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Abstract

Slip outcomes are categorized as either a backward loss of balance (LOB) or a no loss of balance
(no-LOB) in which an individual does not take a backward step to regain their stability. LOB
includes falls and nonfalls, while no-LOB includes skate overs and walkovers. Researchers are
uncertain about which factors determine slip outcomes and at which critical instants they do

so. The purpose of the study was to investigate factors affecting slip outcomes in proactive and
early reactive phases by analyzing 136 slip trials from 68 participants (age: 72.2 [5.3] y, female:
22). Segment angles and average joint moments in the sagittal plane of the slipping limb were
compared for different slip outcomes. The results showed that knee flexor, hip extensor, and
plantar flexor moments were significantly larger for no-LOB than for LOB in the midproactive
phase, leading to smaller shank-ground and foot-ground angles at the slip onset, based on forward
dynamics. In the early reactive phase, the hip extensor and plantar flexor moments were larger for
no-LOB than for LOB, and all segment angles were smaller for no-LOB. Our findings indicate
that the shank angle and knee moment were the major determinants of slip outcomes in both
proactive and reactive phases.
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Falls can cause serious, devastating consequences for older adults,12 and slipping alone
accounts for ~25% of falls among older people.3# Although ~30% of slip-related falls are
injurious,® not all slips lead to falls, and quite a few of them result in harmless transient
postural disturbances.® Consequently, the investigation of strategies that could prevent a
potentially devastating outcome from a slip is important for slip-related fall prevention.
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Evidence indicates that the central nervous system relies on reactive (feedback) control to
recover from unexpected and unpredictable perturbations during movement.”-8 Specifically,
for gait-slip perturbations, reactive control is effective for restoring one’s stability after a
slip,3-11 and different reactive responses can lead to differences in slip performance,12 which
can be broadly classified into backward loss of balance (LOB) and no loss of balance
(no-LOB) classifications. Stability can be defined as the ability to maintain and regulate
the projected center of mass (COM) state (ie, its position and velocity) within the limits

of the base of support (BOS) during both static and dynamic tasks.13 Previous theoretical
work has developed computation stability thresholds, which are postulated to be internal
representations of stability. If an individual’s COM state locates within these thresholds,
the person can be stable without the need of changing the BOS by stepping actions (ie,
no-LOB).1* An LOB occurs when, upon a perturbation, the COM state is destabilized

and traverses beyond the computational thresholds of backward balance loss in which a
backward stepping action is required from the trailing limb.

The LOB classification could further be divided into fall and nonfall outcomes. A fall
resulting from an external gait-slip perturbation can be custom defined as a sudden,
uncontrolled, and irreversible hip descent resulting from the failure to reestablish stability
or an inability to generate adequate vertical limb support (eg, via increase in net extensor
torque),® usually resulting in body contact with the lower-level ground. Alternatively,
upon balance loss, restabilizing the COM state by taking an effective recovery step and/or
providing sufficient vertical limb support to retard and/or reverse hip descent could turn a
fall into a nonfall outcome.1> For both outcomes, the trailing limb lands behind the slipping
limb (Figure 1A).

Similarly, upon a perturbation, if the body COM state can withstand the external
destabilization and remain within the feasible stability region without the need for grasping
or stepping actions, a balance loss can be prevented (ie, no-LOB). For example, after slip
onset (SON), effective reactive responses, including increasing knee flexor and hip extensor
moments in the slipping limb, can reduce the velocity of the forward sliding BOS1:16 and,
hence, can reduce the likelihood of balance loss.10 For gait-slip perturbations, the no-LOB
could also be further divided into skate over and walkover outcomes. A skate over outcome
occurs when one can lower the intensity (velocity and displacement) of the forward sliding
BOS but not eliminate it, whereas a walkover outcome occurs when one can minimize

or eliminate the motion of the forward sliding BOS; nonetheless, both result in the trailing/
recovery limb landing in line with or in front of the slipping limb, like regular gait (Figure
1A).

In addition to reactive adjustments, proactive adjustments (predominantly via feedforward
control) of the slipping limb before SON also play a key role in affecting slip outcomes,
especially when individuals realize they may experience a fall (ie, walking outside on a
snowy or icy surface). Previous studies reported that the slipping limb critically determined
slip outcomes before the recovery touchdown®; with a preslip flat foot landing, as well

as increased knee-flexion angle of the slipping limb, individuals could reduce the slip
intensity due to a reduction in the subsequent reactive braking impulse.1”:18 Such changes
subsequently affect the outcome of a slip to be a LOB, which could be either a fall or a
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nonfall as aforementioned.10:19.20 For example, Bhatt et all” reported that, with receiving
repeated slip perturbations, subjects adopted a more forward COM position relative to
BOS before SON, which eliminated the need for a recovery stepping. Further proactive
adjustments made in response to the awareness of a potential slip have also been known to
enhance stability, reduce slip severity, and improve slip outcomes.?1:22

Although it is known that kinematic and kinetic controls of the slipping limb were found to
be related to the risk of slip-induced falls, relatively few studies have investigated whether
there are specific movement control factors that can classify those who experience a LOB
from a no-LOB. More importantly, it is unclear which of those factors contributes to further
differentiating the slip responses into the possible 4 slip outcomes (LOB with and without
fall, and no-LOB with skate over or walkover). Most previous studies have only examined
the contribution of feet kinematics to slip outcomes,23:24 but the contribution of hip and knee
kinematics and kinetics is still unclear. In addition, the mechanisms of lower limb control,
such as joint moments and their relation to slip outcomes in the proactive phase, have

been less studied for large-magnitude perturbations. Therefore, this study systematically
investigated and compared the contribution of kinematic and kinetic factors to recovery in
both the proactive and reactive phases. Understanding the mechanisms that contribute to
recovery could provide insight for designing fall prevention interventions, such as targeting
specific muscle group strengthening or retraining movement strategies.

Therefore, the purpose of the study was, first, to compare the kinematic and kinetic
differences between 2 overall slip classifications (LOB vs no-LOB), and we hypothesized
that there would be specific segment angle(s) and/or joint moment(s) that could differentiate
a potential LOB outcome from the no-LOB. However, an event of LOB does not necessarily
always result in falls, and the prime factors affecting the consequence of falls or nonfalls
also need to be evaluated. Furthermore, in the event that a balance loss is prevented (no-LOB
outcome), a walkover outcome was proposed to be a better recovery strategy compared

to skate over due to having better reactive stability.1” Therefore, we further compared the
kinematic and kinetic differences between the 4 slip outcomes (fall, nonfall, skate over, and
walkover) and hypothesized that there would be specific biomechanical factor(s) that could
differentiate fall and nonfall within the LOB class, as well as walkover and skate over within
the no-LOB class.

A total of 67 community-dwelling older adults were included in this study (age: 72.2 [5.3]
y, height: 166.6 [15.1] cm, mass: 75.6 [12.7] kg, female: 22). All participants were screened
via a questionnaire before the training session to exclude participants with self-reported
neurological, musculoskeletal, cardiopulmonary, or other systemic disorders. Their history
of falls 1-year prior to the test was recorded. All participants provided written informed
consent, which was approved by the institutional review board at the University of Illinois at
Chicago.
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Experimental Setup and Study Design

All subjects received 24 slips provided in a “blocked-and-mixed” manner. This protocol
contains around 10 regular walking trials, followed by 2 blocks of 8 repeated slip trials with
3 walking trails in between, and a final block of 15 mixed trials (8 slips and 7 walking
trials).2> Slips were introduced by a pair of low-friction, moveable platforms (L: 0.65 x

W: 0.30 m) embedded in a 7-m walkway during over-ground walking (Figure 1B). Without
warning, the right slider would be released to freely slide in the anterior—posterior direction
up to 90 cm, just as a slip does in real life. The participants took 5 to 10 unperturbed walking
trials before receiving their novel slip. The instructions were consistent for all trials, with

all participants being told “a slip may or may not occur”; hence, the participants would
anticipate a slip in each trial, regardless of whether they experienced the slip or not.

The subjects were protected by a harness connected to a load cell (Transcell Technology
Inc, Buffalo Grove, IL). The load cell consistently collected force data, which were later
used to detect a fall.26 Four force plates (AMTI, Newton, MA) were installed beneath

the walkway to record the ground reaction force. Kinematics from a full-body marker set
(28 retroreflective markers) were recorded by an 8-camera motion capture system (Motion
Analysis Corporation, Santa Rosa, CA). Kinematic data were sampled at 120 Hz and were
synchronized with the force plate and load cell data, which were collected at 600 Hz.

A total of 134 slip trials, which combined the novel slip and the last slip from a mixed
block, were analyzed. We have included a detailed analysis in Appendix to show that the
combination of the novel slip and the last slip, although it slightly violated the independence
of slip outcomes, did not affect the study results. For the novel slip, 100% of the participants
lost their balance, while for the last slip, 94% of the participants adopted a full recovery,
which together, allowed an investigation of all possible slip outcomes (Table 1).

Definition of Slip Outcomes

Slip outcomes were first broadly classified as LOB or no-LOB. LOB was defined as the
recovery limb landing posterior to the sliding heell’; otherwise, the slip outcome would be
no-LOB. The LOB was further classified as a fall or nonfall. The trial was considered a fall
if the peak load cell force during a slip exceeded 30% of the participant’s body weight, and
the video recording was used to verify the result.2’” No-LOB was further classified as a skate
over, in which the sliding heel traveled >5 cm, or a walkover, in which the displacement of
the sliding heel was smaller than 5 cm.1”

Definition of Proactive and Reactive Phases

The proactive phase was taken from the slipping foot liftoff (LLO) before SON to SON.
The instant of SON was determined to be when the sliding velocity exceeded 0.05 m-s~1,
which was around 50 milliseconds after the right foot’s heel contact.1® The proactive phase
covers the swing phase during the gait cycle, which contains the early, mid, and terminal
swing phases. Hence, the proactive phase was divided, based on the swing phases, into 3
subphases: early proactive, mid proactive, and late proactive phases. Early proactive phase
was defined as the duration between the onset of the early swing and the mid swing, mid
proactive phase was defined as the duration between the onset of the mid swing and the
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terminal swing, and late proactive phase was defined as the duration between the onset of
the terminal swing and SON. The reactive phase was divided into subphases, as an early
reactive phase starting from SON to recovery foot LLO and a late reactive phase starting
from LLO to recovery foot touchdown (Figure 2A). However, the latter phase has already
been researched in our previous study?®; therefore, it was not included in this study.

Outcome Variables

To capture both the kinetic and the resulting kinematic controls that may influence slip
outcomes, both joint moments and segment angles of the slipping limb, respectively, were
analyzed in this study. While, from previous studies, it is known that recovery step length,
which is predominantly affected by joint kinematics,2? can significantly determine slip
outcomes,30:31 the underlying joint kinematic contributions to slip outcomes have not been
examined. Hence, this study took a further step back by decoupling the step length into
segment angles, which were chosen as outcome variables to examine kinematic control

in this study. Only the slipping limb was studied, because the slipping limb critically
determined slip outcomes before recovery touchdown,! while the recovery limb mainly
contributed in the late reactive phase to improve stability, which was not our focus in this
study.1®

Segment angles were defined as the angles between a segment and an anterior horizontal
line in the sagittal plane (Figure 2B).11 Segment angles were taken at the instant of

the completion of each phase. The joint moments were calculated using subject-specific
musculoskeletal sagittal-plane models (7-link, 9-degree-of-freedom) in OpenSim32 with the
inverse-dynamics formulation. Joint angle, angular velocity, ground reaction force, and
center of pressure were inputted in this model. The individual models were scaled according
to each subject’s anthropometric measurements.33 Average joint moments of both negative
and positive values were calculated as the sum of the joint moments divided by the frames
of each phase in each trial. The average moments were compared across different slip
outcomes because segment angles in each phase were affected by their corresponding joint
moments in that entire phase, instead of the joint moments at a specific instant.

Statistical Analysis

First, Fisher exact test was applied to examine any difference in the history of falls between
different slip outcomes.

To test hypothesis 1, independent ¢tests were applied to examine any differences between
LOB and no-LOB in terms of segment angles and average joint moments for each phase.
Logistic regressions were then used to identify any segment angle(s) and/or joint moment(s)
in each subphase that could differentiate LOB from no-LOB.

To test hypothesis 2, a 1-way analysis of variance was used to detect any differences among
4 slip outcomes (fall, nonfall, skate over, and walkover) in segment angles and average joint
moments for each subphase. Four slip outcomes were treated as independent variables, while
kinematic and kinetic outcomes were dependent variables. Follow-up comparisons were
resolved using independent tests between 2 groups. Benjamini and Yekutieli34 corrections
were applied to reduce type Il error (corrected a =.02). Logistic regressions were used to
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identify key factors in each subphase, resulting in fall, nonfall, walkover, and skate over. All
statistical analyses were performed using SPSS (version 22; IBM Corp, Armonk, NY; a =
.02 for post hoc tests and a = .05 for other tests).

Out of 71 participants, 24 (33.8%) had a previous fall in the last year, and 11 (15.5%) had
more than 1 fall. For the participants with a fall history, 9 of them had demonstrated a fall
outcome in the laboratory test during the current study, and the other 15 participants with a
fall history demonstrated a nonfall outcome. The Fisher exact test indicated that there is no
significant difference in the history of falls between these slip outcomes (P> .05).

Independent #tests indicated that there was no significant difference between LOB and
no-LOB in segment angles and average joint moments in the early proactive phase, and there
was a significant difference in the studied variables in the mid proactive, late proactive, and
early reactive phases (Table 2). At the end of the mid proactive phase, the shank angle was
significantly larger (less vertical) for LOB in comparison with no-LOB (£ =.01). Both the
shank and foot angles were significantly larger (less flat for foot) for LOB than no-LOB

at the end of the late proactive phase (£ < .001 for both), and all lower limb segment
angles at LLO were significantly larger for LOB than no-LOB (Table 2). Correspondingly,
the average hip extensor and knee flexor moments in the mid proactive phase, as well as
the plantar flexor moment in both the mid and late proactive phases, were all significantly
higher for no-LOB than for LOB (P < .05 for all), and the average hip extensor and plantar
flexor moments were significantly higher for no-LOB than for LOB (P=.03 and A< .001).

For LOB prediction, the shank angle at SON had the greatest prediction accuracy out of all
variables in the proactive phase, providing a 74.6% accurate classification of outcomes (P <
.001). In addition, the average knee moment and the initial shank angle for the mid proactive
phase could accurately predict 71.6% of the outcomes (P < .001 and £=.04). The shank
angle at LLO alone could accurately predict 85.1% of the outcomes with a threshold of 93°
(P<.001). Moreover, the average knee moment in the early reactive phase and the shank
angle at SON could accurately predict 77.6% of the outcomes (P< .001 for both; Table 3).

The 1-way analysis of variance showed that the shank angle in the mid proactive (£3 130 =
3.5, P<.001; Figure 3B2) and late proactive phases (/3 130 = 21.40, P< .001; Figure 3B3)
significantly differed between the 4 slip outcomes. There was a main effect of slip outcome
on foot angle in both the early proactive phase (/3,130 = 3.06, £=.03; Figure 3C1) and late
proactive phase (£3 130 = 12.70, < .001; Figure 3C3). In the early reactive phase, there was
a main effect of slip outcome on all 3 segment angles (thigh: /3 1309 = 5.83, shank: /3 130 =
57.03, and foot: £3 130 = 16.08; < .001 for all; Figure 3A4, 3B4, and 3C4).

For average joint moments, the average hip extensor (/3 130 = 9.03, £<.001), knee flexor
(F3,130 = 15.7, P<.001), and plantar flexor moments (£3 130 = 4.1, P=.004) for the

mid proactive phase were significantly different between the slip outcomes (Figure 4A2,
4B2, and 4C2). Both the hip extensor (/3 130 = 3.87, = .02; Figure 4A4) and plantar
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flexor moments (/3 130 = 14.75, P<.001; Figure 4C4) in the early reactive phase were
significantly different between the slip outcomes.

Post hoc analysis further indicated that, between fall and nonfall, there were no significant
differences in any of the segment angles and joint moments for all 3 phases (P> .02 for
all), while between skate over and walkover, the shank angle at the end of the early reactive
phase was significantly larger for skate over than walkover (P < .005). Moreover, between
the 2 LOB outcomes (fall and nonfall) and 2 no-LOB outcomes (skate over and walkover),
the results were highly consistent with the comparison between LOB and no-LOB, and for
these comparisons, the shank angle in the late proactive and early reactive phases and the
knee moment in the mid proactive phase showed significant differences (£ < .02 for all).

Logistic regression revealed that there was no variable that could significantly differentiate
fallers from nonfallers (P> .05; Table 4). However, skate over and walkover could be
predicted with moderate accuracy (68.5%) using the shank angle at LLO.

Discussion

Our results indicated that the shank segment of the slipping limb plays a key role in
preventing LOB in both the proactive and reactive phases. Specifically, a larger shank-
to-ground angle increased predisposition to experience LOB. Thus, to prevent LOB,
participants need to reduce their shank angle by increasing the knee flexor moment in the
proactive and early reactive phases. Furthermore, there were significant differences across 4
slip outcomes, and the shank angle was also a key factor distinguishing walkover from skate
over, while no significant difference in any studied variables was found between fall and
nonfall.

Our results found that the shank angle of the slipping limb was associated with a forward
displacement of BOS following a perturbation and was the most crucial determinant for
preventing LOB. In both the proactive and early reactive phases, for a 1° increase in shank
flexion, the odds of LOB would reduce to around 0.7 (0.78 for the proactive phase and 0.69
for the reactive phase; Table 3). This is because an external knee extensor moment would

be applied on the shank segment due to gravity when the shank angle was >90° (the ankle
was anterior to the knee in the sagittal plane; Figure 2). When stepping on a slippery surface,
the foot would be propelled forward due to this external moment, which might induce LOB.
On the contrary, if the shank angle was <90°, in which the ankle was posterior to the knee,
the gravity would add an external knee flexor moment on the shank segment, which would
decelerate the forward movement of the slipping foot, enabling no-LOB. This was consistent
with our findings that, when the shank angle was >93¢ at LLO, the slip outcome was most
likely an LOB; otherwise, the outcome was no-LOB (85.1% accuracy; Table 3). Besides

the effect on ground reaction force, a larger shank flexion could also lead to a shorter step
length. It has been reported that a shorter step length and a flexed knee angle could lower
the risk of slip-induced falls for healthy older adults,23:30:35.36 which is consistent with our
current finding.
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An increased knee flexor moment in the mid proactive phase could lead to a decrease of

the shank angle at SON according to forward dynamics,3” and hence, reduce the forward
displacement of BOS, representing an effective adjustment for preventing LOB. The logistic
regression model revealed that the decrease in the initial shank angle and the increment of
the knee flexor moment in the mid proactive phase could reduce the likelihood of LOB
(Table 3). Specifically, a 1° decrease in the initial shank angle in the mid proactive phase
would reduce the odds of LOB to 0.9, while 1 SD increase in the knee flexor moment would
reduce the odds to 0.29. However, the knee moment did not differ between no-LOB and
LOB in the late proactive phase. This may be due to the occurrence of substantial shank
adjustments in the shank-to-ground angle during the mid proactive phase, necessitating
smaller adjustments in the late proactive phase. In addition, extensive increases in knee
flexor moments in the swing phase could lead to a reduction in step length and gait speed.38
It can thus be postulated that, to prevent LOB without compromising the self-selected gait
speed, the central nervous system may increase the hip extensor and knee flexor moments
for the mid proactive phase but not for the late proactive phase.

None of the variables for fall or nonfall differed significantly in the proactive and early
reactive phases (Figures 3 and 4). However, changes during the late reactive phase, in

the form of a recovery step, have been established to successfully rebuild the relationship
between COM and BOS to avoid a fall, especially when a slip perturbation results in a large
displacement of BOS.15:39 Therefore, it is reasonable to postulate that whether LOB would
result in a fall or not is determined predominantly in the late reactive phase, which was
consistent with our previous study on the role of recovery foot stepping.28

However, proactive and early reactive controls were seen to contribute to preventing LOB.
Slip classifications were predicted with 74.6% accuracy using the shank angle from the
proactive phase, while classifications were predicted with 84.1% accuracy using only the
shank angle from the early reactive phase (Table 3). Similarly, the shank angle in the
proactive phase had a higher sensitivity (78.8% for LOB prediction) but lower specificity
(69.8% for no-LOB prediction), which indicated that a larger shank angle at SON was likely
to induce LOB, but a smaller shank angle could not guarantee no-LOB. This is because
individuals also need to keep maintaining their shank angle, after SON, at near 90° in the
early reactive phase to prevent LOB; otherwise, LOB could still occur, even though they
performed well (smaller shank angle at SON) in the proactive phase. The equation for
model 4—p(LOB) = 1/[1 + exp(39 — 0.39 x shank angle — 6.14 x knee moment)] (Table
3)—further supported this viewpoint that LOB or no-LOB was determined by both proactive
adjustments (shank angle at SON) and reactive responses (knee moment in early reactive
phase). A division line distinguishing LOB from no-LOB could be derived based on the beta
coefficients (6= 0.39 for shank angle and 6= 6.14 for knee moment) from the equation.

As long as the sum of 0.39 x shank angle and 6.14 x knee moment is smaller than 39,

a no-LOB will be likely (>50%) to occur, based on the aforementioned equation (Figure

5). In addition, the equation could reveal that, if sufficient proactive adjustments (smaller
shank angle) were made, then less knee flexor moment (negative value) would be required
in the following early reactive phase for LOB prevention. This finding was consistent with

a previous proposal, that sufficient proactive adjustments could minimize dependence on
reactive responses.l’
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Although only the shank angle at LLO was significantly different between skate over and
walkover, the shank angle at SON was slightly larger for skate over (P=.06; Figure 3). This
suggests that, for skate over, there is a slightly larger propelling force on the slipping foot
due to gravity, leading to a longer forward slipping distance. In addition, there was a slightly
larger knee flexor moment in the mid proactive phase for walkover than for skate over (P=
.07; Figure 4). Such a large knee flexor moment would pull the foot posteriorly, resulting in
a decreased initial slip velocity and a shorter forward slip distance.16

To achieve walkover, increased demand was placed on specific joint moments in the
proactive and early reactive phases. With an insufficient knee flexor moment in the mid
proactive phase, the slip intensity increased, leading to skate over. While both fall and
nonfall can be attributed to insufficient adjustments in joint moments (ie, smaller plantar
flexor, knee flexor, and hip extensor moment) during the mid proactive and early reactive
phases, the difference between them may mostly have been that those with nonfall took a
successful recovery step, while those with fall failed to do so in the late reactive phase.

The present study has several limitations. First, the current study only analyzed the
characteristics of the slipping limb. Although previous studies found COM stability
improvement was mostly due to the reactive actions of the slipping limb,11 the recovery
limb’s actions could also affect slip outcomes. Second, the slipping side in this study

was always the right side; thus, it is unclear whether the adaptation effects would be
different (less robust and/or slower) if the perturbations were randomly applied to both
limbs. However, previous studies have shown that adaptations to bilateral perturbations
delivered in a random order could be achieved as rapidly as within 3 trials on each side,

and the most improvement occurred after experiencing the first perturbation, regardless of
the perturbation side.® These results of fast adaption on either side indicated that providing
the bilateral versus unilateral training (as currently used in the study) might not affect the
results of improvements in kinematic and kinetic outcomes. Nonetheless, future studies
incorporating bilateral training need to verify such postulation. Third, this study did not
examine differences in neuromuscular activity across the different slip recovery strategies.
Differences in neuromuscular activity among these strategies could provide further insight
into fall prevention mechanisms and could be incorporated in future works. Finally, although
our original assumption was based on taking slip outcomes as independent variables, 2 trials
were analyzed for each participant due to the study design. Hence, pairwise comparisons for
repeated trials were conducted to verify our results, and the results from the paired #tests
were consistent with the current one (more details are shown in Appendix).

In summary, it was determined that a vertical shank angle and larger knee flexor moment

of the slipping limb in both the proactive phase and reactive phase play key roles in
preventing LOB and resulting in recovery outcomes of walkover or skate over. Although

not every backward balance loss will result in a fall, reactively recovering from such a
scenario by taking a rapid recovery step with the trailing limb while actively trying to
reduce the slip intensity under the forwardly displacing slipping limb might increase the risk
of musculoskeletal injuries, such as muscle sprains or strains, specifically in older adults.

It is postulated that sufficient proactive adjustments can minimize a reliance on reactive
responses; however, it remains to be definitively verified in future studies. These findings
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can provide a practical guide for clinicians and therapists on fall interventions in older adults
with different physical conditions. For example, for older adults with a weakness in their
hamstrings or an impaired activation in the hamstrings seen poststroke, reeducation of gait
pattern with the shank in a more vertical position in a hazardous environment (ie, wet floor)
is more effective than strengthening the hamstrings to reduce the risk of slip-induced falls in
such a population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —.

(A) The schematic diagram of slip outcomes, which can be broadly classified into backward
LOB and no-LOB classifications. A LOB occurs when a backward stepping action is
required from the trailing limb; otherwise, the outcome would be a non-LOB. The LOB
classification could further be divided into fall and nonfall outcomes, and the no-LOB could
also be further divided into walkover and skate over outcomes. (B) The 7-m walkway with
embedded low-friction movable platforms for inducing overground slips and overground
walking. The movable platforms were firmly locked during regular walking and unlocked
electronic-mechanically without subjects’ awareness only in the slip trial at the instant of
their right heel strike on the right platform. LOB indicates loss of balance; no-LOB, no loss
of balance.
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Figure 2 —.

The right panel shows a schematic of the 3-link, sagittal-plane model of the lower limb.

61, &, and & represent the angles of the thigh, shank, and foot relative to the ground.

The vertical gray arrow indicates the GRF applied on this limb. The positive x-axis is in

the direction of forward progression and the positive y~axis is in upward direction. The left
panel shows a typical profile of joint moments (N m-kg™2) in the sagittal plane from the ES
instant to recovery foot LLO, with the MS, TS, and SON in between. This period could be
divided into the EP, MP, LP, and ER. BOS indicates base of support; COM, center of mass;
EP, early proactive phase; ER, early reactive phase; ES, early swing; GRF, ground reaction
force; LOB, loss of balance; LLO, liftoff; LP, late proactive phase; MP, mid proactive phase;
MS, mid swing; no-LOB, no loss of balance; SON, slip onset; TS, terminal swing.
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Figure 3 —.

Segment angle comparison at mid proactive, slip onset, and left foot liftoff instants for each
slip outcome. The error bar indicates the SD values. F indicates fall; LOB, loss of balance;
NF, nonfall; no-LOB, no loss of balance; SK, skate over; WK, walkover. *P< .02. **P<

.005. ***p < .001.
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Figure 4 —.

Average joint moment (N m-kg™1) comparison in proactive and reactive phases for each

of the slip outcomes. The error bar indicates the SD values. F indicates fall; LOB, loss of
balance; NF, nonfall; no-LOB, no loss of balance; SK, skate over; WK, walkover. *P<.02.
**p< 005 ***P< .001.
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Uging logistic regression, all trials could be categorized into LOB and no-LOB based on the
shank angle (in degrees) at SON and the following knee joint moment (N m-kg™1) in the
ER, with an accuracy of 77.6% (model 4 in Table 3). The division line distinguishing LOB
from no-LOB was derived based on the beta coefficients in the logistic regression model.
The region below this division line was defined as the no-LOB region. ER indicates early
reactive phase; LOB, loss of balance; no-LOB, no loss of balance; SON, slip onset.
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Sample Size for Each Type of Slip Outcome for the First (Trial 1) and Last (Trial 24) Slip Trials

LOB no-LOB
Trial Fall Nonfall Skateover Walkover
Trial 1 31 36 0 0
Trial 24 0 4 34 29
Total 31 40 34 29

Abbreviations: LOB, loss of balance; no-LOB, no loss of balance.
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