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The aim of this study was to examine the effects of various arm swing on postural stability and recovery
responses to an unexpected slip during treadmill walking. Fifteen healthy young adults (23.4 ± 2.8 years
old) participated in this study. The CAREN-Extended system was used to simulate unexpected slip per-
turbations in a safe environment while walking symmetrically and asymmetrically with various arm
swings (normal, bound, released). Whole-body angular momentum (range), peak trunk angular veloci-
ties, step width and stance time were extracted before and after perturbations (when recovering from
slip). All participants were able to recover their balance after two strides and no falls occurred. There
were significant differences (p < 0.05) in most gait parameters between pre- and post-perturbations.
Arm conditions had significant effects on all gait parameters during both pre- and post-perturbation
except for stance time. Compared to symmetric walking, walking asymmetrically before a perturbation
led to larger step width and stance time among the different arm conditions both before and after the
perturbations. Despite the presence of significant effects of different arm and walking conditions on most
gait parameters during pre- and post-perturbation, participants were able to implement stabilization
strategies to prevent fall even when they were prevented from using their normal arm swing, in both
symmetric and asymmetric walking. While our results indicate that perturbations were mild to moderate
in magnitude, investigations with elderly and faller populations are needed to examine their susceptibil-
ity to these arm and walking conditions when trying to regain postural balance.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Falls are the leading cause of non-fatal injury in the United
States (McAndrew et al., 2010; Madehkhaksar et al., 2018), which
increases costs for health care and diminish quality of life
(Deandrea et al., 2010; Madehkhaksar et al., 2018). Most falls occur
after a loss of balance while walking and following an unexpected
perturbation such as a slip (Madehkhaksar et al., 2018; Maki et al.,
2008). Understanding of how humans control balance and recovery
responses after a slip is fundamental to help reduce the incidence
of falls (Marigold et al., 2003). Arm swing during walking or after
perturbations have been shown to enhance gait stability (Ortega
et al., 2008; Meyns et al., 2013) and decrease energy expenditure
(Collins et al., 2009; Ortega et al., 2008; Bruijn et al., 2010). Fur-
thermore, the regulation of foot placement on the ground when
walking is also an important contributor to gait stability
(McAndrew et al., 2010).

In typical gait, the arm and leg motions are anti-phase to coun-
teract the angular momentum of the legs. Bruijn et al. proposed
that walking without arm motion prior to a perturbation, but
allowing arm motion during the recovery phase could be optimal.
During normal walking, the absence of arm motion would increase
the inertia of the trunk and improve its resistance to perturbations;
in contrast, the lack of arm swing following a perturbation would
lead to less effective recovery strategies compared to walking with
normal arm swing (Bruijn et al., 2010). Still, little is known about
the influence of different armmovements on gait stability immedi-
ately prior to, and when recovering from, a sudden perturbation,
such as a slip.

Margin of stability, an indicator of dynamic stability (Hof et al.,
2007; Hof et al., 2010) that characterizes the relationship between
the extrapolated position of the COM and the base of support
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(Young et al., 2012) has been shown to increase in challenging
walking conditions (Hak et al., 2012; Hak et al., 2013a). In response
to continuous perturbations, people walk with wider, faster, and
shorter steps and exhibit increased step-to-step variability
(Young et al., 2012; McAndrew et al., 2010; Madehkhaksar et al.,
2018; Roeles et al., 2018; Espy et al., 2010; Hak et al., 2013a). Such
perturbations also result in greater variability of the trunk position
and velocity, which indicates a need for greater control of the torso,
especially in the medial-lateral direction (McAndrew et al., 2010).
In a recent study, Inkol et al., (2019) evaluated upper body postural
responses following first and repeated exposure to sudden slip per-
turbation in eleven healthy young adults (Inkol et al., 2019). They
found that the first exposure to sudden perturbation affected the
gait variable the most compared to the rest of perturbation. More-
over, young individuals would recover postural stability and adapt
very quickly to sudden perturbation (Inkol et al., 2019). In another
study, Roeles et al. (2018) found no significant difference in
response to continuous perturbations and recovery responses
between young individuals and very fit and healthy older adults
(Roeles et al., 2018).

Previous research has shown that trunk stabilisation and inter-
limb coordination require greater neural control during asymmet-
ric walking compared to symmetric activities (MacLellan, et al.,
2013; McFadyen et al., 2009). Yet it remains uncertain whether
these adaptations in gait-related parameters and to dynamic sta-
bility also occur after sudden perturbations during asymmetric
walking with restricted arm motion.

Another useful descriptor of human gait is whole-body angular
momentum (WBAM) which is kept near zero during normal walk-
ing in order to maintain dynamic balance and avoid falling (Herr
and Popovic, 2008; Pijnappels et al., 2004; Pijnappels et al.,
2010). Previous findings showed that WBAM must be swiftly reg-
ulated to recover postural stability and prevent falls after a pertur-
bation (Pijnappels et al., 2004; Silverman et al., 2012). However,
the effects of asymmetric walking with restricted arm motions
have not yet been studied.

The main objective of this study was to quantify the effect of
various arm swing and walking conditions on gait stability when
recovering from a sudden slip perturbation. More specifically, we
measured the effects of arm motions on the recovery of postural
stability following a slip, and determined the strategies to recover
postural stability following a slip while walking symmetrically and
asymmetrically. We hypothesized that following an unexpected
slip perturbation, healthy young adults would recover postural sta-
bility and adapt more quickly when they were allowed armmotion
during the recovery phase and when they were perturbed in sym-
metric gait conditions.
2. Methodology

A convenience sample of 15 young and healthy individuals
(eight men, seven women) was recruited from the University of
Ottawa. The participant’s mean age was 23.4 ± 2.8 years, height
was 170.2 ± 8.1 cm, and weight was 72.3 ± 13.5 kg. Participants
had no history of upper or lower extremity orthopedic injury or
any neurological condition which could affect their gait. Moreover,
they had no experience with treadmill induced perturbations. The
study was approved by the Institutional Review Board (University
of Ottawa) in accordance with the declaration of Helsinki and all
participants provided written informed consent.
2.1. Data collection

3D motion analysis was completed using a virtual park scenario
within the CAREN-Extended System (Motek Medical, Amsterdam,
NL). The CAREN-Extended system combines a six degree-of-
freedom motion platform with embedded dual-belt instrumented
treadmill, 12 camera Vicon motion capture system, 180-degree
projector screen, and safety harness. Platform motion was tracked
by three markers, and a set of 57 markers (Wilken et al., 2012;
Sinitski et al., 2015) was used to track full body kinematics. Kine-
matic data were collected at 100 Hz and ground reaction force
(GRF) data were collected at 1000 Hz. Participants were fitted with
a safety harness which did not interfere with movement and was
attached to an overhead structure to prevent any possible falls.
Participants were allowed to rest whenever necessary to minimize
fatigue. The 3 arm conditions in this study were:

a) Normal: Normal arm motion.
b) Bound: Arms were tied at their sides, across the midpoint of

their forearms.
c) Released: Subjects were instructed to walk without arm

swing unless it was necessary to maintain/recover balance
(eg. in the event of a perturbation).

2.2. Perturbations

Participants performed symmetric (treadmill speed = 1.2 m/s
for both legs) or asymmetric (treadmill speed for left leg = 1.2 m/s,
and for right leg = 0.96 m/s) walking for approximately 15 s, in
order to achieve a comfortable walking speed. Once steady-state
conditions had been reached, a total of five slips were induced dur-
ing each trial. To minimize potential anticipation effects, the order
of the perturbations was randomized, and each perturbation was
cued by the system operator at a random time after the participant
had recovered from the previous perturbation, approximately 15 s.
When the operator cued a perturbation, it was dynamically trig-
gered the next time the heel of the swing foot passed the heel of
the stance foot. For a slip, the treadmill belt on the perturbed side
began accelerating at 1.5 m/s2 for 0.75 s before decelerating at the
same rate for the same time to finish at the set treadmill speed of
1.2 m/s. Note that due to system limitations, the treadmill returned
to symmetric speeds following a perturbation under asymmetric
conditions. In this study, all perturbations were performed on the
right side. Participants completed six trials, one for every combina-
tion of arm swing (normal, bound, or released) and gait condition
(symmetric or asymmetric).

2.3. Data analysis

Vicon Nexus (Nexus 2.6, Oxford, UK) was used to process mark-
ers and GRF data before exporting to Visual3D v6 (C-Motion,
Germantown, MD) for 3D kinematic and kinetic calculations. A
4th order, low-pass Butterworth filter with a 10 Hz cut-off fre-
quency was used to filter marker data. WBAM range, peak trunk
angular velocities, center of mass (COM) and spatiotemporal gait
parameters (step width, stance time) were extracted before and
when recovering from a slip. WBAM, center of mass (COM), trunk
angular velocities, and both feet positions were exported from
Visual3D. Subsequently, the exported data was analyzed using cus-
tom scripts (https://dx.doi.org/10.5281/zenodo.2652550) in Julia
(Bezanson et al., 2017) to produce spatiotemporal gait data (step
width, and stance times), COM range, WBAM range, and peak trunk
angular velocities for each stride. All measures were calculated for
the 5 strides immediately prior to and the 5 strides following a per-
turbation; the results of all 5 strides prior to the perturbation were
averaged. Data were analyzed using SPSS 23.0 and statistical signif-
icance was set at a = 0.05. The normality of variables was verified
by the Shapiro-Wilk test. A two-way repeated measure ANOVA
was used to find the effect of arm swing, walking condition and
their interactions on each variable. Both a one-way repeated

https://dx.doi.org/10.5281/zenodo.2652550
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measures ANOVA with a Bonferroni adjustment for multiple com-
parisons and a paired samples t-test were used to compare pre-
and post-perturbation among the various arm swing and walking
conditions. To evaluate learning effects, steady-state and all per-
turbations (1 to 5) were compared using a one-way repeated mea-
sures ANOVA.
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3. Results

Overall, all participants were able to recover their balance fol-
lowing the sudden slips. The assessment of the five strides after
perturbations showed significant difference (p < 0.05) between
the first two strides and the third thru fifth strides for most of
the gait variables evaluated in this study as shown in Appendix
A. As seen in Table 1, significant differences were found in most
of the gait parameters between pre- and post-perturbations
(p < 0.05). Moreover, evaluating all gait parameters in the first
stride after perturbations showed no significant differences
between the first and the rest of perturbations, therefore the first
strides in all five perturbations were averaged for each combina-
tion of conditions.

3.1. Pre- and post-perturbation

Pairwise comparisons showed that the range of WBAM
increased considerably in the sagittal and frontal planes post-
perturbation with various arm swings and walking conditions
(p < 0.001) (Table 1, Appendix B). In the bound arm condition,
WBAM range was reduced compared to normal arm swing only
in the sagittal plane, both pre- and post-perturbation (Table 1).
Peak trunk angular velocities also significantly increased in all
planes post-perturbation in all conditions (p < 0.001); the largest
changes in trunk angular velocity occurred after perturbation in
horizontal plane when the arms were bound (p < 0.001). Moreover,
center of mass (COM) ranges of motion were smaller in both the AP
and ML directions in the restricted arm condition compared to nor-
mal arm swing (Table 1). There was no significant difference in
step width between pre- and post-perturbation except in the
released condition in symmetric and asymmetric walking
(p < 0.05). The results also showed that the stance time was
decreased significantly post-perturbation (p < 0.001).

3.2. Effect of arm and walking condition

The two-way repeated measures ANOVA showed that the arm
conditions had significant effects on WBAM range in all 3 planes
of motion both pre- and post-perturbation (Table 2A); post-hoc
tests (Table 2B) showed significant differences between the normal
arm swing and the two other conditions (released and bound) pri-
marily in pre-perturbation. Arm conditions had significant effects
on trunk angular velocity in the frontal (F(2,28) = 8.73, p < 0.001)
and horizontal (F(2,28) = 4.08, p = 0.028) planes during pre-
perturbation (Table 2A, Appendix C). However, post-perturbation,
arm conditions had significant effects on trunk angular velocity
in the sagittal (F(2,28) = 4.20, p = 0.026) and horizontal (F(2,28)
= 22.10, p < 0.001) planes; moreover, there was no significant dif-
ference between the normal arm swing and the released condition
both in pre- and post-perturbation for all three planes (Table 2B).
Arm conditions also had significant effects on step width only dur-
ing pre-perturbation (F(2,28) = 5.69, p = 0.008) (Table 2A). Arm
conditions had no significant effects on stance time during pre-
and post-perturbation.

Walking conditions had a significant effect on WBAM range in
the sagittal plane (Table 2A) during pre-perturbation (F(1,14)
= 50.02, p < 0.001) and post-perturbation (F(1,14) = 29.62,
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p < 0.001). The two-way repeated measures ANOVA and post-hoc
results showed that walking conditions had no significant effect
on peak trunk angular velocity post-perturbation in all three
planes (Table 2). However, walking conditions had significant
effects on stance time and step width during both pre- and post-
perturbation (Table 2A).

There was a significant interaction between arm and walking
conditions on WBAM range during pre-perturbation in the frontal
(F(2,28) = 6.06, p = 0.007) and horizontal (F(2,28) = 3.90, p = 0.032)
planes (Table 2A, Appendix C), and a significant interaction post-
perturbation between arm swing and walking conditions was
found in the frontal plane (F(2,28) = 3.60, p = 0.041). There were
no significant interactions between arm and walking conditions
on trunk angular velocity (all planes) and step width during either
pre- or post-perturbation. The results showed a significant interac-
tion between arm and walking conditions on stance time post-
perturbation (F(2,28) = 3.75, p = 0.012) (Table 2A).
4. Discussion

In this study, we assessed the effect of various arm swing and
walking conditions on gait parameters before and after recovering
from sudden slip perturbations in young individuals. While there
were significant differences in most of the gait parameters after
the perturbations, participants efficiently adapted the gait pattern
to unexpected slips even when they were prevented from using
their arms.

Madehkhaksar et al. (2018) suggested that evaluating gait
parameters over a series of gait cycles after perturbations is a
responsive measure of gait adaptations (Madehkhaksar et al.,
2018). Therefore, we evaluated gait variables over the five strides
following perturbations. No significant differences were found
after the first two strides, which suggest that young individuals
had fully recovered postural stability two strides following a sud-
den perturbation. Conditions in which the arms were available fol-
lowing the perturbation (normal and released arm conditions)
used larger step width in the first 2 strides. Interestingly, when
the arm motion was restricted, the statistical analyses showed no
differences between step width before and after perturbations or
within the five strides following the perturbation (Appendix A).
These results seem counterintuitive, as we expected the bound
condition to be more challenging and lead to a larger step width
to quickly regain balance as reactive recovery responses are essen-
tial in sustaining dynamic stability (Marigold et al., 2003). The
combined analyses of the WBAM and the CoM presented in the fol-
lowing paragraphs suggest that participants had to implement
more drastic postural strategies to regain balance when arm
motion was restricted.

Similarly to studies suggesting that arm swing before and after
perturbations could affect gait parameters (Ortega et al., 2008;
Meyns et al., 2013; Bruijn et al., 2010), our results showed that
the different arm conditions had significant effects on most of gait
parameters pre- and post-perturbations. Bruijn et al. (2010) rec-
ommended walking without arm swing prior to the perturbation,
but allowing arm motion during the recovery phase could be opti-
mal to increase postural stability (Bruijn et al., 2010). This condi-
tion was simulated using the released condition, in which
participants were instructed to hold their arms still unless arm
movement was necessary to maintain or regain balance, presum-
ably in the event of a perturbation. As expected, prior to perturba-
tions, the released and bound conditions showed similar
differences in angular momentum compared to walking with nor-
mal arm motion. The absence of arm motion pre-perturbation
caused a smaller angular momentum in the sagittal plane and lar-
ger values in both the frontal and horizontal planes. While the
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behavior of WBAM range in the sagittal plane is in line with the
recommendation by Bruijn et al. (2010), results in the frontal and
horizontal planes are not (Bruijn et al., 2010). Our results showed
a slight advantage in the released condition due to higher angular
momentum in the frontal and horizontal planes prior to perturba-
tions. Results in the sagittal plane suggest that when participants
were not allowed to move their arms, they may have tightened
their control of the torso, which would reduce the WBAM range.
Post-perturbation, angular momentum showed no difference
between released and normal arm conditions except for the hori-
zontal plane during asymmetric walking (0.018 vs 0.015 m/s)
(Table 1, 2). This was consistent with the increased trunk angular
velocity (p = 0.057) in the horizontal plane during asymmetric
walking with released arms compared to walking with normal
arm swing (80.1 vs 67.5 deg/s) (Table 1, 2).

The results showed that the perturbations led to increased
WBAM range in all arm conditions both in the sagittal and frontal
planes. However, following perturbations, WBAM range in the
bound arm condition was significantly (p < 0.017) smaller com-
pared to normal arm condition in the sagittal plane. This suggests
that angular momentum might have been more strictly controlled
as a strategy to maintain postural balance. It seems that young
healthy participants are able to control WBAM range in the sagittal
plane to compensate for the absence of arm motion both before
and after a mild to moderate perturbation. This could have pre-
vented them from falling or experiencing a larger postural instabil-
ity, as WBAM must be quickly controlled to recover postural
stability and avoid falls after a perturbation (Pijnappels
et al.,2004, Silverman et al., 2012). This is also consistent with
the smaller CoM range of motion (Table 1) in both the AP and
ML directions when the arms were bound as compared to normal
arm swing. This tighter control of the CoM in the bound arms con-
dition, could explain why the participants did not need to increase
step width when regaining balance. Therefore, it is possible that
while regaining balance without modifying the base of support is
possible during mild to moderate slip perturbations, this strategy
might not be possible following perturbations of larger magnitude.
The effect of arm motion during perturbations of larger magnitude
remains to be assessed.

WBAM in frontal plane was smaller with the normal and
released arm conditions post-perturbation, most likely to increase
postural stability which is consistent with the findings of Ortega
et al that arm swing has a stabilizing effect on steady-state gait
in the mediolateral direction (Ortega et al., 2008). Previous
research has shown that the ability to control postural stability
in the ML direction is an important factor in the recovery of
dynamic postural balance and requires active control (Hilliard
et al., 2008; O’Connor and Kuo, 2009; Chatterjee, 2010).

Moreover, the biggest changes in peak trunk angular velocity
were seen in the horizontal plane between the bound condition
and both normal and released arm conditions in symmetric and
asymmetric walking. For instance, in symmetric walking with
bound arms, peak trunk angular velocity reached to 100.6 ± 23.9)
deg/s which was significantly larger than normal arm swing
(70.8 ± 14.0) deg/s) and released conditions (83.7 ± 22.0) deg/s).
These findings showed the positive effects of arm swing in recov-
ering a stable gait pattern after a perturbation, which is consistent
with the recommendation of Bruijn et al. (2010).

Step width was larger in the asymmetric walking compared to
symmetric walking. This is consistent with previous studies show-
ing that during steady-state, more challenging walking conditions,
such as asymmetric walking, have higher cognitive demands (Hof
et al., 2007; Young et al., 2012; Hak et al., 2013b; MacLellan
et al., 2013; McFadyen et al., 2009). Following an asymmetric slip,
all arm conditions displayed a reduced WBAM range in sagittal
plane and showed an increased step width when compared to
symmetric conditions. As the perturbation is a greater challenge
to postural stability than asymmetric gait, reducing the WBAM
range in the sagittal plane and reducing the displacement of the
CoM in both the AP andML directions, could be an optimal postural
strategy to control postural balance and avoid falling.

During asymmetric walking treadmill speed for the right leg
was 20 percent slower than symmetric walking (0.96 m/s) which
could be one of the reasons for increase stance time during asym-
metric walking. After perturbation, stance time was decreased; this
could help the subjects to regain their postural stability.
4.1. Limitation

Results from this study are only generalizable to young and
healthy individuals. The level of fitness of our participants was
not assessed and therefore could be a limiting factor in this study.
Future research is needed to investigate the effect of arm motion
and asymmetric walking following a perturbation in elderly popu-
lation and fallers as factors such muscle strength and the ability to
efficiently respond to perturbations could affect the recovery
responses which are critical for preventing falls (Maki and
McIlroy, 2006; Roos et al., 2008; Pijnappels et al., 2008). All pertur-
bations were performed on the right side as most of the subjects
(14 out of 15) were right leg dominant. The effect of various arm
swing and walking conditions on gait parameters when perturba-
tion performs on non-dominant side remains to be assessed.
5. Conclusion

Understanding of how humans control balance and recovery
responses after a slip is fundamental in falls research and thus
may help to reduce the incidence of falls. In this study, perturba-
tion introduced by transiently desynchronizing the treadmill belts
speed and right treadmill belt speed increased (70 percent) at the
moment of heel strike. Various arm swing conditions had signifi-
cant effects on most of gait parameters during pre- and post-
perturbation. However, none of the participants fell following the
perturbations which indicate that perturbations were mild to mod-
erate in magnitude and participants were able to implement stabi-
lization strategies to prevent fall. Future investigations on elderly
population and fallers are needed to better determine the effects
of arm swing and asymmetric walking on gait parameters after a
sudden slip.
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