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Abstract—Recovery stepping in response to forward slips has
the potential to not only rebuild the base of support to
prevent backward falling, but also provide extra limb
support to prevent downward falling. Hence, recovery
stepping is often necessary for fall prevention following an
unexpected slip. However, less is known about whether
recovery foot placement could affect the likelihood of
recovery following a slip. The purpose of this study was to
determine whether there is an optimal recovery landing zone
within which older adults have a higher likelihood of
recovery. 195 participants experienced a novel, unannounced
forward slip while walking on a 7-m walkway. The center of
mass (COM) stability (computed from its position and
velocity), vertical limb support (computed from change in hip
kinematics), and recovery limb joint moments (com-
puted from joint kinematics and ground reaction force) in
the sagittal plane were analyzed. The results showed that a
longer distance between recovery foot landing position and
the projected COM position at recovery foot touchdown
(relative recovery step placement) was conducive to stability
improvement but adverse to limb support enhancement, and
vice versa for a shorter distance. Relative recovery step
placement could predict the recovery likelihood with an
accuracy of 67.3%, and the recovery rate was greater than
50% when the distance between recovery foot and COM is
less than 0.3 x foot length. This study also found more
posterior stepping could be attributed to insufficient ankle
plantar flexor and hip flexor moments in the pre-swing phase,
while more anterior stepping was induced by insufficient hip
and knee extensor moments in the following swing phase.

Keywords—Optimal landing zone, Recovery step, Stability,
Limb support, Joint moment.
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INTRODUCTION

A recovery (compensatory) step is often used after
experiencing a loss of balance.”'*** Previous studies
stated that one could successfully avert a fall by taking
an effective recovery step,*** as recovery stepping
could not only restore stability by rebuilding the base
of support (BOS), but could also provide extra limb
support to retard hip descent, therefore decreasing fall
risk and slip severity.*>*? Increased fall rates were also
linked to an inability to recover one’s balance by tak-
ing a recovery step.”> Previous studies found that a
longer forward recovery step or a greater distance
between the center of mass (COM) and the recovery
foot could increase individuals’ ability to recover their
balance upon experiencing a trip,'*'>*! however, it is
unclear whether the same is true for backward step” to
recover from a forward slip.

Both instability and limb collapse are known to
account for forward slip-induced falls.*® Stability can
be defined as the ability to maintain and regulate the
projected COM within the limits of the BOS during
both static and dynamic tasks.?’ Previous theoretical
work has led to computation of stability limits or
margins which are postulated to be internal represen-
tations or boundaries within which the body COM
state can be stable or resistant to change from per-
turbations without having to resort to changing the
BOS. A COM state (its position and velocity) outside
the stability limits is considered as unstable.?® Limb
support is defined as the reactive vertical force gener-
ated from the stance limb in order to resist the
downward falling of the pelvis during perturbation
induced loss of balance.”® Previous evidence has
demonstrated a linear relationship between change in
this reactive force [measured by vertical ground reac-
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tion force (GRF)] and change in hip kinematics. When
the body is unable to generate sufficient vertical sup-
porting force against the force of gravity (GRF <
body weight), limb collapse ensues with associated
downward movement of the pelvis, and can be easily
measured by the change in hip kinematics.>? It has
been previously demonstrated that both limb support
and stability rapidly deteriorate following a slip,*®*?
and thus execution of a recovery step (taken by the
trailing foot) becomes necessary to regain stability and
enhance limb support. A longer recovery step is useful
to maximize the vertical supporting force to reverse
COM vertical descent, according to the bipedal in-
verted pendulum model.'*?>3° But, this longer recov-
ery step would bring the recovery foot landing position
closer behind the COM during locomotion, leading to
a smaller BOS with worse stability against backward
balance loss.*®> Conversely, a shorter recovery step
would cause a longer distance between the recovery
foot and the COM, which could generate a larger
landing impulse in the anteroposterior (AP) direc-
tion,'® slowing the body’s backward rotation upon
experiencing an unexpected perturbation.®' But, this
longer distance between the recovery foot and the
COM also lowers the vertical component of the ground
reaction force during walking, resulting in decreased
enhancement of limb support (Fig. 1). Thus, there may
be some tradeoff between enhancing limb support and
regaining stability, as a longer distance between the
recovery foot and the COM is conducive to improving
stability but adverse to enhancing limb support, and
vice versa for a shorter distance. Therefore, we spec-
ulated that an appropriate recovery step should be
neither too long nor too short in order to limit both
instability and limb collapse and, hence, improve the
likelihood of recovery.
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Recovery stepping upon gait-slip perturbations re-
flects triggered responses initiated by the CNS to re-
store stability.> Previous studies have postulated that
the motor program for triggering the recovery step
might be modulated by the central pattern generator,
as recovery step length is often scaled to one’s overall
step length during gait.>'” Moreover, excessive hip
descent prior to recovery stepping could restrict
recovery step length,?? and a lower stability at recovery
step liftoff could also shorten recovery step length.'®
However, it remains to be examined if recovery step
placement to large-scale unannounced slips can be
modulated by kinematic and kinetic factors.

The purpose of this study was to first chart a
recovery rate curve (which plots the recovery rate for
different recovery step placements relative to the
COM) for gait-slips and then subsequently investigate
and determine the optimal recovery zone in the AP
plane, in which the landing of the recovery step would
lead to the greatest chance of recovery, demonstrated
by a significant improvement in both COM stability
and limb support. We postulated that the post-slip
changes in stability and limb support would be corre-
lated with the relative recovery step placement (recovery
step landing position relative to the COM) but with
opposing slopes. Specifically, stability would improve
with shorter recovery step due to the larger BOS. Limb
support, however, would improve with longer recovery
step due to the larger supporting force reversing ver-
tical descent of the COM. Further we hypothesized
that there would be an optimal landing zone for the
recovery step which should neither be too posterior nor
too anterior to the COM, but instead at a certain
proximity to the COM where recovery rates would be
the greatest. In this case, individuals who stepped in-
side this zone would not only regain their stability, but
would also enhance their limb support, leading to the
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FIGURE 1. Schematic of typical recovery steps following a novel slip. (a) When participants take a negative recovery step, they
may experience limb collapse, (b) when participants take a positive recovery step, they may experience instability.
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highest recovery likelihood. Further, this study at-
tempted to investigate the motor program (in terms of
joint moments) that affects recovery step placement.
Knowledge of the specific joint moments that modu-
late step landing could assist in designing intervention
strategies for optimal recovery foot landing upon
experiencing a novel slip.

METHOD

Subjects

195 community-dwelling older adults (= 65 years)
participated in this study (age: 72.3 £ 5.3 years; height:
165.5 + 8.8 cm; mass: 75.5 £ 14.1 kg). Included par-
ticipants were part of a previously conducted study
and only the first novel slip trial data was included for
the purpose of this study.?>*> Out of 195 subjects, 19
were excluded from the analysis as they stepped out of
the force plate zone and therefore the calculated joint
moments in these trials would be inaccurate. All in-
cluded participants were prescreened via a question-
naire to exclude those with neurological,
musculoskeletal, cardiopulmonary, or any other sys-
temic disorders. All participants provided written in-
formed consent, approved by the Institutional Review
Board in the University of Illinois at Chicago.

Experimental Setup

The slip was induced by releasing a pair of side-by-
side, low-friction movable platforms embedded near
the middle of a 7-m walkway. The platforms were
firmly locked in place for the first ten walking trials.
During the slip trial, the platforms (friction coefficient
< 0.05) could slide freely in the AP direction for up to
90 cm forward or 58 cm backward. Once a subject’s
right (slipping) foot was detected in contact with the
right platform,” a computer controlled triggering
mechanism would release the right platform. Then, the
left platform was automatically released after the left
(recovery) foot landed on it. Subjects were told that a
slip may or may not happen during any of the trials.
Only the first slip trial for each subject was analyzed.

The subjects wore their own athletic shoes and a
full-body safety harness which was connected by
shock-absorbing ropes to a loadcell (Transcell Tech-
nology Inc., Buffalo Grove, IL). The loadcell was
mounted on an overhead trolley on a track over the
walkway. Four force plates (AMTI, Newton, MA)
were installed beneath the walkway to record the
ground reaction force. The harness enabled subjects to
walk freely while providing protection against body
impact with the floor. Kinematics for a full body
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marker set (28 retro-reflective markers) were recorded
by an eight-camera motion capture system (Motion
Analysis Corporation, Santa Rosa, CA). Marker co-
ordinates were low-pass filtered using a fourth-order
Butterworth filter, the optimal cutoff frequency for
each marker (ranging from 4.5 to 9 Hz) was deter-
mined based on equation developed by Yu et al.***
Kinematic data were sampled at 120 Hz and syn-
chronized with the force plate and loadcell data, which
were collected at 600 Hz.

Outcome Variables
Relative Recovery Step Placement

As the initial contact area of the recovery foot was
always around the toe (head of the 1st metatarsal) in
this study, the relative recovery step placement was
calculated by subtracting the COM position from the
toe position of the recovery foot in the AP direction at
the instant of recovery foot touchdown (LTD, always
left and the trailing one). The COM was calculated
using a 13-segment rigid body model with gender-de-
pendent segmental inertial parameters.” Step length
was determined to be the distance between the toe of
the slipping foot (always right and the leading one) and
that of the recovery foot at LTD (Fig. 1).

Stability

The COM position and its velocity relative to the
BOS were computed to assess a person’s instantaneous
dynamic stability.”® First, the relative position and
velocity of the COM were calculated using the motion
state (position and velocity) of the rear edge of the
BOS (the right heel) as a reference. Then, relative
COM position was normalized by foot length (FL) and
relative velocity was normalized by the quan-
tityy/g x BH, where g is the gravitational acceleration
and BH is body height. Finally, the COM stability was
computed as the shortest distance from the COM state
(position and velocity) to the computational limits of
stability under slip conditions and during walking in
the AP directions.*' These limits which have been
derived theoretically (vie human model simulations)
have since been validated empirically to accurately
predict risk of backward and forward falling.*>*

Limb Support

The vertical hip velocity normalized by body height
was used to represent limb support.** Hip velocity was
obtained by taking the derivative of the midpoint of
the left and right hip joint centers. This measure has
been previously demonstrated to correlate with the
vertical ground reaction force and a change in vertical
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COM.* For example, a reduced limb support value
indicates an insufficient vertical ground reaction force
against the gravity of human body and a vertical
downward (towards the ground) acceleration of the
COM.

Joint Moments

The joint position data collected via 3D motion
analysis, and the ground reaction force data were used
to compute the joint moments of the recovery limb.
Joint moment was calculated using subject-specific
musculoskeletal sagittal-plane models (7-link, 9-de-
gree-of-freedom) in OpenSim version 3.3% with inverse-
dynamics formulation.*® The individual models were
scaled according to each subject’s anthropometric
measurements.'® As the joint moments applied on the
recovery foot could directly affect its acceleration,
hence the acceleration of the recovery foot (ankle
marker) in AP and vertical directions were also cal-
culated.

The events of step time used in this study, including
slip foot touchdown (RTD), recovery foot liftoff
(LLO), and LTD, were detected from force plate data
(vertical force decent below 10 N).'' The whole
recovery stepping period could be divided into a pre-
swing phase (RTD to LLO) and a swing phase (LLO
to LTD). In the pre-swing phase, the push off force
reaches its peak at around 100 ms prior to LLO (pre-
LLO), hence this instant was chosen was analysis in
this phase.”” While in the swing phase, the instant
when the foot (ankle marker) reached its maximum
height was defined as pre-descent. After this instant, as
seen in normal gait participants start lowering their
limb to prepare for the next step touchdown by
increasing the hip extensor moment.’***® However,
upon slip the lowering strategy could be different based
on reaction initiation post-perturbation.”* Hence the
variables of interest (joint moments and foot acceler-
ations) were analyzed at the pre-descent instant of the
swing phase.

Relationship Between Recovery Rate and Landing
Position

A fall was identified if the peak loadcell force during
a slip exceeded 30% of the participant’s body weight,**
otherwise the trial was a recovery. As recovery step
placement ranged from — 2 to 2 x FL in AP direc-
tion,* 40 subranges with the same width (0.5 x FL)
were selected in this zone, with the distance between
adjacent subranges being 0.1 x FL (i.e. subrange 1 is
from — 2.25 to — 1.75, subrange 2 is from — 2.15 to
— 1.65, subrange 3 is from — 2.05 to — 1.55, etc.).
Within each subrange, the recovery rate was calculated

by dividing the recovery trial number by the total trial
numbers in this subrange. To guarantee both sensi-
tivity and accuracy, the width of 0.5 x FL was used for
each subrange in this study. However, the recovery rate
curves were highly consistent with different subrange
widths (0.2, 0.4, 0.6, and 0.8 x FL), and these curves
are shown in the Appendix.

If there is an optimal recovery zone as we expected,
the whole landing zone could be divided into three
parts based on the recovery rate. These smaller zones
are the optimal landing zone (OPT, recovery rate >
50%), the backward landing zone posterior to the OPT
(BWD, recovery rate < 50%), and the forward land-
ing zone anterior to the OPT (FWD, recovery rate <
50%).

In addition, the relationship between recovery rate
and landing placement in ML direction was also ana-
lyzed. Similarly, the landing placement was normalized
by foot width (FW), and 40 subranges with the same
width (0.5 x FW) were selected with the distance
between adjacent subranges being 0.1 x FW. The
recovery rate was calculated for each subrange.

Statistical Analysis

In order to examine the effect of recovery step on
stability and limb support, correlation analyses were
conducted between the relative recovery step placement
and both the change in stability and change in limb
support from pre-LTD (LTD — 10 ms, when the
recovery foot has no contact with the ground) to post-
LTD (LTD + 150 ms, when the recovery foot fully
comes into contact with the ground). The relationship
between stability and limb support at pre-LTD was
also analyzed to verify whether instability was corre-
lated with limb collapse.

To determine the optimal landing zone, logistic
regression was firstly used to verify whether relative
recovery step placement (the absolute value, Table 1)
could affect slip outcome (fall or not), and whether
relative recovery step placement would have a higher
predictive capacity compared to recovery step length,
which was also proposed as a fall risk predictor.'”
Next, backward stepwise logistic regression was con-
ducted for fall prediction based on these variables
along with the stability and limb support variables at
LTD. Further, the relationship between recovery rate
and recovery foot placement was analyzed based on
the recovery rate curves mentioned above.

Stepwise multi-linear regression was used to confirm
whether or not the recovery step placement could be
modulated by the joint moments of the recovery limb
at pre-LLO and pre-descent. If it could, then one-way
ANOVA was conducted to compare the differences in
joint moments among the three stepping zones (BWD,
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TABLE 1. Predictive validity of relative recovery step placement and step length using logistic regression.
Model Independent variable(s) Accuracy (%) B value P value
1 |(Toe — COM)/FLI in AP* 67.3 2.30 <0.001
2 Step length 53.2 —0.18 0.304
3 |(Toe — COM)/FLI in AP 70.5 2.95 <0.001
Hip vertical velocity at LTD - 8.55 <0.001
4 [(Toe — COM)/FWI in ML 56.6 0.71 0.112

FL foot length, FW foot width.
* |l denoting absolute value.
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FIGURE 2. (a) Relationship between relative recovery step placement (with reference to the COM) and the change of stability from
pre-LTD (LTD — 10 ms) to post-LTD (LTD + 150 ms), (b) relationship between relative recovery step placement and the change of

limb support from pre-LTD to post-LTD.

OPT, and FWD) for pre-LLO and pre-descent. This
was subsequently followed-up with independent t-tests
with Bonferroni corrections applied. Similarly, one-
way ANOVA and post hoc analyses were used to
compare the recovery foot (ankle) acceleration in the
AP and vertical directions among the three zones for
pre-LLO and pre-descent. In addition, backward
stepwise logistic regression was used to further verify
whether or not the recovery step zone could be pre-
dicted based on these joint moments. All statistical
analyses were performed using SPSS 22 (IBM Corp,
Armonk, NY). For multiple comparisons, an adjusted
significance level at o = 0.02 was used to avoid type
two errors. All other statistical analyses had a signifi-
cance level of & = 0.05.

RESULTS

Relationship Between Recovery Rate and Recovery Foot
Placement

A significant negative relationship was detected
between relative recovery foot placement [(Toe —
COM)/FL] and stability (r = — 0.78, p < 0.001;
Fig. 2). Conversely, recovery step placement was pos-
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itively correlated with limb support (r = 047, p <
0.001). Additionally, limb support was positively cor-
related with stability at pre-LTD (r = 0.72, p < 0.001;
Fig. 3).

Recovery step length did not contribute to fall
prediction (p > 0.05, Table 1), but relative recovery
step placement was a key determinant for fall pre-
diction (accuracy = 67.3%, p < 0.001). After
combining this variable with hip vertical velocity at
LTD, the predictive accuracy could be improved by
3.2%.

The recovery rate was calculated for each subrange
from — 2 to 2. The recovery rate was as high as 60%
when the recovery foot landed close to the COM
(Fig. 4), and it dropped all the way to 0% when the
recovery landing position was too anterior or posterior
to the COM (distance between the toe and COM >
FL). According to the distribution of recovery rates,
there was an optimal recovery step zone (between
— 0.3 and 0.3 x FL, trial number = 60), also there
was a backward (< — 0.3 x FL, trial number = 86)
and forward step zones (> 0.3 x FL, trial number =
30). Inconsistent with the recovery step placement in
AP direction, there was no optimal recovery step zone
in ML direction, and it was found that recovery step
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placement in ML direction did not contribute to fall
prediction (p > 0.05, Table 1).

Relationship Between Recovery Foot Placement
and Joint Moments

According to multiple linear regression, recovery
step placement was determined by only four variables
(ankle and hip moments at pre-LLO and knee and hip
moments at pre-descent) (r = 0.65, p < 0.01 for all
variables, Table 2). Consistently, one-way ANOVA
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FIGURE 3. Relationship between stability and limb support
at pre-LTD (LTD — 10 ms).
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demonstrated that only ankle moment [F (3, 142) =
8.44, p < 0.001; Fig. 5], and hip moment [F (3, 142) =
5.82, p = 0.004] at pre-LLO were significantly affected
by step zone (BWD, OPT, and FWD). At pre-descent,
a significant effect of step zone was found for knee
moment [F (3, 142) = 7.18, p = 0.001] and hip mo-
ment [F (3, 142) = 6.24, p = 0.002], but not for ankle
moment (p > 0.05).

Post hoc analysis indicated that ankle moment at
pre-LLO in the BWD was significantly smaller than in
the OPT and FWD (p < 0.001 for both, Fig. 5), while
hip moment at pre-LLO in the OPT was significantly
smaller than in the FWD (p < 0.001). However, no
differences in knee moments were found at pre-LLO
among these groups (p > 0.05 for all). At pre-descent,
hip moment in the FWD was significantly smaller than
in the OPT and BWD (p < 0.001 for both; Fig. 5),
while knee moment in the BWD was significantly lar-

TABLE 2. Stepwise linear multi-regression model on
recovery step landing location.

Independent variables B value p value r value

Hip moment at pre-LLO 2.86 < 0.001 0.65

Ankle moment at pre-LLO 2.73 0.009

Hip moment at pre-descent — 20.79 0.003

Knee moment at pre-descent — 8.42 < 0.001

Pre-LLO is LLO — 100 ms, and pre-descent denotes the instant
when the recovery foot starts descending towards the ground.
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FIGURE 4. (a) Recovery rate at each foot landing subrange in AP direction from — 2 to 2 x FL (foot length), the step size between
the subranges is 0.1 x FL. Based on this recovery rate, the whole foot landing zone could be divided into three groups: backward
landing (N = 86); optimal landing (N = 60); and forward landing (N = 30). (b) Recovery rate at each foot landing subrange in ML
direction from — 2 to 2 x FW (foot width), the step size between the subranges is 0.1 x FW.
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instants.

TABLE 3. Backward stepwise logistic regression for recovery step placement prediction using joint (ankle, knee and hip)
moments at pre-LLO and pre-descent.

Model Independent variables Accuracy (%) B value p value
Whether in BWD Ankle moment at pre-LLO 67.6 — 2.67 < 0.001
Hip moment at pre-LLO 1.54 0.002
Whether in FWD Hip moment at pre-descent 86.3 — 6.04 <0.001
Knee moment at pre-descent - 12.09 <0.001
Whether in OPT Ankle moment at pre-LLO 65.9 1.37 0.02
Hip moment at pre-descent 0.79 0.05

BWD backward landing zone, FWD forward landing zone, OPT denotes optimal landing zone; pre-LLO is LLO — 100 ms; and pre-descent
denotes the instant when the recovery foot starts descending towards the ground.

ger than in the OPT and FWD (p < 0.05 for both).
However, there were no significant differences in ankle
moment among these groups (p > 0.05 for all). Among
all of the joint moments at pre-LLO and pre-descent,
ankle moment (p < 0.001, Table 3) and hip moment (p
= 0.002) at pre-LLO could predict whether the
recovery foot would land in the BWD with an accuracy
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of 67.6%, hip moment (p < 0.001) and knee moment
(p < 0.001) at pre-descent could predict whether the
recovery foot would land in the FWD with an accuracy
of 86.3%, and the ankle moment (p = 0.02) at pre-
LLO and hip moment (p = 0.05) at pre-descent could
predict whether the relative recovery step placement
would be in the OPT with an accuracy of 65.9%.
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Relationship Between Recovery Foot Placement
and Foot Accelerations

Foot accelerations in the AP [at pre-LLO: F (3, 142)
= 13.81, p < 0.001; at pre-descent: F (3, 142) = 23.03,
p < 0.001; Fig. 6] and vertical directions [at pre-LLO:
p > 0.05; at MR: F (3, 142) = 11.48, p < 0.001] were
also affected by step zone. At pre-LLO, the foot
acceleration in the AP direction in the BWD was sig-
nificantly smaller than that in the OPT (p < 0.001;
Fig. 6) and FWD (p < 0.001). While at pre-descent,
the AP acceleration was significantly smaller in the
BWD (BWD vs. OPT: p < 0.001; BWD vs. FWD: p <
0.001) and the vertical acceleration was significantly
smaller in the OPT (OPT vs. BWD: p < 0.001; OPT vs.
FWD: p < 0.001) compared to in the other zones.

AP Acceleration

DISCUSSION

As postulated, recovery foot placement could not
only impact individuals’ ability to regain stability but it
could also impact limb support. A more posterior
recovery foot placement (relative to the COM) at LTD
could improve stability but weaken limb support, while
a more anterior recovery foot placement could enhance
limb support but lead to a shorter BOS with worse
stability against backward loss of balance (Fig. 2).
Hence, the optimal recovery step placement should be
neither too posterior nor too anterior relative to the
COM, but should be right around the COM (from
— 0.3 to 0.3 x FL; Fig. 4). As shown in Fig. 2, both
instability and limb collapse could be reversed for
individuals who stepped in this optimal recovery step

Vertical Acceleration

20r 10
‘ * % % T
N’.; 15} *kx T 8|
~
‘E’ 6
5 .
- 10+t
Q 41
o
5t ol
0 0
16— *FF— 0
e 10 * %k %
2 10}
&
E 9
Q '20'
a 0
Q
o 30}
o -5 i
o e
10} 407 1
e

BWD OPT FWD

“0"BWD OPT FWD
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(LLO — 100 ms) and pre-descent instants.
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placement zone. Subjects whose recovery foot landed
in this zone had a higher recovery rate (> 50%), which
was consistent with our hypothesis. Additionally, slip
outcomes could be predicted with a certainty of 67.3%
based on recovery foot placement only, while this
prediction strength was even higher (70.5%, Table. 1)
when combined with limb support at LTD, indicating
that an appropriate foot landing position together with
sufficient limb support could greatly decrease the
likelihood of fall following a slip.

Unlike recovery from a trip,’' the outcome (fall or
not) of a slip during locomotion was not affected by
recovery step length but was instead affected by the
relative recovery step placement, which might be due to
differences in mechanisms between slip and trip per-
turbations. Unlike a slip, the velocity of the BOS fol-
lowing a trip is always around zero due to the higher
friction coefficient, and hence, the larger horizontal
ground reaction force on the recovery foot as a result
of the longer step length,*'> which could retard the
body’s forward rotation after recovery touchdown.'?
For a slip, however, although the larger horizontal
(propulsive) force due to the shorter step length could
rebuild a larger BOS and increase COM velocity, hence
improve stability, this force might also accelerate the
slipping foot due to its lower friction coefficient,
leading to a higher perturbation intensity.*

Besides affecting slip intensity, a more posterior
recovery landing position would increase the distance
between the slipping foot and the recovery foot, thus
the vertical support force would decrease according to
the bipedal inverted pendulum model, resulting in a
split fall.>> Conversely, a more anterior landing could
provide a larger vertical support force, which could
prevent limb collapse by providing sufficient support
(Fig. 2b). However, there might not be enough
propulsive force with a more anterior landing to pre-
vent the COM from moving out of the backward
boundary of the BOS, and, hence, this shorter distance
between the COM and the backward boundary could
worsen stability (Fig. 2a), especially when the recovery
foot lands more than one foot length anterior to the
COM (increment of stability is ~ 0). Therefore, be-
cause recovery step placement is so important for
recovery from a slip, the modulation of this stepping
response is crucial for improving recovery outcomes,
and this could potentially be done through the mod-
ulation of specific joint moments.

Besides the recovery step placement in AP direction,
the lateral landing placement was also analyzed in this
study. Conversely, it was found that the recovery step
placement in ML direction could not affect the risk of
fall. This could be because the slip perturbation in this
study was always in AP direction, and our previous

BIOMEDICAL
ENGINEERING
SOCIETY

study have assessed on the cause of falls, and reported
that only 8% of slip-related laboratory falls*® could be
attributed to ML instability, and other falls were in-
duced by either AP instability and/or limb collapse.
Similarly, only about 12% of slip-related real-life falls
were found to be correlated with lateral instability."
Correspondingly, the recovery step placement in ML
direction was not a key factor affecting the fall risk.
These findings indicate that ML stability might play a
minimal role for predominantly AP perturbations such
as real-life slips.

It is quite likely that during a novel, unannounced
slip, recovery landing (reactive posture adjustment) is
not simply due to local reflexes but rather an activation
of a motor pattern to prevent a fall, and the recruit-
ment of muscle synergies corresponding to this specific
motor pattern can be modulated to change the motor
behavior.” Our results indicate that recovery step
placement could be affected by adjustments of corre-
sponding joint moments at pre-LLO (proactive) and
pre-descent (reactive) instants (Table 2). More poste-
rior stepping resulted from insufficient plantar flexor
and hip flexor moments at pre-LLO (Table 3 and
Fig. 5), as plantar flexor and hip flexor moments in the
pre-swing phase initiate the swing and increase the
energy level of the recovery leg, which could accelerate
the leg segments through the pre-swing phase.”® Thus,
insufficient plantar flexor and hip flexor moments in
this phase would result in a smaller foot acceleration in
the AP direction (Fig. 6), leading to more posterior
stepping. More anterior stepping, however, was in-
duced by insufficient hip extensor and knee extensor
moments at pre-descent, which contributed to foot
touching the ground (Fig. 6). A greater foot accelera-
tion during its descent to the ground could shorten the
duration from pre-descent to its touchdown to avoid a
more anterior stepping. Together, the plantar flexor
moment in the pre-swing phase and the hip extensor
moment in the swing phase were the key determinants
affecting whether the recovery foot would land in the
optimal zone (Table 3). These joint moment adjust-
ments could be attributable to modulation of specific
movement patterns. Therefore, it might be possible for
individuals to improve their reactive actions by mod-
ulating their movement patterns.

There are many other factors that might affect the
recovery foot placement. Previous studies have
demonstrated that recovery step length is often scaled
to one’s step length during regular walking.”'” How-
ever, the gait kinematic factors could be perceived as
the “downstream” factors, which were determined by
corresponding preceding lower limb joint moments."*
Hence, this study mainly focused on the kinetic factors.
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One limitation of this study was that all the slips
were delivered to the right leg and if leg dominance
affects recovery responses, the results could be differ-
ent. However, leg dominance has not shown to impact
recovery responses.” Further, only the joint moments
of the compensatory limb were compared in this study,
and it is possible that the joint moments of the slipping
limb might also affect the recovery step placement.
Therefore, future studies could investigate contribu-
tion of slipping limb kinetics on recovery step place-
ment, although it is expected to be small.

The present study findings could have clinical
applications for fall prevention. Knowledge of the
optimal landing zone could help clinicians specifically
design interventions during volitional step training or
reactive step training to target optimal relative recovery
foot placement. It was demonstrated that individuals’
fall types were determined by the recovery step place-
ment.*® For example a shorter recovery step (backward
landing zone) would lead to a split fall, while a longer
recovery step (forward landing zone) would lead to a
feet-forward fall. Hence, individuals prone to split fall
could benefit from targeting of specific neuromuscular
training related to motor strategies recruiting plantar
flexion and hip extension that might improve relative
recovery step placement and recovery rates. While for
repeated feet-forward fallers, neuromuscular training
related to motor strategies recruiting knee and hip
extension might be helpful. However, these postula-
tions require further investigation.

In summary, this study investigated the relationship
between recovery step placement and fall likelihood
upon experiencing a slip. This paper was the first to
postulate the notion of an optimal recovery step zone
within which the recovery rate following a slip would
be higher than for other zones. The results showed that
a more posterior recovery step placement would im-
prove stability but weaken limb support, and vice versa
for a more anterior step placement. It was also found
that the recovery step placement was related to the
plantar flexor and hip flexor moments in pre-swing
phase, and the knee and hip extensor moments in the
swing phase. The findings from this study could assist
clinicians in developing step training paradigms for fall
prevention in older adults.
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