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Abstract

Our main interest is to identify how humans maintain upright while walking. Balance during

standing and walking is different, primarily due to a gait cycle which the nervous system

must contend with a variety of body configurations and frequent perturbations (i.e., heel-

strike). We have identified three mechanisms that healthy young adults use to respond to

a visually perceived fall to the side. The lateral ankle mechanism and the foot placement

mechanism are used to shift the center of pressure in the direction of the perceived fall, and

the center of mass away from the perceived fall. The push-off mechanism, a systematic

change in ankle plantarflexion angle in the trailing leg, results in fine adjustments to medial-

lateral balance near the end of double stance. The focus here is to understand how the

three basic balance mechanisms are coordinated to produce an overall balance response.

The results indicate that lateral ankle and foot placement mechanisms are inversely related.

Larger lateral ankle responses lead to smaller foot placement changes. Correlations involv-

ing the push-off mechanism, while significant, were weak. However, the consistency of the

correlations across stimulus conditions suggest the push-off mechanism has the role of

small adjustments to medial-lateral movement near the end of the balance response. This

verifies that a fundamental feature of human bipedal gait is a highly flexible balance system

that recruits and coordinates multiple mechanisms to maintain upright balance during walk-

ing to accommodate extreme changes in body configuration and frequent perturbations.

Introduction

Investigations of human balance control have focused primarily on standing, either during

unperturbed quiet stance [1, 2] or in response to mechanical [3] and sensory perturbations [4,

5]. Surprisingly, the literature on balance control during walking is relatively sparse, despite

the fact that most falls occur during walking [6–8]. One explanation for this disparity is that

walking entails many behaviors that are not relevant to standing, fostering investigations into

navigation [9, 10], obstacle avoidance [11] and metabolic efficiency [12]. However, we argue
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that balance control during walking requires an analysis that differs markedly from standing

balance, for a number of reasons. First, the temporal window over which the human body pro-

pels itself (i.e., the gait cycle) allows for distinct balance responses to be initiated sequentially.

Second, body configuration changes dramatically over the gait cycle (e.g., single stance to dou-

ble stance), resulting in balance responses that are highly constrained by this reconfiguration.

Third, the nervous system must respond not only to external disturbances while walking

but respond to disturbances that are inherent to the gait cycle itself (e.g., heel-strike). In this

regard, walking is often conceived as a hybrid dynamical system, combining elements of both

continuous and discrete dynamics, requiring a different form of control than standing. Here

we determine how the human nervous system coordinates multiple balance mechanisms dur-

ing walking to determine whether such mechanisms are interdependent as they unfold over

the gait cycle.

We have identified three basic mechanisms following visual perturbations in the medial-lat-

eral direction that shift the CoP in the desired direction, the lateral ankle mechanism, the foot

placement mechanism, and the push-off mechanism [13]. We provide a description of these

basic control mechanisms available to healthy adults, and determine whether the mechanisms

are temporally coordinated throughout the gait cycle. We expect all three mechanisms to be

interdependent to produce an overall balance response.

The lateral ankle mechanism refers to the generation of ankle inversion/eversion torque

during the single stance phase. Rolling the ankle while the foot is on the ground can shift the

CoP under the foot. The goal is to shift CoP in the direction of the perceived fall under the

stance foot. The lateral ankle mechanism is able to act on the CoP at virtually any time during

the gait cycle, and is the main means of modulating the CoP under the stance foot during sus-

tained locomotion. However, the magnitude of CoP modulation that the lateral ankle mecha-

nism can produce is constrained to the width of the foot or shoe.

The foot placement mechanism is another mechanism that can shift the CoP. The swing

foot is shifted in the direction of the perceived fall, and on heel-strike, shifts the CoP. Foot

placement is the most commonly reported measure of dynamic stability [14, 15]. Much of the

balance and walking literature focuses on swing foot placement in terms of overall step width

or step width variability [16–18]. The foot placement mechanism is different from step width,

which assumes an increase in step width. Here we are interested in the control of foot place-

ment in order to modulate the CoP in a particular direction, which can result in an increased

or a decreased step width.

The push-off mechanism refers to the modulation of ankle plantarflexion angle during dou-

ble stance. Very few studies have recognized the push-off mechanism’s role in balance. Ankle

plantarflexion torque has been shown to change as a result of bipolar, binaural galvanic vestib-

ular stimulation [19] and anterior-posterior mechanical perturbations [20]. Only recently has

the push-off been verified to have a functional role in balance control in the medial-lateral

direction [21, 22]. In response to a visually perceived fall to the side, we observed a direction-

dependent modulation of the stance leg ankle plantar/dorsiflexion angle [13].

The three identified balance mechanisms are the main available methods to make fine

motor adjustments to the CoP and CoM in order to maintain balance while walking. Given

that multiple mechanisms are available to the CNS to maintain balance, we analyzed whether

these mechanisms are functionally related. For example, modeling results suggest that without

any CoP modulation during the stance phase following a sensory perturbation, a 60% larger

foot placement is needed to maintain balance in the medial-lateral direction [23]. Here we

determine if the human nervous system coordinates the balance response throughout the gait

cycle by testing whether these mechanisms are interdependent to produce an overall balance

response.

Interdependence of balance mechanisms
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Methods

Portions of this data and detailed data collection methods have already been published [13],

where we focused entirely on group averages. Here we focus on the balance mechanisms on

every step. Twenty healthy young subjects (11 female, 22.8 ± 4.1years, 75.2 ± 17.9kg) volun-

teered for the study. Subjects provided informed written consent to participate. Subjects did

not have a history of neurological disorders or surgical procedures involving legs, spine or

head. The experiment was approved by the Temple University Institutional Review Board.

Experimental design

After explaining the experiment, obtaining consent and placing markers and EMG sensors,

subjects first walked for 15 min on the self-paced treadmill in the virtual environment to adapt

to this experimental setup. We then stopped the treadmill and told the subjects that we would

now perturb their sense of balance by modifying the virtual scene, and asked them to cope

with this perturbation “normally” and keep walking forward. Data collection blocks consisted

of two alternating phases for metronome and stimulus. During metronome phases, lasting

30 s, subjects were provided an auditory metronome at 90 bpm and asked to use this as an

“approximate guideline” for their footsteps, both during metronome and stimulus phases.

During stimulus phases, lasting 120 s, the metronome was turned off, and subjects received

visual fall stimuli as described above. Data were collected during stimulus phases. Each subject

performed four blocks of walking, each block consisting of five metronome and five perturbed

phases, always starting with metronome phases, for a total of 12.5 min per block. After each

block, the treadmill was turned off and subjects were offered a break. This protocol was imple-

mented in a custom Labview program that sent the head position, treadmill speed and rotation

angle to the computer controlling the virtual environment implemented in Unity3d (Unity

Technologies, San Francisco, CA, USA) via User Datagram Protocol communication. The

visual rotation angle and treadmill speed were saved in Labview at 100 Hz.

Subjects walked on a split-belt, instrumented treadmill within a virtual environment pro-

jected onto a dome surrounding the treadmill by*180 degrees (Bertec Inc., Columbus, Ohio,

USA). The treadmill was self-paced, using a nonlinear PD-controller in Labview (National

instruments Inc., Austin, TX, USA) to keep the middle of the posterior superior iliac spine

markers on the mid-line of the treadmill. Perturbations consisted of a rotating virtual environ-

ment scene with an acceleration of 60˚ s−2 for 600 ms around the anterior-posterior axis of the

midline of the floor, inducing a feeling of falling to the side. The perturbations were provided

randomly on a right or left heel-strike (stimulus trigger), and rotation direction were random-

ized rotate clockwise or counter-clockwise. Perturbations in which the environment rotates

clockwise corresponds to the visual sensation of a fall in the opposite direction, counter-clock-

wise or to the left. Similarly, a counter-clockwise rotation of the environment corresponds to

the sensation of a clockwise fall, or to the right. We will refer to these as fall stimulus to the

right and fall stimulus to the left. Furthermore, we will assume body symmetry and pool data

for cases where the direction of the perceived fall is towards the triggering leg, i.e. right heel-

strike triggering fall stimulus to the right and left heel-strike triggering fall to the left, and cases

where the direction of the perceived fall is away from the triggering leg, i.e. right heel-strike

triggering fall stimulus to the left and left heel-strike triggering fall stimulus to the right. The

resulting rotation of 10.8˚ was then held constant for 2,000 ms, before being reset to neutral

rotation with uniform speed over 1,000 ms. After resetting to neutral rotation, a randomized

interval of 10-13 steps elapsed before the next stimulus was triggered. Heel strikes were identi-

fied as downward threshold crossings of the vertical heel-marker position. The threshold was

set to the vertical heel-marker position of each foot during quiet standing, plus 3 mm.

Interdependence of balance mechanisms
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Reflective markers were placed bilaterally on the feet, lower legs, thighs, pelvis, torso, head,

upper arms, forearms, and hands of the subject, using the Plug-in Gait marker set [24] with six

additional markers on the anterior thigh, anterior tibia, and 5th metatarsal of each foot for a

total of 45 markers. Marker positions were recorded at 250Hz using a Vicon motion capture

system with nine cameras. Ground reaction forces and moments were collected at 1,000 Hz

from both sides of the instrumented split-belt treadmill. Forces and moments were trans-

formed into a common coordinate frame and then used to calculate the whole-body CoP [25].

Data management and organization

Kinematic data were low pass filtered with a 4th order Butterworth filter at a cut-off frequency

of 10Hz. Small gaps in the marker data of up to 100ms length from occlusions were filled using

cubic splines. Time points with remaining marker occlusions were excluded from further anal-

ysis. From the marker data, we calculated joint angle data based on a geometric model with 15

segments (pelvis, torso, head, thighs, lower legs, feet, upper arms, forearms, hands) and 38

degrees of freedom (DoF). We estimated the hip joint centers based pelvis landmarks [26, 27],

and the knee joint centers and knee flexion rotational axes from reference movements using

the symmetrical axis of rotation approach [28]. We performed inverse kinematics by minimiz-

ing the distance between the measured and the model-determined marker positions [29]. This

optimization was performed first for the six pelvis DoFs, which formed the root of the kine-

matic tree, then for the six DoFs at the lumbar and cervical joints, and last for each of the arms

and legs separately. We estimated the body center of mass (CoM) positions based on estimated

segment CoM locations [30] and the inverse kinematics and calculated CoM velocities and

accelerations using numerical derivation by time.

We identified heel strike events for each foot by finding negative peaks in the vertical posi-

tions of the heel markers with minimal inter-peak distances of 250 ms and peak prominence

greater than 2 cm, and push-off events as the first peak in the vertical velocity of the 2nd meta-

tarsal marker with a prominence greater than 0.35 ms−1 after each heel strike. We visually

inspected the result of this automatic identification and applied manual corrections in the rare

cases where events were misidentified.

All data between heel-strikes were normalized to 100 time steps. We subtract the control
mean from all data, including control, for every subject. The control steps are defined as the

two steps preceding the heel-strike that triggers the visual perturbation. All data between heel-

strikes were normalized to 100 time steps. All of the data here are represented as a change in

response from the average of the control steps.

The experimental design had four distinct stimulus conditions, where each heel strike

could trigger a stimulus to the left or right. Here we assume anatomical symmetry and group

the conditions that are anatomically similar (i.e. [Right heel strike triggers Stimulus Right,

Left heel strike triggers Stimulus Left]). Previous analysis of the data set indicate asymmetries

between feet are not present [13]. We also analyzed how the mechanisms are coordinated dur-

ing control steps. This leaves three conditions to analyze, stimulus towards trigger foot, stimu-

lus away from trigger foot, and control. After processing, we were left with 1947 steps for

Stimulus Towards, 1930 steps for Stimulus Away, and 3854 steps for Control.

Quantifying balance mechanisms

Comparing the use of the balance mechanisms on every step requires that the mechanisms are

summarized by a single value. We use the following definitions to quantify the use of each bal-

ance mechanism on every step:

Interdependence of balance mechanisms
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Lateral ankle mechanism. The lateral ankle mechanism is defined as the integrated

response from control steps of the medial-lateral distance between CoP and CoM during single

stance. The integration is performed during single stance to avoid the contribution of the foot

placement mechanism on the CoP. Throughout the text we refer to this variable as Ankle.
Z

DCoP � CoM ð1Þ

Foot placement mechanism. We define the foot placement mechanism by the medial-lat-

eral response of the swing leg heel position at heel strike, relative to the initial medial-lateral

position of the trigger foot heel strike. Throughout the text we refer to this variable as Foot.

DðTriggerFootHeelPosition � SwingFootHeelPositionÞ ð2Þ

Push-off mechanism. We define the push-off mechanism as the integrated response from

control steps of the trigger foot ankle dorsiflexion/plantarflexion angle during the second dou-

ble stance phase following stimulus trigger. Throughout the text we refer to this variable as

Push.
Z

Dplantarflexion ð3Þ

Statistical analysis

We confirmed the assumptions of normality and homoscedasticity by visual inspection of the

residual plots for each combination of variables. Linear mixed models were used for each pair

of mechanisms to assess interdependence. For each pair of mechanisms, we fitted a linear

mixed model and performed an ANOVA to analyze the interdependence of the mechanisms

and interaction of stimulus direction, using Satterthwaite’s method [31] implemented in the

R-package lmerTest [32]. We used R (R Core Team, 2013) and lme4 [33] to assess the signifi-

cance of slopes of the regressions for each pair of mechanisms. Confidence intervals were cal-

culated for the slopes for each stimulus direction using the function confint. The outcome and

predictor variables for each model were chosen based on temporal order (i.e. Ankle is used

prior to Foot, and Foot prior to Push). We included stimulus direction as a predictor and

allowed random intercepts by Subject and random slopes. The following model is an example

for assessment of each pair of mechanisms:

Foot � Ankleþ directionþ Ankle � directionþ ð1þ AnklejSubjectÞ ð4Þ

For visual purposes, we perform a least-squares fit for all pairs of mechanisms. Pearson Cor-

relation R2 values were calculated for each balance mechanism pair to provide an indication of

the strength of the relationship.

Results

All figures show data averaged from eighteen out of twenty subjects. We removed two subjects

from this analysis. These two subjects expressed R2 values two standard deviations lower than

the mean for Ankle-Foot interdependence. Including the subjects resulted in non-converging

of the mixed-models in R.

The balance response to a perceived fall laterally (towards and away from trigger foot) con-

sists of a combined response of the lateral ankle mechanism, the foot placement mechanism

Interdependence of balance mechanisms
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and the push-off mechanism, as shown in Fig 1. All mechanisms are shown as time series to

illustrate their temporal order. After onset of the stimulus on the trigger foot heel strike, the

lateral ankle mechanism is the first to act (Fig 1A), on average approximately 350 ms (*33%

of single stance phase) post-stimulus where the Stimulus Towards and Stimulus Away deviate

away from each other. The activation of the lateral ankle musculature leads to a CoP shift

towards the direction of the perceived fall, for both Stimulus Towards and Stimulus Away. Fig

1B shows the initiation of the foot placement mechanism begins around 450 ms (*60% of sin-

gle stance phase), represented by the change in swing foot heel position deviating from the

control steps towards the end of single stance. This shift starts prior to heel strike, but does not

substantially affect the CoP until heel strike. The foot is placed in the direction of the perceived

fall. The push-off modulation begins around mid-stance (*450-550 ms or*60-85% of single

stance phase), but the majority of the angle change occurs during the second double stance

following the stimulus onset (Fig 1C). We observed a plantarflexion response for Stimulus
Towards and a dorsiflexion response for Stimulus Away.

Fig 2 illustrates the interdependence between pairs of mechanisms by displaying the use of

each mechanism for a given gait cycle as individual data points (See Methods: Quantifying Bal-

ance Mechanisms). The correlation between the foot placement and the lateral ankle mecha-

nism is the strongest relative to the other mechanism pairs (Fig 2A) for Stimulus Towards,
Stimulus Away and Control, demonstrating a negative interdependent relationship for all con-

ditions (see Tables 1 and 2). A larger response of the lateral ankle results in a smaller foot

placement response (and vice versa). A positive but weak correlation exists between the push-

off and foot placement mechanisms, for Stimulus Towards, Stimulus Away, and Control, Fig

2B), suggesting that Foot Placement and Push-off are also interdependent (see Tables 1 and 2).

Smaller foot placement leads to smaller push-off (and vice versa). Finally, the push-off and lat-

eral ankle mechanisms demonstrate a negative trend Stimulus Away (see Fig 2C and Table 2).

Stimulus Towards and Control did not have slopes significantly different from zero, yet trended

towards a negative relationship, suggesting the lateral ankle and push-off mechanisms are very

weakly interdependent.

Interdependence

The point clouds of the balance mechanisms across the three stimulus directions in Fig 2 are

difficult to distinguish visually. When we remove individual data points from Fig 2 and only

include the means and least-squares fits in Fig 3, a clear separation of the stimulus conditions

is evident. Balance responses are toward the trigger foot, relative to control steps, when the

stimulus is towards the trigger foot. Likewise, in the Stimulus Away conditions, balance

responses are further away from the trigger foot compared to control steps. This effect of stim-

ulus direction is consistent with results previously published by [13] and confirmed by signifi-

cance of fixed-effect term Direction in first three mixed-models (Table 1). The fixed-effect

term Ankle�Direction tests the change in slope of the models by stimulus direction. No mecha-

nism pair had significantly different slopes across condition, including Ankle-Foot, Ankle-

Push, and Foot-Push (see Table 1).

Discussion

There is a high degree of variability in human gait, even in the control of balance, but we show

that the nervous system is able to overcome this variability by making adjustments throughout

the gait cycle through the coordination of balance mechanisms. Considering the large number

of degrees of freedom involved in bipedal locomotion and resultant body configuration that

Interdependence of balance mechanisms
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Fig 1. Balance mechanisms in response to a perceived fall to the side. The average difference from control (Δ or

response) for three major balance mechanisms are displayed for Stimulus Towards (Blue) and Stimulus Away (Yellow)

encased by the 95% confidence interval. Double stance (DS) is displayed as the grey shaded areas. Normalized time

represents a total of 832 ms with single stance time indicating 388 ms. The visual scene rotation begins on the onset of

the first double stance and continues for 600 ms. Towards and away refer to direction with respect to the triggering leg.

https://doi.org/10.1371/journal.pone.0225902.g001

Interdependence of balance mechanisms
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Fig 2. Correlations between the balance mechanisms. The relationship between the three major balance mechanisms are

displayed for each stimulus condition with least-squares fit and corresponding Pearson correlation R2 values. Each data point

represents the combination of the balance mechanisms displayed on the axes for that figure. Towards and away refer to direction

with respect to the triggering leg.

https://doi.org/10.1371/journal.pone.0225902.g002

Table 1. Results of the mixed model output indicating which factors have a significant effect on the outcome variable or dependent variable (see statistical analysis

section).

Fixed-Effect fNumerator Df Denominator Df F p

Foot Ankle 1 18 792.47 <0.0001

Direction 2 7710 178.57 <0.0001

Ankle�Direction 2 7684 2.98 0.051

Push Ankle 1 17 7.59 0.0133

Direction 2 7711 138.27 <0.0001

Ankle�Direction 2 7714 0.36 0.697

Push Foot 1 17 34.15 <0.0001

Direction 2 7708 106.27 <0.0001

Foot�Direction 2 7712 1.77 0.171

https://doi.org/10.1371/journal.pone.0225902.t001

Interdependence of balance mechanisms
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varies with each step, flexible implementation of balance mechanisms may be fundamental for

stable, economical gait.

We have identified three basic balance mechanisms that are used to respond to a perceived

fall to the side during locomotion as well as during unperturbed walking. The average balance

response as shown in Fig 1 suggests the use of all mechanisms regardless of stimulus direction.

The lateral ankle mechanism modulates the center of pressure (CoP) under the stance foot.

Change in foot placement then moves the CoP after a modulation of foot position during the

swing phase of the gait cycle. We also observed a change in ankle plantarflexion angle depend-

ing on the direction of the stimulus within the first gait cycle, indicating that push-off modula-

tion is another mechanism used to respond to a perceived fall to the side. Our conclusions

are: 1) balance mechanisms during walking are interdependent; 2) the push-off mechanism is

used to make subtle adjustments to balance, but is not strongly interdependent with the other

mechanisms; and 3) the use of each balance mechanism alone may be inaccurate (as evidence

Table 2. Results of the mixed model output indicating which factors have a significant effect on the outcome variable or dependent variable (see statistical analysis

section).

Stimulus Towards Stimulus Away Control

Regression Tested lower upper lower upper lower upper

Ankle(mm s)-Foot(mm) -6.94 -5.34 -6.2 -5.27 -6.762 -5.261

Foot(mm)-Push(deg s) 0.0018 0.007 0.003 0.006 0.001 0.006

Ankle(mm s)-Push(deg s) -0.029 0.006 -0.024 -0.003 -0.031 0.002

https://doi.org/10.1371/journal.pone.0225902.t002

Fig 3. Average correlations between the balance mechanisms. The average for each combination of balance

mechanisms for each condition are displayed as solid dots. The least-squares fits are also displayed. Towards and away

refer to direction with respect to the triggering leg.

https://doi.org/10.1371/journal.pone.0225902.g003

Interdependence of balance mechanisms

PLOS ONE | https://doi.org/10.1371/journal.pone.0225902 December 4, 2019 9 / 15

https://doi.org/10.1371/journal.pone.0225902.t002
https://doi.org/10.1371/journal.pone.0225902.g003
https://doi.org/10.1371/journal.pone.0225902


by common overshooting and undershooting of the lateral ankle mechanism), but the nervous

system is able to adjust by using a variety of balance mechanisms throughout the gait cycle.

Interdependence

The combination of the mechanisms throughout the gait cycle have a compounding effect

on balance. In non-perturbed gait, balance throughout the gait cycle may be conceived as a

zero-sum scenario. Fig 1 shows that, on average, there are three balance mechanisms used to

respond to a perceived fall to the side while walking. The focus of this study was to unpack

how all three mechanisms are interdependent to create an overall balance response throughout

the gait cycle.

All pairs of balance mechanisms are significantly correlated with one another, despite small

R2 values, according to the linear mixed model results. Two relationships were negatively cor-

related: lateral ankle—foot placement and push-off—foot placement. With these two negative

relationships, it follows that foot placement and push-off are positively related. Given the dis-

parity in the strength of the correlations between balance response pairs, it seems that the ini-

tial response to a disturbance is critical to the overall balance response, leaving the push-off to

play a small but systematic modulating role that does not depend strongly on the responses

previous to its initiation. Although an interaction between the lateral ankle and foot placement

mechanism has been observed previously [34, 35], these reports suggest the lateral ankle mech-

anism adjusts inaccuracies in foot placement. The current results suggest that foot placement

also adjusts to inaccuracies in the lateral ankle mechanism, highlighting an interdependent

relationship. The lateral ankle mechanism commonly overshoots or undershoots the required

modulation, as evidence by the range of values observed in Fig 2A. This could be viewed as

inaccurate use of the lateral ankle mechanism, or be a result of the natural variability in gait

and adjustment to the preceding inaccurate foot placement. The subsequent mechanisms (foot

placement and push-off) are able to adjust for this inaccuracy or variability.

The current results indicate that there is a third mechanism involved in the coordination

between balance mechanisms. The push-off is typically thought to contribute to propulsion,

but we believe the push-off is also used as a subtle adjustment to medial-lateral balance, for

two reasons. 1) We observe a systematic modulation of ankle plantarflexion angle following

a medial-lateral (ML) balance perturbation. It seems unlikely that a response to an ML pertur-

bation would serve only propulsion in the sagittal plane. 2) Propulsion is dependent on the

stimulus direction (Fig 1C). If, for example, propulsion serves to improve stability, we would

expect an increase in propulsion regardless of the stimulus direction. However, only when the

perturbation is towards the trigger foot, is there an increased push-off. We see a decreased

push-off (i.e. plantarflexion) when the perturbation is away from the trigger foot, suggesting

a decrease in propulsion that results in an adjustment of the CoM over the base of support.

Furthermore, [36] has provided evidence that ankle planterflexion torque induces trunk roll

accelerations, providing further support for the push-off acting in the medial-lateral direction.

Only recently has the push-off been verified to have a functional role in balance control in the

medial-lateral direction as [21] show modulation of ankle torque based on CoM behavior can

reduce metabolic expenditure. We speculate that the push-off is mostly acting in the anterior-

posterior direction, but the offset of the feet laterally during double stance could allow for a

rotation about the moment arm between the trailing limb and the CoM. Thus, the subtle mod-

ulation of push-off is less about moving the body forward and more about shifting weight to

the alternate foot.

Despite the systematic nature of the push-off, the R2 values between push-off and other

mechanisms were very small. We can provide three possible reasons for such small but
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consistent relationships: 1) The push-off mechanism may provide more of an indirect balance

adjustment through modulation of other gait parameters, which we are currently analyzing

and plan to address in a future publication; 2) The relationship between the lateral ankle and

foot placement mechanisms is so strong that it masks their relationship with the push-off

mechanism; 3) There are other mechanisms contributing to the maintenance of balance dur-

ing walking. As discussed in the previous paragraph, we are confident the push-off is a separate

balance mechanism, despite the weak correlations, in that it is activated separately from the lat-

eral ankle and foot placement mechanisms. The small correlations between push-off and the

other two balance mechanisms is actually evidence that they are separately activated balance

mechanisms. For example, if the lateral ankle and push-off were activated through the same

neural pathway, we would expect a strong positive relationship between the two. We actually

observe a weak negative correlation between the lateral ankle and push-off mechanisms. The

weak correlations may also be a product of the flexibility of the healthy young nervous system.

There are so many degrees of freedom available to act on the balance related forces that a mod-

erate amount of error at any point of the gait cycle is acceptable.

An interesting finding was that these balance responses are observed on steps both with

and without perturbations. This is consistent with the view that heel strike is essentially a per-

turbation that is inherent to the gait cycle, requiring a control action to maintain upright bal-

ance on every step [37, 38]. This finding is substantiated by the fact that the slopes of each

balance mechanism pair are not statistically different across all three stimulus directions.

(Stimulus Towards, Stimulus Away, Control). Thus, interdependence of the balance mecha-

nisms is present in all conditions, but the overall balance response is shifted in the direction of

the perceived fall. This emphasizes that a sensory perturbation does not alter the fundamental

nature of the balance response observed during unperturbed walking, but in the presence of a

perceived threat to balance, the overall balance response shifts in the direction of the perceived

fall (i.e. blue shifts towards the trigger foot and yellow shifts away from trigger foot in Fig 3).

The sequential onset of the balance mechanisms in the presence of the perceived fall (Fig 1)

in combination with the large corrections being made for the variability of the use of earlier

mechanisms (Fig 2) provides strong evidence that the CNS activates mechanisms separately

based on continuous monitoring of the balance response. In this view, there would be a direct,

reflex-like connection between the sensory information indicating a lateral fall and each bal-

ance mechanism, which is modulated depending on the phase of the gait cycle [39]. Since the

ankle mechanism is relevant during single stance, it is possible that the effects of the ankle

mechanism command could be observed via proprioception and the results fed back into the

foot placement command with a negative sign. In this picture, when the ankle mechanism

response is weaker due to motor noise, this would lead to stronger use of the foot placement

mechanism, and vice versa, which is consistent with the correlations observed in this study.

This connection of separate control loops via sensory feedback is a relatively straightforward

control scheme that could explain the observed data, but it is unclear whether the propriocep-

tive loops could act fast enough to allow this feedback. Another hypothesis would be a multi-

layered control scheme, where one layer does the high-level planning and an intermediate

layer is responsible for recruiting and coordinating the low-level motor units to implement

the plan. This is the view underlying the uncontrolled manifold hypothesis, that movements

are planned on task level and elements on the execution-level are coordinated to implement

the task-level plan by intermediate structures [40]. The uncontrolled manifold hypothesis

leads to testable predictions on the structure of variance of joint angles across multiple repeti-

tions of the same movements, where the direction of low variance is aligned with the space of

joint angle changes that affects the task variable. The correlation between the ankle and foot

placement mechanisms shown in Fig 2 might be a signature of such coordination, with
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coordination between different balance mechanisms to stabilize the CoM instead of different

joint angles to stabilize the end-effector movement. Analysis of gait data using the uncon-

trolled manifold approach has shown that joint angles are indeed coordinated to stabilize the

CoM during walking [41]. In this view, it would be possible that the intermediate level coordi-

nates the different balance mechanisms both spatially and temporally. For instance, when the

body is in a configuration due to natural gait variability where placing the swing foot more

medial might bring it dangerously close to the stance leg during swing, the CNS could shift

weight between the balance mechanisms to use the foot placement mechanism less and rely on

the ankle mechanism more. This active coordination would be an alternative explanation for

how correlation observed in Fig 2 is generated.

Limitations

Previous work has identified different strategies that can be recruited to aid in the overall goal

of maintaining stability. [42] has shown through simulations of narrow beam walking that

rotations of the arms, neck, and hips can limit the angular accelerations of the head-arms-

trunk complex, and thus the CoM. [43] reports that turning (i.e. foot yaw rotation) can have

the same effect on medial-lateral balance as a lateral foot placement. A foot yaw response may

also have an impact on the function of a push-off response, as plantarflexion through different

ranges of an externally rotated foot will create different directional ground reaction forces. We

did not observe such responses in the current experiment, suggesting that there may be partic-

ular situations that lead to less common but effective balance responses.

We also assume all of the modulation of the CoP with respect to the CoM in the first single

stance following the trigger perturbation is a result of the lateral ankle mechanism, but it is cer-

tainly possible other mechanisms could be used to assist in this modulation. [44] also found

that most of the CoP modulation is a result of ankle muscle activation, but acknowledge that

the ankle responses to a perceived fall laterally is not a simple inversion/eversion activation.

Future work will seek to uncover other mechanisms that can contribute to the modulation of

the CoP with respect to the CoM.

We note a change in ankle plantarflexion in response to the medial-lateral balance pertur-

bation; however, we do not have concrete evidence that the change in ankle plantarflexion

angle is due to an increased ankle plantarflexion torque and propulsive ground reaction force.

Due to the inherent design of our experiment, calculation of joint torques and ground reaction

forces from a single limb are impossible to discern because of scenarios involving one foot on

two force plates or two feet on one force plate. We asked people to treat the split-belt treadmill

as a sidewalk to create an environment that allows for the most natural gait. Adding medial-lat-

eral balance perturbations increases the number of instances where a single foot may not land

squarely on a single force plate. This scenario makes it difficult to provide concrete evidence

that the ankle plantarflexion response is producing a “push-off”. Future work will investigate

in detail how the systematic change in ankle plantarflexion angle produces medial-lateral bal-

ance shifts, but for now we believe there is enough support to assume it does produce a CoM

shift in the medial-lateral direction.

Conclusion

In conclusion, an interdependent relationship has been uncovered between three basic mecha-

nisms for the maintenance of upright balance during walking. Most evidently, our analysis

illustrates that when the lateral ankle mechanism overshoots or undershoots the foot place-

ment will provide a correction later in the gait cycle. The push-off mechanism is not as

strongly related to the other two balance mechanisms described, suggesting the push-off is
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only producing a subtle balance related adjustment. Moreover, we highlight that these mecha-

nisms are used on every step, regardless of whether there is a perturbation. The perturbations

result in a shift of the overall balance response in the direction of the perceived fall. This is con-

firmation that a fundamental feature of human bipedal gait is a highly flexible balance system

that recruits multiple mechanisms to maintain upright balance during walking despite extreme

changes in body configuration and frequent perturbations.
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