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Control of foot placement is an essential strategy for
maintaining balance during walking. During unperturbed,
steady-state walking, foot placement can be accurately
described as a linear function of the body’s centre of mass
(CoM) state at midstance. However, it is uncertain if this
mapping from CoM state to foot placement generalizes
to larger perturbations that could potentially cause falls.
Recovery from these perturbations may require reactive
control strategies not observed during unperturbed walking.
Here, we used unpredictable changes in treadmill belt speed
to assess the generalizability of foot placement mappings
identified during unperturbed walking. We found that foot
placement mappings generalized poorly from unperturbed
to perturbed walking and differed for forward perturbation
versus backward perturbation. We also used the singular
value decomposition of the mapping matrix to reveal that
people were more sensitive to backward versus forward
perturbations. Together, these results indicate that a single
linear mapping cannot describe the foot placement control
during both forward and backward losses of balance induced
by treadmill belt speed perturbations. Better characterization
of human balance control strategies could improve our
understanding of why different neuromotor disorders result
in heightened fall risk and inform the design of controllers for
balance-assisting devices.
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1. Introduction

Control of foot placement is an important strategy for maintaining balance during walking [1-4].
Balance can be controlled by adjusting the magnitude and orientation of ground reaction force vectors
and their moment arm relative to the body’s centre of mass (CoM) to influence the body’s linear and
angular momentum. While there are many strategies to stabilize the body during loss of balance, such
as regulating lateral ankle roll or ankle push-off [3], modulating foot placement remains one of the
primary strategies for controlling balance by varying the centre of pressure location and assisting in
generating the ground reaction force needed to stabilize the body. For example, one way to recover
from a forward loss of balance is to place the foot more anterior to the body’s extrapolated CoM than
normal. This strategy may produce a ground reaction force that has a greater posteriorly directed
component to reduce forward linear momentum while also producing a backward moment about CoM
to arrest the forward rotation of the body [5]. Thus, modulating foot placement from step to step is an
important strategy for humans to maintain balance.

Step-to-step balance corrective strategies are often characterized using a data-driven approach
relating foot placement location to the body’s state at an earlier phase of the gait cycle [6-15]. Given
an average CoM trajectory and many strides of steady walking, one can often derive a linear mapping
between deviations of the CoM state from this trajectory to deviations in the next foot placement
[8,11,12]. These mappings can explain approximately 80% of the variance in foot placement in the
mediolateral direction and approximately 30 to 40% of the variance in the anteroposterior direction
using the CoM state at midstance [12,13,16]. Though passive dynamics may lead to some degree
of correlation between CoM state and foot placement [17], the high degree of variance explained,
especially in the mediolateral direction, may indicate that the central nervous system uses information
about the body’s state to actively control the next foot placement during unperturbed walking.

Although the observed mappings explain foot placement patterns during unperturbed gait, the
extent to which these mappings generalize to perturbed walking remains to be seen. It is conceiva-
ble that linear mappings may fail to explain balance-correcting responses to external perturbations
because the neuromotor system is predominately nonlinear, especially during large perturbations [18].
If so, this would suggest that studying unperturbed walking alone is insufficient for elucidating the
strategies that people use to prevent falls. While one previous study investigated the relationship
between foot placement location and CoM state during perturbed walking [4], the authors used the
body’s state at foot strike rather than an earlier phase in the gait cycle. Additionally, this study
did not examine the generality of the relationship from steady-state unperturbed gait to perturbed
gait [4]. In addition, there is conflicting prior evidence regarding the generality of the relationship
between CoM state and foot placement during different walking tasks. Joshi et al. [6] found that the
mapping coefficients for unperturbed walking observed in [6] and [12] were similar to those observed
in people who responded to small backward perturbations while walking. By contrast, Vlutters et
al. [4] found that the mapping between the CoM state and foot placement differed for forward and
backward perturbations. Therefore, it is possible that perturbation magnitude and direction explain the
differences in the degree of generalizability observed across studies.

The primary goal of this study was to determine whether the mapping between CoM state and foot
placement derived from unperturbed walking could explain the variance in foot placement in response
to forward and backward perturbations in neurotypical adults. We hypothesized that a mapping
which accounted for the directional differences in response to unexpected forward disturbance versus
backward disturbance would better explain the variance in foot placement than a mapping derived
solely from unperturbed walking. This is because one might expect different strategies to be effective
when balance disturbances are in the same direction versus the opposite direction of both linear and
angular momentum about the CoM [4]. Additionally, we performed singular value decomposition on
the foot placement mapping to provide a direct assessment of the direction along which foot placement
was most sensitive to deviations in CoM state and the sensitivity of foot placement control along
that direction. We expected to find differences between unperturbed and perturbed walking in the
derived foot placement mappings as well as the direction and sensitivity of foot placement control to
deviations in CoM state. Overall, this study may extend our understanding of how people control foot
placement to maintain balance during walking and may inform the design of controllers for assistive
devices to stabilize walking in response to perturbations.
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2. Material and methods

2.1. Participant characteristics

A total of 13 neurotypical adults with no musculoskeletal or gait impairments participated in this
study (six female, 58 + 29 years, 0.75 + 0.25 m s™). These participants were recruited as age-matched
controls for a sample of post-stroke participants from a prior study [5]. Exclusion criteria included any
neurological, cardiovascular, orthopaedic and psychiatric diagnoses. All participants reported their
right side as their dominant limb when asked which leg they would use to kick a ball. The study was
approved by the Institutional Review Board at the University of Southern California (no. HS-18-00533),
and all participants provided written informed consent before participating. All aspects of the study
conformed to the principles described in the Declaration of Helsinki [19].

2.2. Experimental protocol

Participants walked on an instrumented, dual-belt treadmill (Fully Instrumented Treadmill, Bertec,
Columbus, OH, USA) for six separate trials at their self-selected walking speed. We determined
their self-selected walking speed using a two-alternative forced-choice staircase method [20-22] as
described in [23]. Participants then walked on the treadmill for 5 min at their self-selected walking
speed without receiving any perturbations. Then, for five subsequent trials, participants reacted to
acceleration of the treadmill belts. Each trial consisted of a total of 24 perturbations, with 12 on each
belt. The perturbations had magnitudes of -0.5, 0.4, -0.3, 0.3, 0.5 and 0.7 m s, where positive values
indicate increases in speed relative to the participant’s self-selected walking speed, and negative values
correspond to reductions in the participant’s self-selected walking speed. We chose to use velocity to
define perturbation magnitude for two reasons. First, belt velocity can be controlled more reliably than
displacement or acceleration, and second, defining treadmill perturbations by velocity is consistent
with what others have done in the literature [24,25]. Each perturbation was remotely triggered by
customized MATLAB code, and the order of these perturbations was randomized. Each perturbation
was characterized by a trapezoidal speed profile in which the ipsilateral treadmill belt accelerated at
the time of foot strike to the target belt speed at an acceleration of 3 m s? (or =3 m s? if the target speed
was less than their walking speed), held this speed for 0.7 s, and then returned to the participant’s
self-selected walking speed at an acceleration of -3 m s (or 3 m s?) [26]. The perturbations were
randomly triggered to occur within a range of 15-25 steps after the previous perturbation to provide
participants with sufficient time to re-establish their baseline walking pattern and prevent them from
anticipating perturbation timing.

2.3. Data acquisition

We used a 10-camera motion capture system (Qualisys AB, Gothenburg, Sweden) to record three-
dimensional marker kinematics at 100 Hz and ground reaction forces at 1000 Hz. We placed a set of
14 mm spherical markers on anatomical landmarks and marker clusters on the upper arms, forearms,
thighs, shanks and the back of the heels to create a 13-segment, full-body model [27,28]. We calibrated
marker positions during a 5 s standing trial and removed all joint markers after the calibration.

2.4. Data processing

We post-processed the kinematic and kinetic data in Visual3D (C-Motion, Rockville, MD, USA) and
Matlab 2020b (Mathworks, Natick, MA, USA) to compute variables of interest. We lowpass filtered
marker positions and ground reaction forces using fourth-order Butterworth filters with cut-off
frequencies of 6 and 20 Hz, respectively, based on previous literature [29-31]. Foot strike was defined
as the time point when the vertical ground reaction forces reached 80 N. We chose to use an 80
N threshold to detect foot strikes because we used the same threshold to determine foot strikes in
real time to elicit perturbations. During our study design, we found that an 80 N threshold was the
minimum threshold to detect foot strikes with high accuracy in real time. We also examined the
timing of perturbations relative to the foot strike post hoc to remove the perturbations that occurred
more than 150 ms after the foot strike [32]. We included a median of 10 (interquartile range: 1)
perturbations for each perturbation amplitude per side for each participant. On average, we removed
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six perturbations out of 120 per participant. We also calculated the time between the subsequent

foot strike after each perturbation and the onset of treadmill deceleration. The subsequent foot strike
occurred before treadmill deceleration in over 97% of the perturbations.

2.5. Models of foot placement

Our goal was to derive a mapping between CoM state and foot placement to characterize the step-to-
step balance corrective strategies during unperturbed and perturbed walking. We used the heel marker
for the position of the foot. The CoM state during single limb stance, s, was defined as in equation (2.1):

s = [PCoMap, PCoMyyr, VCoMp, VCoMyq 7. (2.1)

The position of the next foot placement q was defined as in equation (2.2)

q = [Footap, Footyr]” . (2.2)

CoM state included the CoM position (PCoM) and velocity (VCoM) in the fore-aft (AP) and mediolat-
eral (ML) direction. Both CoM state and foot placement positions were relative to the position of
the current stance foot (figure 1). T represents the transpose of the matrix. We normalized position
variables using the CoM height (H) of the participant and velocity variables using y/gH, where g is the
gravity constant [6]. Each step cycle was divided into 100 time points.

We defined the nominal trajectories of the CoM (s*) and foot strike positions (q*) as the average
values of these quantities during unperturbed walking. Step-to-step fluctuations about the nominal
trajectory allowed us to determine the relationship between deviations in foot positions Aq = q; ., — q*

and deviations in the CoM state As = s, — s* (k is the step number). We derived the mapping between
Aq and As at midstance, which was defined as 50% of the step cycle, to be consistent with previous
studies and because it was early enough in the gait cycle to allow sufficient time for changes in foot
placement by the swing limb [6,12,33]. We first estimated this relationship by computing the Jacobian
matrix (J) during the step cycle that mapped the discrete change in state As to the change in foot
position Aq equations (2.3) and (2.4). We assumed left-right symmetry so that the foot positions and
the CoM state were mirrored about the sagittal plane [6,34].

Ag= J As, (2.3)
2x1  2x44x1
OFootap OFootap OFootap OFootap j
OPCoMup OPCoMyy OVCoMap OVCoMyy | |12% o
2x4 | OFootyr OFooty, oFooty, dFooty. | Jr, (24)

aPCOMAp aPCOMM]_ aVCOMAp aVCOMM]_ 1x4

Given that J is not a full-rank matrix and maps from a higher (rank = 4) to a lower (rank = 2)
dimension, it has a null space. The null space contains the set of vectors that define the directions
along which deviations in CoM state would not affect foot placement. We further defined the
first row of J matrix to be j,p and the second row to be jy; as they defined how deviations
in CoM state influence foot placement in the anteroposterior direction and mediolateral direction,
respectively.

2.6. Singular value decomposition of Jacobian matrix

The Jacobian matrix can be considered a form of a ‘state transition matrix” that reflects the strength
and direction of output responses (i.e. changes in foot placements) to inputs (i.e. changes in CoM state)
in particular directions in this linearized analysis. The singular value decomposition of the Jacobian,
therefore, can estimate the sensitivity of foot placement to changes in CoM state. Importantly, as the
Jacobian matrix is not full rank, it maps from higher dimensional changes in CoM state to lower
dimensional changes in foot placement. Singular value decomposition can thus determine the changes
in CoM state that would produce no changes in foot placement (the null space of the Jacobian).
Therefore, we performed singular value decomposition on j,p and jiy; equation (2.5) to find their null
spaces, determine in which direction the control of foot placement was the most sensitive to deviations
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Figure 1. Diagram of the model describing the CoM state (s) and foot placement (g). CoM state included the CoM position (PCoM) and
velocity (VCoM) in the fore-aft (anteroposterior, AP) and mediolateral (ML) direction. Blue: swing leg; red: stance leg. CoM position and
the position of the swing foot were referenced to the stance foot. The black dashed trajectory represents the nominal (average) CoM
trajectory. The black solid trajectory represents one measured trajectory. Aq and As represent the step-to-step fluctuation of the foot
placement and CoM state.

in CoM state, and determine the sensitivity of foot placement control along that direction for each
individual. Note that this direction does not represent the cardinal directions in physical space because
it is a combination of both the position and velocity of CoM:
j=U = V.. (2.5)
1%4  1x11x44x4
Here, the rank 1, 1 x 4 matrices jp and jy; were decomposed as the product of a 1 x 1 matrix U,
a 1 x 4 rectangular diagonal gain matrix £ and a 4 x 4 orthogonal matrix V, respectively. The first
right singular vector of the Jacobian, v;, defined the direction along which foot placement was most
sensitive to deviations in CoM state. The last three singular vectors (v, , v; and v,) defined the null
space directions along which deviations in CoM state would not affect the foot placement. The singular

values of the gain matrix (X) indicated the sensitivity of foot placement to deviations in CoM state
along the direction defined by v;.

2.7. Statistical analysis

Our objective was to determine whether the mapping between CoM state and subsequent foot
placement differed between unperturbed and perturbed gait. We combined the data from all partic-
ipants and used mixed-effects regression to determine the portion of the Jacobian that was consistent
across participants (fixed effects) as well as random effects that account for the variability in elements
of the Jacobian across participants. We did not find any collinearity among the independent variables
for our models based on the variance inflation factor. We compared the ability of three models
to explain anteroposterior and mediolateral foot positions during perturbed walking (table 1): (i) a
linear model derived from unperturbed walking (model 1, equation (2.6)); (ii) a linear model derived
from both perturbed steps and unperturbed steps (model 2, equation (2.7)), and (iii) a piecewise
linear model derived from both perturbed steps and unperturbed steps (model 3, equation (2.8)). For
models 2 and 3, we derived foot placement mappings using both the perturbed steps and an equal
number of unperturbed steps because a prior study found that foot placement mapping coefficients
for unperturbed and backward perturbed walking were similar [6]. Combining step types allowed us
to identify a single mapping capable of explaining responses to both internally generated and external
perturbations. We derived a piecewise linear mapping with one breakpoint (model 3,equation (2.8))
to test for directional differences in responses to increases and reductions in belt speed. We chose
this piecewise linear model because there is evidence that people rely on different balance-correcting
strategies to recover from forward loss of balance versus backward loss of balance [3,4,23,36].

We used the Akaike information criterion (AIC) to determine the most parsimonious model to
explain variance in foot placement (equation (2.9)) [37]:
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Table 1. Model description for foot placement mappings.

model description model [35]
linear mapping derived from unperturbed steps )

(model 1) Aqis1 =T Asg (26)
linear mapping derived from both perturbed steps )

and unperturbed steps (model 2) Aqf .1 =T As{ 2.7

AT

a piecewise linear regression model derived from both A§k+1 = {J Asc  IfAVCOMpp >0

perturbed steps and unperturbed steps (model 3) FAsT i fAVCoM,p <0 (2.8)

AIC=2k+Nln) ¢. (2.9)

Here, k is the number of estimated parameters, N is the number of data points and ¢ is the prediction
error between the predicted and actual data. We selected the model with the lowest AIC as the best
model.

We also determined if the foot placement mapping differed between perturbed and unpertur-
bed walking by comparing the regression coefficients of the foot placement mapping derived from
perturbed walking and those derived from unperturbed walking. Finally, we determined whether
the values of the gain matrix from singular value decomposition that indicated the sensitivity of
foot placement control in response to deviations in CoM state differed between unperturbed walking
and perturbed walking. We used a paired sample t-test if the variables were normally distributed;
otherwise, we used the Wilcoxon rank-sum test. We used the Shapiro-Wilk test to test the normality.
Significance was set at p <0.05.

3. Results

3.1. Foot placement mapping during unperturbed walking

Both anteroposterior and mediolateral foot positions relative to the trailing limb varied from step to
step during unperturbed walking (figure 24, grey points). Foot position in the anteroposterior direction
was explained by a model that included CoM displacement and velocity in both anteroposterior and
mediolateral direction with the following form (mean #s.e.), which had an R* of 0.38:

ji=[0.71+0.088 -0.81+0.12 0.77+0.088 -0.94+0.13]. (3.1)

Thus, a larger forward displacement of the CoM and larger forward velocity at midstance were
associated with a longer step while a larger lateral CoM displacement and larger lateral velocity
at midstance were associated with a shorter step. Foot position in the mediolateral direction was
positively associated with CoM displacement and velocity in the mediolateral direction at midstance
and negatively associated with CoM velocity in the anteroposterior direction, which had an R of 0.74:

ji =[-0.016+0.043 1.71+0.12 -0.48+0.055 1.22+0.07]. (3.2)

3.2. Foot placement mapping during perturbed walking

The mapping between foot position and CoM state at midstance during unperturbed waking did not
generalize to foot positions following perturbations based on visual inspection of the predictions from
the unperturbed model (figure 2). In both mediolateral and anteroposterior directions, we found that
a piecewise linear model best explained the variance in foot placement as evidenced by the lower AIC
values (table 2). Following forward perturbations, a larger forward displacement and larger forward
velocity of the CoM at midstance were associated with a longer step, while a larger lateral CoM
displacement and larger lateral velocity at midstance were associated with a shorter step:

J=[127+028 -0.70+024 045+0.12 -0.27+0.28]. (33)
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Figure 2. Scatter plots showing the left foot placement during unperturbed walking and following perturbations for a representative
participant. Coloured dots indicate foot placement following increasing perturbations (blue to green). Grey dots represent foot
placement during unperturbed walking. (a) Left foot placement relative to the right perturbed trailing stance foot during unperturbed
steps and perturbed steps. (b) Actual foot placement versus fitted foot placement in the anteroposterior direction during both
unperturbed and perturbed walking using the mapping derived from unperturbed steps.

Table 2. Model selection metrics based on AIC. Lower AlC values are indicative of better models.

number of estimated
model description direction parameters (k) AlC
linear mapping derived from unperturbed steps (model 1) anteroposterior 9 12506
mediolateral 9 5757
linear mapping derived from both perturbed steps and anteroposterior 9 8364
unperturbed steps (model 2 e PP —
- p e B P bothperturbedstepsa n teroposte no r .................... 1 8 ...................................... o
andunperturbed steps (model 3) = 1
mediolateral 18 —534

On the other hand, following backward perturbations, a larger backward displacement and larger
backward velocity of CoM were associated with a shorter step while a larger lateral CoM displacement
and larger medial velocity at midstance were associated with a shorter step:

jap=[236+028 -1.60+054 143+026 1.5+0.5]. (3.4)

In the mediolateral direction, a larger lateral CoM velocity and displacement at midstance were
associated with a wider step for both forward and backward perturbations. A larger forward CoM
displacement and velocity were associated with a narrower step following forward perturbations. For
backward perturbations, a larger backward CoM displacement and smaller backward CoM velocity
were associated with a narrower step:

jin=[-0.082+0.031 154+0.12 -0.18+0.019 0.90+0.064], (3.5)

Jo=1020£0.061 1.46+0.14 -0.17+0.055 1.03+0.13]. (3.6)

Several features of the anteroposterior foot placement mappings differed depending on the dataset
for which they were derived (figure 3a). Coefficient estimates for each individual were computed
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Figure 3. The estimated coefficients of the foot placement model in the anteroposterior direction (a), and mediolateral direction
(b) with respect to CoM state at midstance. Coefficient estimates were computed by summing the random effects and the fixed effects
from each mixed effect model. Black horizontal lines indicate the median coefficient estimates across participants. Grey: estimates
from unperturbed walking (model 1); green: estimates from piecewise linear model for forward perturbations (model 3); blue:
estimates from piecewise linear model for backward perturbations (model 3). Dots represent individual estimates of coefficients (*p <
0.05, **p < 0.001,***p < 0.0001).

by summing the random effects and the fixed effects from each mixed effect model. The coefficients
for APCoMup derived from backward perturbations were greater than those derived from forward
perturbations (t1p = 4.3, p = 0.0011) and unperturbed walking (t;2 = 5.6, p = 0.0001). Similarly, the
coefficients for AVCoMup derived from backward perturbations were greater than those derived from
forward perturbations (t12 = 2.4, p = 0.034) and unperturbed walking (t12 = 3.6, p = 0.0037). This
suggests that, for a fixed magnitude deviation in CoM state, changes in foot placement were larger in
response to backward perturbation versus forward perturbation. The coefficients for AVCoMyy, were
greater when derived from forward perturbations than unperturbed walking (t12 = 3.5, p = 0.0043). The
coefficients for AVCoMyy. derived from backward perturbations were also greater than those derived
from forward perturbations (t;p = 3.1, p = 0.0093) and unperturbed walking (t1» = 5.0, p = 0.0003) and
were generally positive while those derived from forward perturbations and unperturbed walking
were generally negative. This suggests that a fixed magnitude of deviation in lateral CoM velocity
would result in a longer step during backward perturbations but a shorter step during unperturbed
walking and forward perturbations.

The mediolateral foot placement mapping derived from perturbed walking differed from that
derived from unperturbed walking (figure 3b). The coefficients for APCoMup derived from backward
perturbations were higher than those from unperturbed walking (t5 = 3.82, p = 0.0024) and forward
perturbations (t12 = 4.79, p = 0.0004). The coefficients for AVCoMup derived from unperturbed walking
were more negative than those derived from forward perturbations (1 = -5.3, p = 0.0002) and
backward perturbations (tjp = —4.1, p = 0.0014). Finally, the coefficients for AVCoMy. derived from
forward perturbations were less than those derived from unperturbed walking (12 =-5.3, p = 0.0002).

Although participants experienced many perturbations over the course of the experiment, we did
not observe learning effects as measured by their responses to the perturbations. To assess the potential
for learning, we compared the distance from the CoM to the rear edge of the base of support and
also compared the CoM velocity in the anteroposterior direction at the time of foot strike after the
first and last perturbations for each level of treadmill speed change [38]. There were no differences in
these measures between the first and last perturbations (CoM position: p = 0.25; CoM velocity: p = 0.20),
indicating that participants responded similarly to the perturbations throughout the experiment.
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Figure 4. Visualization of singular value decomposition of the anteroposterior foot placement mapping matrix derived from
unperturbed steps, forward perturbation and backward perturbation steps. The left panel shows singular value decomposition on
the mean foot placement mapping matrix derived from unperturbed steps (a), forward perturbation (e), and backward perturbation
steps (i). The gain obtained from singular value decomposition on the foot placement mapping for unperturbed steps (b), forward
perturbation (f), and backward perturbations (j) for each individual (dot) and median across participants (black line) (**p <
0.001,***p < 0.0001). Right singular vectors related to ACoM displacement derived during steady-state walking (c), during forward
perturbations (g), and during backward perturbations (k). Right singular vectors related to ACoM velocity derived from mapping
coefficients during steady-state walking (d), during the forward loss of balance (h), and during the backward loss of balance
(/). Light-coloured arrows indicate the right singular vectors for each individual. Note that solid arrows indicate the first right singular
vector (task space vectors) while dashed lines indicate the last three singular vectors (null space vectors). Dark-coloured arrows
indicate right singular vectors computed from the mean foot placement mapping matrix.

3.3. Singular value decomposition of foot placement mappings

3.3.1. Task space vectors for anteroposterior foot placement mapping matrix

Singular value decomposition provided a direct assessment of the null space of J, and the directions
along which future foot placement Aq was the most sensitive to changes in CoM state As (figure 4a—f,
blue arrows). We first performed singular value decomposition on the Jacobian matrix obtained for

unperturbed walking Jjhp, forward perturbations Jjap and backward perturbations Jjap in the anteropos-

terior direction. During unperturbed walking ( Jjap), the largest foot placement changes were associated
with deviations in CoM displacement and velocity that were directed anteriorly and medially (figure
4a-d). This was consistent with our interpretation in §3.1 that a larger forward displacement of the
CoM and larger forward velocity at midstance were associated with a longer step, while a larger
lateral CoM displacement and larger lateral velocity at midstance were associated with a shorter step.

Following forward perturbations (jp), people generally made the largest adjustment in foot placement
in response to deviations in CoM displacement and velocity that were directed anteriorly and medially
(figure 4e-11). However, it is important to note that there was large intersubject variability in response
to deviations in CoM velocity in this case (figure 4g). Unlike the unperturbed and forward pertur-
bation conditions, during the backward perturbations (jp), the largest changes in foot placement
were associated with posterior/lateral deviations of CoM displacement coupled with posterior/medial
deviations in CoM velocity (figure 4i-I). The direction for deviations in CoM velocity was different
from unperturbed steps and forward perturbations. Thus, these results suggest that changes in foot
placement were direction-dependent in response to forward and backward perturbations in terms of
CoM velocity, but the mapping remained relatively invariant in terms of CoM displacement.
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3.3.2. Null space vectors for anteroposterior foot placement mapping matrix

Deviations in CoM state along the last three singular vectors (null space vectors) would not affect
the foot placement. The orientations of null space vectors were similar for unperturbed walking and
forward and backward perturbations. During both unperturbed and perturbed steps, deviations in
CoM displacement in the anterior-lateral direction would not affect the anteroposterior foot place-
ment position (figure 4, orange arrows). Deviations in CoM velocity directed anteriorly coupled with
deviations in CoM displacement directed posteriorly would not affect anteroposterior foot placement
position (figure 4, red arrows). Finally, deviations in CoM velocity directed laterally coupled with
small deviations in CoM displacement in the anterior-medial direction would not affect foot placement
position (figure 4, pink arrows).

3.3.3. Gain values for anteroposterior foot placement mapping matrix

Singular value decomposition of the anteroposterior foot placement mapping revealed higher control
gain during backward perturbation than unperturbed walking and forward perturbation. The gain
obtained for backward perturbations was higher than the gain obtained for unperturbed (Z = 4.2, p
< 0.0001) and forward perturbation (p = 0.0003; figure 4b, f and j). These results indicated that foot
placement was more sensitive to the changes in CoM state and may be more tightly controlled during
backward perturbation than forward perturbation or unperturbed walking.

3.3.4. Task space vectors for mediolateral foot placement mapping matrix

Similarly, we performed singular value decomposition on the Jacobian matrix obtained for unper-

turbed walking Jjw, forward perturbations Jjan, and backward perturbations Jjw in the mediolat-
eral direction (figure 5). During both unperturbed walking and perturbed walking, a larger lateral
displacement and velocity at midstance were associated with a wider step (figure 5, blue arrows). This
was consistent with our results in §3.1 that a larger lateral displacement of the CoM and larger lateral
velocity at midstance was associated with a longer step.

3.3.5. Null space vectors for mediolateral foot placement mapping matrix

The directions of null space vectors were similar for unperturbed walking and forward but not for
backward perturbations. For unperturbed walking and forward perturbations, deviations in CoM
displacement that were directed anteriorly and laterally did not affect foot placement position (figure
5¢, d, ¢ and h, orange arrows). Deviations in CoM velocity in the fore-aft direction also did not affect
mediolateral foot placement position (figure 5¢, d, ¢ and /1, red arrows). Deviations in CoM velocity
directed laterally coupled with deviations in CoM displacement directed anteriorly and medially did
not affect foot placement position (figure 5c, d, ¢ and &, pink arrows). Following backward perturba-
tions, deviations in CoM displacement that were directed posteriorly and medially did not affect foot
placement position (figure 5k and /, orange arrows). Deviations in CoM velocity in the fore-aft direction
also did not affect mediolateral foot placement position (figure 5k and I, red arrows). Deviations in
CoM velocity directed laterally coupled with deviations in CoM displacement directed posteriorly and
medially would not affect foot placement position (figure 5k and /, pink arrows).

3.3.6. Gain values for mediolateral foot placement mapping matrix

Finally, singular value decomposition on mediolateral foot placement mapping found similar gains
during unperturbed walking, following forward and backward perturbations (p > 0.05; figure 5b, f and
7). Such results indicated that the sensitivity of mediolateral foot placement to the changes in CoM state
was similar during unperturbed walking and forward or backward perturbations.

4. Discussion

Our study’s primary objective was to determine if the mapping between changes in CoM state and
changes in foot placement found during steady-state, unperturbed walking explained changes in foot
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Figure 5. Visualization of singular value decomposition of the mediolateral foot placement mapping matrix derived from unperturbed
steps, forward perturbation and backward perturbation steps. The left panel shows singular value decomposition on the mean foot
placement mapping matrix derived from unperturbed steps (a), forward perturbation (e), and backward perturbation steps (i). The
gain obtained from singular value decomposition on the foot placement mapping for unperturbed steps (b), forward perturbation (f),
and backward perturbations (j) for each individual (dot) and median across participants (black line). Right singular vectors related
to ACoM displacement derived during steady-state walking (c), during forward perturbation (g), and during backward perturbation
(k). Right singular vectors related to ACoM velocity derived from mapping coefficients during steady-state walking (d), during the
forward loss of balance (h), and during the backward loss of balance (/). Light-coloured arrows indicate the right singular vectors
for each individual. Note that solid arrows indicate the first right singular vector (task space vectors) while dashed lines indicate the
last three singular vectors (null space vectors). Dark-coloured arrows indicate right singular vectors computed from the mean foot
placement mapping matrix.

placement in response to imposed perturbations. We found that the mapping derived from the natural
variability of foot placement during steady-state walking could not explain patterns of foot placement
in response to perturbations (figure 2b). Instead, a mapping that accounted for differences in responses
to forward perturbation versus backward perturbation best-explained foot placement variance during
perturbed steps (table 2). In addition, we found that foot placement was more sensitive to the changes
in CoM state and more tightly correlated with backward perturbations than forward perturbations.
Overall, our results demonstrate that a mapping which accounted for directional differences emerges
when people adjust their foot placement in response to forward and backward perturbations.

The foot placement mapping during unperturbed walking in neurotypical participants was similar
to that previously reported for young adults even though our population was, on average, older [12].
Our derived foot placement mappings explained approximately 60% of the variance in foot placement
in the mediolateral direction and approximately 40% of the variance in the anteroposterior direction
at midstance, which is comparable with prior work [12,16]. In the fore-aft direction, more lateral
deviation of CoM displacement and CoM velocity at midstance was associated with a shorter step
while a more forward deviation of CoM displacement and CoM velocity was associated with a longer
step. In the mediolateral direction, more lateral deviation of CoM displacement and velocity was
associated with a more lateral step. In both directions, people stepped in the direction of the CoM
deviation. Such association between deviation in CoM state and foot placement could be attributed
to passive dynamics of the swing leg and active control of foot placement to maintain balance [9,17].
Additionally, as in the neurotypical young population, the coefficient of determination at midstance
was higher for mediolateral deviations in foot placement than fore-aft deviations, indicating that
people may adopt a tighter control of their foot placement in the mediolateral direction than in the
fore-aft direction.

We hypothesized that a mapping which accounted for the differences in response to forward
disturbance versus backward disturbance would better explain the variance in foot placement than
a linear mapping derived from unperturbed walking. Consistent with this hypothesis, we found
that the foot placement mapping differed between forward versus backward perturbations. For
instance, changes in foot placement in the anteroposterior direction were more sensitive to changes
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in fore-aft CoM displacement and velocity at midstance following backward perturbations than
forward perturbations. The discrepancy in foot placement mapping between forward and backward
perturbations may result from the fact that people rely more on the modulation of ankle torque in
the perturbed limb during forward perturbations than they do during backward perturbations [4,5].
Shifting the centre of pressure forward by activating the ankle plantar flexors during the stance phase
in which forward perturbations occur could help people generate a backward moment about body
CoM to reduce the forward rotation of the body. As a result, a smaller backward moment needs to be
generated about the body’s CoM at the next foot placement, and less foot placement deviation from
the nominal trajectory was needed in response to forward perturbations than backward perturbations.
It should be noted that the range of perturbation amplitudes differed for forward perturbation versus
backward perturbation. Although we did not observe a difference in the foot placement mappings for
large forward perturbation versus small forward perturbation, we cannot rule out the possibility that
stepping responses to large backward perturbations (>0.5 m s™) may qualitatively differ from responses
to smaller backward perturbations. Thus, future studies will need to assess the generalizability of our
findings for large backward perturbations.

The mediolateral foot placement mapping derived from unperturbed walking also differed from
the mapping derived from perturbed walking. Similar to what was observed with foot placement in
the anteroposterior direction, these results indicate that the mapping between CoM state and foot
placement observed during unperturbed walking does not generalize to perturbed walking. These
results may indicate that our nervous system adjusts the control strategies following perturbations
to generate appropriate corrective responses to maintain balance. This difference in control between
steady-state and perturbed walking may reflect a shift from more spinally mediated control to control
by brainstem or cortical circuits responsible for balance control [35,39,40]. For example, treadmill
accelerations and decelerations which were similar to the perturbation paradigm used in this cur-
rent study induced long-latency stretch reflexes in calf muscles that are thought to be mediated by
supraspinal structures [41]. Therefore, analysis of unperturbed walking is insufficient to infer control
strategies responsible for recovering from losses of balance.

The use of singular value decomposition extended our interpretations of foot placement control
strategies beyond what could be inferred solely from the derived foot placement mappings. Perform-
ing singular value decomposition on the Jacobian matrix has been widely used for analysing and
designing control systems [42]. In our analysis, we applied the decomposition to the experimental
Jacobian matrices to obtain the direction along which changes in foot placement were most sensitive to
changes in CoM state and the sensitivity (gain) along that direction. We found that both the direction
and gain were similar for unperturbed steps and following forward perturbations. By contrast, the
direction and gain were different following backward perturbations. This suggests that foot placement
control strategies following backward perturbations were different from strategies during unperturbed
and following forward perturbations. Particularly, the gain for backward perturbations was greater
than unperturbed and forward perturbations, indicating higher sensitivity to deviations in CoM state
following backward perturbations and, we speculate, tighter control of foot placement to correct for
such deviations in CoM state compared to unperturbed and following forward perturbations.

Other stabilization strategies aside from foot placement, such as modulating the ankle push-off,
also play an important role in maintaining balance [5,16,36,43,44]. We previously demonstrated
that neurotypical participants coordinate both their leading and trailing limbs to restore balance
in response to forward loss of balance [5]. Kim & Collins [33] derived a controller that used both
foot placement and ankle push-off impulse to stabilize a biped in the sagittal plane when negotiat-
ing through random changes in the ground’s height during walking. Therefore, future studies may
investigate how different balance recovery strategies coordinate together following the deviation in
the body’s state and whether such coordination may explain the difference in foot placement mapping
following the forward and backward perturbations.

Although we used CoM state as the predictor to derive the foot placement mapping, it is uncertain
if CoM state provides the best predictive value. Other studies have used the swing leg state at the
swing initiation [14], the stance leg state [13] or the ankle state [45] to construct predictive models that
describe how humans control balance during walking or running. Future studies should perform a
more comprehensive model comparison to determine the set of state variables best able to explain foot
placement control during perturbed walking.

It also remains unclear to what extent passive dynamics versus active control contribute to the
observed associations between CoM state and foot placement. For example, an open-loop stable
two-dimensional model showed that 80% of the variance in foot position could be explained by CoM
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state in the fore-aft direction at midstance [17]. One primary objective of our study was to derive the n

foot placement mapping during relatively large perturbations that required reactive control of balance
to avoid falls. To our knowledge, no studies have examined the role of passive dynamics during
balance corrections for perturbed walking. Given the inability of mappings derived from unperturbed
walking to explain the variance in foot placement in the current study, this may suggest a larger
contribution from active control in response to external perturbations. In addition, the previously
examined two-dimensional bipedal model did not consider the inertial properties of the swing limb
or consider control of the torso that helps to maintain an upright posture [17]. Thus, a more complex
model with segment inertias [46] may be necessary to untangle the relative contribution of passive
dynamics and active control to the correlation between the body’s state and foot placement and draw
inferences about how people use sensory feedback information to generate corrective responses.

It should be noted that the treadmill belt perturbations not only induced changes in the CoM
dynamics but also induced changes in whole-body angular momentum [23]. Although peak whole-
body angular momentum scales with perturbation amplitude [23], changes in whole-body angular
momentum in response to treadmill perturbations do not correlate strongly with changes in foot
placement [47]. This might be because recovery from changes in whole-body angular momentum in
the sagittal plane is predominately achieved by changing the ground reaction force moment arm [5,48].
Thus, we feel that it is reasonable to omit changes in whole-body angular momentum when deriving
models of foot placement control.
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