2009
https://doi.org/10.1016/j.jbiomech.2010.02.003
https://doi.org/10.1016/j.jbiomech.2011.12.027
https://doi.org/10.1016/j.gaitpost.2012.03.005
https://doi.org/10.1016/j.jbiomech.2012.12.017
https://doi.org/10.1016/j.jbiomech.2012.12.017
https://doi.org/10.1016/j.gaitpost.2017.04.021
https://doi.org/10.1038/s41598-018-20207-5
https://doi.org/10.1016/j.gaitpost.2011.08.001
https://doi.org/10.1242/jeb.102640
https://doi.org/10.1016/j.jbiomech.2019.07.030
https://doi.org/10.1152/jn.00391.2021


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6853  | https://doi.org/10.1038/s41598-023-33662-6

www.nature.com/scientificreports/

	40.	 Krutky, M. A., Ravichandran, V. J., Trumbower, R. D. & Perreault, E. J. Reflex modulation is linked to the orientation of arm 
mechanics relative to the environment. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2008, 5350–5353. https://​doi.​org/​10.​1109/​
IEMBS.​2008.​46504​23 (2008).

	41.	 Jian, Y., Ishac, M. G. & Gilchrist, L. Trajctory of the body COG and COP during initiation and termination of gait. Gait Posture 1, 
9–22 (1993).

	42.	 Lyon, I. N. & Day, B. L. Predictive control of body mass trajectory in a two-step sequence. Exp. Brain Res. 161, 193–200. https://​
doi.​org/​10.​1007/​s00221-​004-​2058-z (2005).

	43.	 Lyon, I. N. & Day, B. L. Control of frontal plane body motion in human stepping. Exp. Brain Res. 115, 345–356 (1997).
	44.	 Kim, M. & Collins, S. H. Once-per-step control of ankle-foot prosthesis push-off work reduces effort associated with balance 

during walking. J. Neuroeng. Rehabil. 12, 43. https://​doi.​org/​10.​1186/​s12984-​015-​0027-3 (2015).
	45.	 Kim, M. & Collins, S. H. Once-per-step control of ankle push-off work improves balance in a three-dimensional simulation of 

bipedal walking. IEEE Trans. Robot. 33, 408–418 (2017).
	46.	 Kuo, A. D. Stabilization of lateral motion during passive dynamic walking. Int. J. Robot. Res. 18, 917–930 (1999).
	47.	 Brown, G., Wu, M. M., Huang, F. C. & Gordon, K. E. Movement augmentation to evaluate human control of locomotor stability. 

Conf. Proc. IEEE Eng. Med. Biol. Soc. 2017, 66–69. https://​doi.​org/​10.​1109/​EMBC.​2017.​80367​64 (2017).
	48.	 Rueckert, E., Camernik, J., Peters, J. & Babic, J. Probabilistic movement models show that postural control precedes and predicts 

volitional motor control. Sci. Rep. 6, 28455. https://​doi.​org/​10.​1038/​srep2​8455 (2016).
	49.	 McIlroy, W. E. & Maki, B. E. Changes in early “automatic” postural responses associated with the prior-planning and execution of 

a compensatory step. Brain Res. 631, 203–211 (1993).
	50.	 Verdaasdonk, B. W., Koopman, H. F. & van der Helm, F. C. Energy efficient walking with central pattern generators: From passive 

dynamic walking to biologically inspired control. Biol. Cybern. 101, 49–61. https://​doi.​org/​10.​1007/​s00422-​009-​0316-7 (2009).
	51.	 Matjacic, Z., Zadravec, M. & Olensek, A. Influence of treadmill speed and perturbation intensity on selection of balancing strategies 

during slow walking perturbed in the frontal plane. Appl. Bionics Biomech. 2019, 1046459. https://​doi.​org/​10.​1155/​2019/​10464​59 
(2019).

	52.	 Hof, A. L., Vermerris, S. M. & Gjaltema, W. A. Balance responses to lateral perturbations in human treadmill walking. J. Exp. Biol. 
213, 2655–2664. https://​doi.​org/​10.​1242/​jeb.​042572 (2010).

	53.	 Vlutters, M., van Asseldonk, E. H. F. & van der Kooij, H. Lower extremity joint-level responses to pelvis perturbation during human 
walking. Sci. Rep. 8, 14621. https://​doi.​org/​10.​1038/​s41598-​018-​32839-8 (2018).

Acknowledgements
We would also like to thank all members of the Human Agility Lab for their valued feedback. This project was 
supported in part by a training grant from the NIH (T32EB009406), Terminal Year Fellowship from Northwest-
ern’s McCormick School of Engineering and Applied Science, and Merit Review Award # I01RX001979 from the 
United States Department of Veterans Affairs, Rehabilitation Research and Development Service.

Author contributions
All authors contributed to experimental designM.B., J.D., G.B., and K.G. collected the dataM.B. and J.D. analyzed 
dataM.B., E.P., K.G. drafted the main manuscript text and prepared figuresAll authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.B.

Reprints and permissions information is available at www.nature.com/reprints.

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 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1109/IEMBS.2008.4650423
https://doi.org/10.1109/IEMBS.2008.4650423
https://doi.org/10.1007/s00221-004-2058-z
https://doi.org/10.1007/s00221-004-2058-z
https://doi.org/10.1186/s12984-015-0027-3
https://doi.org/10.1109/EMBC.2017.8036764
https://doi.org/10.1038/srep28455
https://doi.org/10.1007/s00422-009-0316-7
https://doi.org/10.1155/2019/1046459
https://doi.org/10.1242/jeb.042572
https://doi.org/10.1038/s41598-018-32839-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimism persists when walking in unpredictable environments
	Methods
	Participants. 
	Experimental setup. 
	Protocol. 
	Data processing and calculations.. 
	Statistical Analysis. 

	Results
	Center-of-mass signed deviation—early to late. 
	Center-of-mass signed deviation—catch trials. 
	Center-of-mass signed deviation—trial-by-trial analysis. 
	Center-of-mass lateral offset. 
	Lateral foot placement. 

	Discussion
	Conclusions
	References
	Acknowledgements


