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Falls, especially those caused by slips, are amhai@th concern. Past research has
examined the mechanisms of preventing a fall frdoraard slip; however, the effects of a
mediolateral component to the slip have not beerotighly analyzed. The purpose of this study
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affects the loss and recovery of balance.
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walking. Participants slipped four times acrosdri&ls, with the final three slips analyzed. Each
participant slipped once in the forward, forwarddateral, and forward-and-medial directions
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Twenty-five variables, extracted from the recordemtion capture data, were analyzed.

The position and velocity of the participants’ aarf mass at the end of the slip and at
touchdown of the first recovery step differed beswslip directions. During a lateral slip,
participants lost their balance medially and, dgianmedial slip, they lost their balance laterally.
This caused variations in stepping patterns useedcting to the different types of balance loss.
Participants responded to lateral slips with aifigantly shorter, wider, and quicker step
whereas, for medial slips, they tended to takegelatep across their midline. Adding a
mediolateral component to a forward slip was fotondot only change the resulting loss of
balance, but also change the reaction to the slip.
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Effects of Medial and Lateral Motion of the Foot
during a Forward Slip on the Loss and RecoveryalaBce

Introduction

Slips are a serious issue. Slips can resultllis, fahich can lead to health problems, limit
activities of daily living, or even cause death (& al., 2000; Hornbrook et al., 1994; Wolinsky
et al., 1997). Because slips are a problem, méttyecaspects of slipping and the recovery from
a slip have been studied. Moyer et al. (2006)istlithe pre-slip characteristics that may
influence whether or not a person recovers thdaruoa after a slip. Tang et al. (1998) studied
the muscles used in the slipping leg to regainrzaa Bhatt et al. (2005) studied the
compensatory step that occurs after a person slihese studies generally looked at a slip in
which the foot slips forward. One topic that has Ibeen studied enough, however, is the effects
on the loss and recovery of balance when a medralatomponent is added to a forward slip.
Oftentimes, a slip that occurs when the foot is teamove in any direction will have some sort
of mediolateral component to it (Troy & Grabine@0B). It is therefore important to know if and
how that component may affect the loss and recovkEbglance.

In the United States, more than one third of adartio are aged 65 years or older
experience a fall each year (Hornbrook et al., J9%& the population of the United States ages,
the problem of falling will only increase. Twerttythirty percent of people who fall will
experience moderate to severe injuries (such asya@c brain injury or hip fracture), which can
decrease mobility and independence (Alexander, €1292). Notably, falls cause 95% of the hip
fractures sustained by adults 65 and ol@isso et al., 1991). Severe injuries such as hip
fracture can cause serious health problems andde@adluced quality of life; severe injuries

resulting from a fall can even lead to a prematigath (Wolinsky et al., 1997; Hall et al., 2000).



There are psychological issues involved with fgllas well. Many people who fall
develop a fear of falling, even if they were nqured very much (Vellas et al., 1997). The fear
of falling can lead to a limitation of activitieshich can lead to reduced mobility and less general
fitness (Vellas et al., 1997). This actually irases the risk of falling (Vellas et al., 1997).

Falls and fall-related injuries are an enormouslenrto the health care system (Stevens,
2005). In 2000, the direct cost (initial medicatts are included, but long-term costs are not) of
all fall related injuries for people aged 65 yeansl older was $179 million for fatal falls and $19
billion for nonfatal falls (Stevens et al., 200@y 2020, the annual direct and indirect cost of fa
injuries is expected to reach $43.8 billion (Endl@net al., 1996). Because falls are such an
enormous burden, both to the individual and toedgcihere is a need to fully understand falls in
order to help prevent them.

Slips are a common cause of falls, so it is impdrta know what influences whether a
slip will result in a fall (Gabell et al., 1985Among the factors that are important in determining
whether a person will fall or recover are the ese¢hat occur before a slip. Moyer et al. (2006)
investigated some of the characteristics of gdirieea slip occurs. They compared the gait of
younger subjects to older subjects, and had ajestdwalk onto a tile walkway that had been
coated with glycerol and water. Some factors atdginning of a slip were associated with
more severe slips; these included a large stepHemgl a quickly changing angle between the
floor and the foot. Age was not a predictor of slegerity of a slip; however, older adults had
shorter step lengths and more slowly changingtmd@bor angles. Thus, if age were not a factor
then one would expect older adults to have fewegrgeslips, which was not the case. Older and
younger adults experienced severe slips at abeigaime rate. The investigators concluded that
some gait variables that occur before a slip caimipertant factors in the ensuing severity of a
slip but that other factors are also important.

Consistent with this, Brady et al. (2000) foundtthamall leg-to-floor angle at heel-

strike, indicative of a long stride length, indigdtthat a participant was more likely to fall after



experiencing a slip. The variable most stronglsitesl to slip outcome in the analysis, however,
was slip length; the longer the slip, the lesslyilane was to recover. Before this study, many
researchers believed that if a slip was over 10nciength and 50 cm/s in velocity, it was very
close to being a slip that could not be recoverechf However, this study showed that, while
slip length is an important determinant of the guesseverity of a slip, it is possible to recover
from a slip of 20 cm and 100 cm/s.

In 2001, Redfern et al. reviewed literature onlitemechanics of gait when slips are
involved, to determine differences between slipd tbad to a fall and those that result in a
recovery. The researchers wrote that the grousctioan force between the shoe and the floor
was probably the most critical factor in slips (Red et al., 2001). During a slip, ground
reaction forces are reduced and it seems thaiaia that result in a fall, body weight is notlful
transferred to the slipping leg.

Beyond knowing what gait characteristics influetioe severity of a slip, it is important
to understand the mechanisms of response to alslip984, Berger et al. examined the response
time to a perturbation during walking. The invgators produced a perturbation by randomly
accelerating or decelerating a treadmill or stirtintathe tibial nerve and recorded the muscle
activations (Berger et al., 1984). The reactiameti65-75 ms, was too long for the reaction to be
a short latency stretch reflex but too short t@lm®gnitive response. The response to a
perturbation during walking thus seems to be a mradb long latency reflex, and is a complex
reaction generated at the spinal level.

Cham and Redfern (2001) observed the joint angldsy@ments of the slipping leg in
response to a slip. They found that the initiactens to a slip included the generation of knee
flexion and hip extension moments. The ankle didseem to play much of a role in the
recovery. It seems that knee and hip momentssee o flex the knee and try to bring the

slipping foot back towards the body.



In 1998, Tang et al. studied the role of diffeneniscles in the recovery of balance after a
slip. Hip and trunk muscles are the muscles mambgontrol of balance during normal walking.
However, it appears that leg and thigh musclesnapertant in reacting to a gait disturbance
(Tang et al., 1998). The investigators slippedigipants by displacing a force plate in the
anterior direction. There was more hip and trunisate activation upon the first slip than in later
trials. The investigators suggested that thisdbel caused by the nervous system overreacting
to a new balance disturbance; the nervous systemsst lessen its reactions over time. They
found that hip and trunk muscles did not seem tmbee important or react more to the
disturbance than leg and thigh muscles in both |8dee investigators showed that leg and thigh
muscles and the coordination between the two lege wery important in regaining balance.

Marigold et al. (2003) investigated how the nomsiing leg and the arms are involved in
a response to a slip initiated by rollers. Theaeshers found that the muscles of the non-
slipping leg, the upper body, and the arms weraiitedl at the same time as the muscles in the
slipping leg. It seems then, that the nervousesystoordinates the reactions of both the upper
and lower body in response to an unexpected slip.

Bhatt et al. (2005) investigated the role of theteeof mass (COM) position and
velocity in stability after a slip and the effedttbe recovery step after a slip. Young particigan
were slipped by a platform that moved in the anotadirection as they walked at a slow, natural,
or fast gait speed. At slip onset, the group welked quickly was the most stable (Bhatt et al.,
2005). Both an anterior COM position and a high\Cénterior velocity were correlated with
greater stability. Those who slipped at a slovperesl had a more anterior COM, but this did not
compensate for their slower velocity. At the remgvstep’s touchdown, all groups showed an
increase in stability. The group that walked slotok a smaller recovery step, so their COMs
were more anterior to the stepping foot. As alteatithe touchdown of the recovery step, there
was no difference in stability among the groups telked at different speeds. The investigators

found that both COM position and velocity affeat geverity of a slip. They also found that the



recovery step resembled the regular gait pattetinahstep length increased as gait speed
increased. The investigators believed that thisdconean that the motor program involved in
normal gait could help determine what happens dttie recovery step after a slip.

In 2006, Troy and Grabiner compared slips induaed slippery surface and those
induced with a platform that moved in a forwardedtion. The investigators found that some
variables do differ dependent upon the type ofiglijuced (Troy & Grabiner, 2006). They found
that the acceleration of the slipping foot durihg slips caused by the slippery surface was
almost two times larger than the acceleration efftiot during the slips caused by the platform.
Reaction times were also slower for those slipgat@id by a platform. While slips initiated by
the slippery surface had a mediolateral comportbistwas lacking in platform-induced slips
because of the nature of the platform. The ingastis felt that the slips that occurred as a tesul
of the platform appeared to be less severe thasettiat were caused by the slippery surface. |
believe that the lack of a mediolateral componentda have contributed to the platform-induced
slips appearing less severe. When people expergefarward slip that also has a mediolateral
component, their reaction must compensate forrtteatiolateral component. Not only must they
adjust for their anteroposterior movement, but timeast also adjust in the mediolateral direction.
This may make slips with a mediolateral componeherently different from those lacking that
component, and thus may necessitate a differeatioaa

This idea is consistent with the results of Makalet{1996), who had subjects stand on a
moveable platform that could move in eight diffdrdimections. The subjects were instructed to
stand on the platform and were then slipped whemplatform was moved under their feet. The
investigators looked at the effects of slip directon the stepping response. They found that
there were distinct differences in the way subjettépped dependent on whether there was a
lateral component to the slip. Step length, step,tand swing duration all depended on whether

there was a lateral component to the slip or Atius, this study showed that slips that occur



during standing and that have a mediolateral compiodo result in different stepping responses
than those slips that only have an anteroposteomponent.

We know that the steps taken before a slip carcttie outcome of a slip (Moyer et al.,
2006; Brady et al., 2000). We know that the ihitessponse to a slip seems to be a medium to
long latency reflex (Berger et al., 1984) and wewmwhich muscles and patterns of joint
moments are used in response to slips (Tang €i98l8; Marigold et al., 2003; Cham & Redfern,
2001). We even know something about the step@sganses that occur after a slip (Bhatt et al.,
2005). Yet most of this knowledge is for mechalhyeimduced slips that lack a mediolateral
component. This is a limitation in that we als@¥that, during standing, the reactive stepping
response to a slip with a mediolateral componedifisrent from the response to one that just
has an anteroposterior component (Maki et al., L1996 therefore need to know more about
how a slip with a medial or lateral component thaturs while walking differs from a slip
without a mediolateral component, because thetsestithose different types of slips may differ
from one another and may place individuals at diffgrisks of falling.

Falls can cause injury, and many falls are preatigtt by a slip. Therefore, many of the
factors associated with recovery or falling upapmhg have been studied. That said, there has
been no systematic study of the effect of a meti#dhcomponent on the loss of balance and
subsequent recovery from a forward slip. The psepaf this study is thus to investigate the
effects that a medial or a lateral component cae loa the loss and recovery of balance
associated with a forward slip during walking. WYWgoothesized that the addition of a medial or
lateral component to a forward slip would alter thation of the center of mass (COM) resulting
from the slip. We further hypothesized that thectm®n to a slip would vary dependent upon the
direction of the slip. We felt that adding a medieral component to the slip would create the
need for a response that would compensate fonbédtolateral component by changing the step

length and direction, as well as the body positind velocity.



Methods

Participants

Fifteen apparently healthy young adults particigatethis study, (6 males, 9 females,
mean = SD: 171.2 + 7.1 cm in height, 66.3 = 8.0rkghass, and 20.9 + 2.7 years of age). We
asked participants to report any musculoskele&lraiogical, cardiopulmonary, or other
systemic disorders, as well as any recent illnesspsegnancies. We excluded anyone who had
any of the previous conditions. In addition, weleged individuals from participating if they
were under the influence of drugs or medicationas tould impair their physical or mental
function. All participants signed an informed censform that was approved by the Institutional

Review Board.

Instruments and Apparatuses

Slips in different directions were induced duringlking using a perturbation platform.
The platform was embedded at the midpoint of a erdeng by 2.5 meter-wide raised wooden
walkway. The flat, circular, metal platform (40 emdiameter) was capable of sliding
horizontally along a set of rails. Normally, tHatform stayed in one place when the participants
stepped on it. However, when we triggered it tpiston driven by compressed air at 414 kPa
pushed the platform rapidly along the rails to & pesition, simulating a slip. To prevent the
rails and air cylinder from being seen or steppedacthick metal cover plate (74 cm in diameter)
was located just below the sliding platform but\abthe rails and air cylinder. The cover plate
was flush with the surface of the raised walkwang provided a solid, level surface for the
participants to walk on. The device was capableenfig rotated and locked into any of three
different orientations, allowing the sliding platfio to move forward, diagonally forward-and-

right (45 to the right of forward), or diagonally forwardexteft (45 to the left of forward).



Due to a symmetrical pattern of slots cut intocheer plate, the participants were unable to
determine the direction in which the platform wounidve In all three of the possible movement
directions, the platform moved approximately 13inrabout 0.19 seconds when inducing the
slips.

We used a Labview (National Instruments, Austin) program to trigger the slips.
When enabled, the program automatically triggerslibavhen 10 % of the participant’s body
weight was detected by a force plate (Bertec, CblusnOH) beneath the perturbation platform,
and the participant’s foot was within a designatedtact area determined by the participant’s
foot length. For a slip to occur, we also hadedblding down a button. Shortly before the heel
came in contact with the platform during a planskggbing trial, if it appeared that the heel
would touch the platform in the correct position,iavestigator would push and hold down the
button. When a planned slip was not triggeredndyai trial, we attempted to induce the slip
during the next trial.

For their safety, participants were secured fotrglls into a fall arrest system that
prevented any part of the body other than theffeat hitting the floor should balance recovery
fail. The fall-arrest system consisted of a fuildly safety harness that was attached, by two
dynamic ropes, to a load cell that was attachetlyrm to a trolley that could move along a
ceiling-mounted rail. The load cell (Sensotec,ddbus, OH) measured the force put on the fall-
arrest system, and this force was recorded at 60@Hrg the trials. The two dynamic ropes
were attached to the harness at each shoulderadjisted the length of each rope so that the
participant’s knees could come close to the grobaticould not touch it. During each trial, an
investigator pulled a third rope that was attaciuetthe trolley to keep the trolley above the
participant as he or she walked.

The movements of the participant during each wigde recorded at 120 Hz by a nine-
camera motion capture system (Vicon, Lake Fore&}, his system tracked the motion of 33

reflective markers of 9 mm diameter that we tapethé¢ participant’s skin and clothing. Markers



were attached at landmarks that included: the dglitleft heel, toe,"5metatarsal, ankle, leg,
knee, thigh, shoulder, elbow, and wrist, the pel6)s neck, chest (2), and head (4). In addition
to the data collected by the motion capture systedigital video camera obtained a video record

of each trial.

Experimental Procedures

Participants began with a short warm-up and, #fiereflective markers were attached,
performed a sequence of six stretching exercisgsticompassed the major muscle groups of
the lower limbs. The participants then performeseond warm-up, consisting of stepping up
onto a 13 cm-high step and then back down 10 timeach of three directions. Next, in order to
determine the participants’ dominant foot, we askedparticipants to stand still and then take
several steps forward upon our command. We notechwoot they stepped with first in two out
of three trials. Participants were then securéaltime fall arrest system.

After an initial data collection trial of quiet stding in a reference position, each
participant walked across the platform for a tofahpproximately 30 trials. We identified the
participant’s initial starting location for the Vg trials by having the participant stand on the
platform and take three steps towards the far étideovooden walkway. From that starting
location, we instructed participants to walk nallyrat a self-selected pace, to the other end of
the walkway upon our verbal command, and to stepethintil told to return to the starting
location. We instructed participants to begin pteg with their dominant foot, so that foot
would contact the sliding platform upon the thitels In addition, we told them to look straight
ahead at a target on the far wall of the laboratdrife walking. We informed participants that
they could experience a slip in any direction dgidmy of the upcoming walking trials and that,
if they slipped, they should try to recover theatdnce and continue walking to the end of the

walkway. We used a pair of timing lights, spaced&part, to monitor the participants’ walking
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speed across the platform. An investigator coniptite average walking speed over the first
five trials and if, during one of the trials thatlbwed, a participant walked more than 10% faster
or slower than that average speed, the investigatad him or her to slow down or speed up
slightly for the next trial, respectively.

We assigned four of the trials to contain a slipme of the three aforementioned
directions: forward, forward-and-medial (“medialdy, forward-and-lateral (“lateral”). The four
slips occurred during trial 7 and during a randos@iected trial within trials 11-14, 18-21, and
25-28. Because it was possible that the respantbetinitial slip would differ from the response
to subsequent slips (Pavol et al., 2004), we regede slip in the first direction a second time;
the slips in the other two directions occurred amge. The order of exposure to the slips in the
three directions was counterbalanced across paatits.

The motions of the participant, the forces actingarce plate located beneath the sliding
platform, and the forces acting on the fall-arsgsttem were recorded during each trial. In
addition, at the end of data collection, we meastine body weight, height, and selected

anthropometric dimensions of each participant.

Data Analysis

We analyzed the last three slips of each partitiptnafter the slip onset, an average of
5% or more of a participant’'s body weight was sufgmbby the fall arrest system over any 1-
second period, we classified that trial as a f@therwise, the trial was classified as a recovery.
The same method of classifying the outcome offavetis used in a previous study (Pavol et al.,
1999).

From the recorded marker position and force dagacomputed the values of selected
variables associated with a participant’s reactiotihe slip. We low-pass filtered the marker

positions with a fourth-order Butterworth no-laljer with a cutoff frequency of 13Hz, based on
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a residual analysis (Winter, 2004). We used aoou®odyBuilder program (Vicon, Lake Forest,
CA) to compute the 3-dimensional positions of jaenters from the filtered marker paths using
transformations derived from the reference triafjoiet standing and the measured body
dimensions. We calculated the position of the boshter of mass (COM) from those joint
centers and sex-specific anthropometric data (deLE®96) in a 12-segment model of the body.

Four events were of interest. The same investigagaally determined the timing of
these events from the marker paths. The investigédssifiedslip onset as the moment after
heel touchdown when the heel started to move wnéirmuous anterior motion. Thead of the
dlip was determined to be the time when the entirestogiped moving as one unit. The
investigator determined the instantsioh-dominant and dominant foot touchdown for the first
recovery step by each foot, based on when thepfindtof the foot appeared to touch the surface
of the platform or walkway.

We analyzed 25 dependent variables at or betweeeuvitnts of interest. The COM
position and velocity were determined with resged¢he dominant (i.e. slipping) foot at slip
onset, the end of the slip, and dominant foot tdogin, and were determined with respect to the
non-dominant foot at non-dominant touchdown. Wmapoted the anteroposterior distance from
the heel to the COM (COM x) in foot lengths. A piee number indicates that the COM is
anterior to the heel. We computed the mediolatdisdhnce from the lateral border of the foot at
the 8" metatarsal head to the COM (COM y) in body heightg, with a positive number
indicating that the COM is medial to th8 Betatarsal. We computed the anteroposterior and

mediolateral velocities of the COM through numéritifferentiation of the COM paosition. We

expressed the velocities as Froude numbers by tiaingethem to./(g x bodyheight), where g

is the acceleration due to gravity. We computgdtshe from the onset of the slip until the end
of the slip. We computed non-dominant step tinoenfslip onset until the non-dominant foot’s

touchdown. We measured dominant step time frooméimedominant foot’s touchdown until the
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dominant foot’s touchdown. Slip length was meag@a® the displacement of the slipping foot's
heel between slip onset and the end of the slgy.the first recovery step by the non-dominant
and by the dominant foot, we determined both thieraposterior step length and the
mediolateral step width in body heights. The langftthe step preceding the slip was also
determined. Step length and step width were defasethe anteroposterior and mediolateral
distances between the two ankle joint centerseairigtant of step touchdown. A positive value
for step length indicates that the participant géepanteriorly, and a positive value for step width

indicates that the participant stepped lateralligtiee to the stepping foot.

Satistics

Two of the 15 participants tested exhibited readtito the slip that were markedly
different from all other participants for at leaste of the slips of interest. After the slips in
question, the two participants made a short, gsiieg with their non-dominant foot; in at least
one case for each participant, the length and iduraf the step were 2-2.4 standard deviations
below the mean. They then took a second stepttdtin non-dominant foot before taking a step
with their dominant foot. Because this was a \different reaction than that exhibited by the
other participants, we did not include the datthese two participants in the statistical analyses.

We performed repeated-measures analysis of var{@i@VA) on each dependent
variable, with the slip direction (forward, medikgteral) as the independent factor. If sphericity
was violated, we used a Greenhouse-Geisser camedHaired t-tests with a Bonferroni
correction were used for post-hoc testing. Througlthe analyses, we used a significance level

of a = 0.01. We performed all of the statistical asakyusing SPSS 15.0 (SPSS, Chicago, IL).
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Results

All of the participants recovered from all thre@éyg of slips. The largest value observed
for the peak 1-second-average load put on theyshfghess system was 3.2% of the participant’s
body weight, with the average value across pa#didip being 1.6 + 0.7% of body weight. The
results that follow thus reflect the kinematicsa€cessful recovery from the three types of slips.

In the moments leading up to a slip, the gait \deswe analyzed, namely step length,
COM position, and COM velocity, did not vary sigo#ntly between slip types (p > 0.01). The
length of the step preceding the slip did not difetween different slip types (0.395 + 0.025 bh;
p>0.01). The COM was posterior to the slipping'®obeel (-0.427 + 0.114 foot lengths) and

slightly medial to the slipping foot's"Smetatarsal (0.063 + 0.009 bh) for all slip typetha

onset of the slip. The COM was moving anterio@ly3(4 + 0.028,/g (bh ) and laterally (-0.022

+ 0.006,/ g (bh ) with respect to the slipping foot at slip onset.

We observed some variation in the characterisfitseoslip between directions. The
time from the onset to the end of the slip did differ between slip types (0.19 +0.01 s; p >
0.01). The distance of the slip, however, diffesgghificantly dependent upon the type of slip
induced. Lateral slips (13.4 + 1.0 cm) were, oarage, longer than medial slips (12.3 £ 0.9 cm;
p < 0.01), whereas neither of these differed igilerirom forward slips (12.7 £ 1.1cm).

At the end of the slip, there were statisticallyngiicant differences in COM position and
velocity between slip types (Table 1). The COM waterior to the heel for medial and lateral
slips, but was posterior to the heel, on averageorward slips. Lateral slips resulted in a COM
that was more medial to th& Fetatarsal of the slipping foot than did forwaligswhich, in
turn, resulted in a COM that was more medial thaheend of medial slips. The COM was

moving anteriorly at approximately the same velpaitthe end of each type of slip. However,
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the COM was moving more laterally with respecthe slipping foot for medial slips than for
lateral slips.

The duration, length, and width of the initial reeoy step by the non-dominant foot after
lateral slips differed from those after medial &mavard slips (Table 2). The step time from the
onset of the slip to the touchdown of the non-d@nirfoot was less for lateral slips than for
forward and medial slips. In addition, the stepglfy by the non-dominant foot for lateral slips
was less than for forward or medial slips. The stelth for lateral slips was greater than for
forward slips which, in turn, was greater thanrfadial slips.

At the touchdown of the initial recovery step bg thon-dominant foot, the position of
the COM in relation to the foot, as well as the makderal velocity of the COM, was still
significantly different between slip types (Table At the time of nhon-dominant touchdown, the
COM was more posterior to the heel for forward aratlial slips than for lateral slips (Figures 1
— 3). For lateral slips, the COM was more mediahe %' metatarsal of the non-dominant foot at
touchdown than for forward slips, for which the C@Ms more medial than for medial slips
(Figures 4 — 6). At non-dominant touchdown, theMC®as moving primarily anteriorly and the
difference in anterior velocity between the thriggsstypes was not statistically significant (p >
0.01; Figures 1 — 3). However, on average, the G@lg also moving medially with respect to
the non-dominant foot for medial slips but latgrddir forward and lateral slips (Figures 4 — 6).

The first recovery step taken by the dominant footresponding to the second recovery
step overall, was not significantly different beemeslip types with regard to step duration,
length, or width (Table 2). The difference in giep time from the non-dominant foot
touchdown until the dominant foot touchdown wasstatistically significant between slip types
(p > 0.01). In addition, the differences betwedmmnglip types for both step length and step width
were not statistically significant (p > 0.01).

Similarly, at the time of dominant foot touchdowine position and the velocity of the

COM relative to the foot did not vary between ¢jipes (Table 1; p > 0.01). The COM was
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posterior to the heel of the foot for all slip tgpand was medial to th& fetatarsal for all slip
types. The COM was moving anteriorly and lateralith respect to the dominant foot for all slip

types at the time of dominant foot touchdown.

Table 1: Mean + SD Center of Mass (COM) Positinod ¥elocity at Select Events of Interest as
a Function of Slip Direction

Variable Medial Slip Forward Slip Lateral Slip
End of slip COM x (ftlen)  0.107 +0.145* -0.028 +0.140tt 0.155 +0.182*
End of slip COM y (bh) 0.008 + 0.009*t  0.056 +0.010t+  0.111 +0.013*F

Non-dominant TD COM x (ftlen) -0.528 +0.204t -0.620 +0.2101 -0.122 + 0.281*F
Non-dominant TD COMy (bh) 0.001 +0.018*t 0.073 +0.015tF  0.111 +0.020*%

Dominant TD COM x (ftlen) -0.819+0.199 -0.830+0.272 -0.787 +0.244
Dominant TD COM y (bh) 0.074 +0.022 0.077 £0.026 0.075 + 0.027
End of slip COM vx V(gebh) 0.292+0.034 0.292+0.032  0.292 +0.028
End of slip COM vy V(gebh) -0.011 +0.009t -0.009 +0.010 0.005 + 0.017%

Non-dominant TD COM vx V(gebh) 0.299 +0.046  0.300 * 0.029 0.284 + 0.041
Non-dominant TD COM vy V(gebh) 0.061 +0.022*t -0.026 +0.012* -0.050 + 0.045%
Dominant TD COM vx V(gebh) 0.270+0.046  0.275 + 0.064 0.286 + 0.039
Dominant TD COM vy V(gebh) -0.020 +0.025 -0.018 £ 0.024 -0.021 £ 0.027

*p < 0.01 vs. Forward; 1t 0.01 vs. Lateral; g 0.01 vs. Medial

COM x = distance from the heel to the COM; positivenbers indicate that the COM is in front
of the heel. COM y = distance from th® fetatarsal to the COM; positive numbers indichgg t
the COM is medial to the"Smetatarsal. COM vx = anteriorly-directed veloaifythe COM.
COM vy = medially-directed velocity of the COM. |Alalues are reported with respect to the
dominant (slipping) foot at the end of the slip atdlominant TD. Values are reported with
respect to the non-dominant foot at non-dominant TD = touchdown of the foot to the floor;
ft.len = foot length; bh = body height; g = accat@n due to gravity.
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Table 2: Mean = SD Time, Length, and Width of tlirstfRecovery Step by the Non-dominant
and by the Dominant Foot as a Function of Slip iosn

Variable Medial Slip Forward Slip Lateral Slip
Non-dominant Step Time  (S) 0.563 £0.0781 0.581 +0.0581 0.355+ 0.114*F
Dominant Step Time (s) 0.492 + 0.065 0.512 + 0.085 0.458 + 0.093

Non-dominant Step Length (bh) ~ 0.310 + 0.049t 0.318 + 0.0341  0.131 + 0.108*f
Non-dominant Step Width  (bh) ~ -0.055 + 0.039*t 0.068 + 0.025t+  0.160 + 0.039*f
Dominant Step Length (bh)  0.321+£0.048 0.317+£0.069  0.334 +0.051
Dominant Step Width (bh)  0.055 +0.039 0.073 £ 0.041 0.095 + 0.050

*p <0.01 vs. Forward; T 0.01 vs. Lateral; g 0.01 vs. Medial

Non-dominant Step Time = time from slip onset uhfll of the non-dominant foot. Dominant
Step Time = time from TD of the non-dominant foatiuTD of the dominant foot. Step length
and width were measured between ankle joint ceatef®, with positive values corresponding
to a forward and medial step relative to the cdatesal foot, respectively. TD = touchdown of
the foot to the floor; bh = body height.
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Discussion

Falling can lead to a serious injury, or even deiatblder adults. Slips are a major cause
of falls, and the ability to regain balance aftalip greatly determines if and how the persorsfall
(Gabell et al., 1984). This study investigated hmedial or lateral motion of the foot during a
forward slip affected the loss and recovery of badéa We hypothesized that mediolateral motion
of the foot during a forward slip would add a si@dgs component to the resulting loss of balance,
causing individuals to change the way in which tregcted to the slip.

The direction that participants slipped greathyuahced where their COM was in
relation to their slipping foot at the end of thip,sboth in the anteroposterior and mediolateral
direction. In the anteroposterior direction, slipshe forward-only direction (“forward”) resulted
in a COM that was posterior to the heel. This sigsificantly different from slips in the
forward-and-medial (“medial”) or forward-and-late¢dateral”) direction. At the end of these
latter two types of slips, the COM was anteriottte heel. Although all slips were essentially the
same length, the forward slip did not have a metiohl component. As a result, the heel moved
more anteriorly during the forward slip than durthg other two slip types. This greater anterior
motion caused the COM to be posterior to the hiletably, the COM moved anteriorly relative
to the heel during all types of slips, despiteftrard motion of the foot. This is likely due to
the large forward velocity of the COM at slip onsmimbined with the relatively short length and
duration of the slip.

Where the COM was and how it was moving in the wletiral direction at the end of
the slip was also greatly determined by the typglipfundergone. The COM was most medial to
the slipping foot for participants who slipped laiéy and least medial for those who slipped
medially. The COM was moving laterally relativetie slipping foot for medial slips and
medially for lateral slips by the end of the sliphe position of the COM with respect to the

slipping foot at the end of the slip was as exmhcéce the foot moved approximately 9 cm



21

away from or towards the body during the slipshia kateral or medial direction, respectively.
The direction of the slip, to a great extent, daeiaed where the participants’ COM would be in
respect to the dominant foot. As one would hayeeeted, the direction of the slip also
influenced the participants’ COM velocity at thedesf the slip. It appears that a shift of the base
of support medial or lateral to the COM duringia shused the weight of the body to produce a
torgue about the foot that rotated the body inafeosite direction. We hypothesized that adding
a mediolateral component to a forward slip wouldrade the effects of the slip, and the way in
which balance was lost. The present data showshbammediate effects of a slip do vary
dependent upon what type of mediolateral compoisgmiesent.

The direction of the slip led to different reacsonrAfter the slip, participants who slipped
laterally took a significantly shorter, wider, glaér step with their non-dominant foot than
participants who slipped forward or medially. Th@n-dominant foot stepped medially relative
to the slipping foot in forward slips, and moreisdateral slips. In contrast, participants who
slipped medially tended to take a large step viigirtnon-dominant foot over their midline. As a
result, the non-dominant foot was lateral relatvéhe slipping foot at step touchdown for medial
slips, compared to medial to the slipping foot dgrorward and lateral slips. These results
make sense. When participants started to loselibkince, they placed their foot in the direction
of their bodies’ movement. It makes sense thdtgipants generally stepped forward after a slip,
based on their velocity at the end of the slipe $tep length for lateral slips was significantly
shorter than for forward or medial slips. The $tostep length could have been an attempt to
quickly reestablish mediolateral stability. Thepense seen in lateral slips would not be possible
for medial slips, since, in medial slips, the ftratveled a large distance when it crossed the
midline. Thus, we see very different reactionsrider to regain one’s balance when subjected to
different types of slips.

At touchdown of the non-dominant foot, the COM,amerage, was posterior to the heel

for all three slip types. The COM position aftdateral slip was significantly less posterior to
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the heel than after the other two slip types. Ty make it appear that the non-dominant step
after a lateral slip resulted in a COM positionttivas more stable than the steps after other types
of slips. However, the COM was moving anteriody &ll slip types. This allowed participants

to maintain their balance. Although their COM vpassterior to their heel, their anterior velocity
prevented them from falling backward (Pai & 1glE999).

By the touchdown of the non-dominant foot, parteits had different COM positions
and velocities in the mediolateral direction deparidupon the type of slip that had occurred.
After lateral slips, the COM was moving laterallitwrespect to the non-dominant (stepping)
foot, so participants placed their foot lateralite COM to stop that movement. This was also
the case, but to a lesser magnitude, for forwapa slAfter medial slips, the COM was moving
medially with respect to the stepping foot, soawarage, participants placed the lateral border of
their foot directly under the COM. In all thregés of slips, participants placed their foot in a
position that would allow them to slow down the niadateral velocity of their COM.

By the time of the dominant foot’s touchdown, thesse not any variables that we
analyzed that differed dependent upon the diredfdhe slip. The step time, step length, and
step width from the non-dominant foot’s touchdovmtillthe dominant foot’s touchdown was
about the same for all three types of slips. TRdVGvas posterior to the heel at step touchdown
in all three slip cases. However, the participandsnot lose their balance at this point because,
in all three types of slips, the COM was movingeaiatly at the time of dominant touchdown
(Pai & Igbal, 1999). For all three slip types, tmapants placed the dominant foot medially
relative to the non-dominant foot. The COM was iaki the dominant foot at step touchdown
and moving laterally for all directions of slipping he lack of differences between the three slip
types suggests that by the time of dominant faattidown, participants may have recovered
from the initial slip. The position and velocitythe COM seem to be similar to what we would

see in natural walking. In normal walking, you wibaxpect the COM to be medial to the foot
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and moving towards the foot that had just steppethe ground (Bhatt et al., 2005); this is what
we saw.

The results of two participants were not evaluatéd the rest of the results because the
first step with their non-dominant foot after tHip svas markedly different from all of the other
subjects. The two participants made a short, gstieg with their non-dominant foot such that
they failed to put their non-dominant foot in fraftthe dominant foot. Their COM was moving
anteriorly relative to their heel at touchdown, dgimeir more posterior foot placement would have
led to faster forward rotation of the body duringnee, due to the greater moment arm of the
weight about the foot. This appears to have catrs®d to take another step with their non-
dominant foot before they stepped with their domtrfaot. One of the participants used this
mechanism to recover her balance during a forwigsdand the other reacted in this manner in
recovering from both forward and lateral slips.isT¢ould signify that there are a variety of
reactions that people may exhibit to the samessiipulus.

The reaction of stepping twice with the same faatduse the first step did not move the
foot anteriorly enough to regain balance was seenminority of cases in this study. In only two
other cases did a participant place the steppioggosterior to the slipping foot, but only slightl
so and they then stepped with the contralateral fboa previous study, however, most of the
subjects, when faced with a forward slip while viradkat a natural speed, placed their non-
slipping foot posterior to both the slipped footlda their COM (Bhatt et al., 2005). The slips
induced in that study were larger, 35.2 + 0.63 @tran the slips in this study, 12.7 + 1.1cm for
forward slips. Stepping behind one’s COM wouldaibeappropriate response to a backward
balance loss. On the other hand, a backward bmlass following a slip can be prevented if the
COM is moving forward fast enough, and the veloo#iguired to prevent a backward balance
loss is smaller for smaller slips (Pai & Igbal, 999 The fact that few of our participants stepped

posterior to their slipping foot suggests thatim study, participants may not have lost their
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balance backwards and depended on their forwaatisglto carry them over the platform until
they put their foot down in front of their COM.

In our study, we added a mediolateral componeatftoyward, platform-induced slip. A
mediolateral component to a slip is not frequestlydied in platform-induced slips, and may
make platform-induced slips more similar to ref 8lips. A previous study noted that slips
induced by a perturbation platform vary from slipat occur on a slippery surface where the foot
is free to slip in any direction for any distandedy & Grabiner, 2006). In that study, slips that
occurred on a slippery surface seemed to be mesgesehan slips that occurred on a platform.
Most notably, the slips caused by the slipperyaaafexhibited considerable mediolateral motion
of the slipping foot (4.2 cm). This mediolaterakion of the slip has been missing in many
studies of platform-induced slips to date (Troy €aBiner, 2006) and, as the present results
indicate, can have a considerable impact on thétireg loss and recovery of balance. Other
differences have been found to exist between the glat occurred due to a perturbation
platform and those that occurred on an artifi@al surface (Troy & Grabiner, 2006). Those
differences include a higher acceleration of tra fturing slipping and a faster response time to
slips that occur on artificial ice. However, tHatform still provides a reasonably realistic slip
experience and is much easier to control. Paantgin the previous study by Troy and Grabiner
(2006) were also able to recover from the diffetgpes of slips at the same rate. Nevertheless,
the previous study did not look at forward slipattivere initiated by a platform with a
mediolateral component, as in the present studise® on the present results, we believe that
platform-induced slips with a mediolateral compadreme inherently different than those that just
have a forward component and may resemble slipotear on a slippery surface more closely.

Slips with a mediolateral component elicited a wdifferent reaction than a normal step.
Those types of slips may be more difficult to remmofrom. It seems that the very large step that
was seen in medial slips could be difficult to proe if one had limited strength, mobility, or

reaction time. The lateral slip could also be ndifficult to recover from than a forward slip due
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to quick nature of the step in reaction to the.sifthough all of the participants were able to
recover from the slips, there were differencednreactions dependent upon the type of slip.
The reaction to a medial slip usually involved tlom-dominant foot taking a large step over the
slipping foot. The reaction to the lateral steswaually a very short, quick step, resulting i th
COM slightly posterior to the heel and medial te fifth metatarsal of the non-dominant
(stepping) foot. Forward slips elicited a respatise oftentimes looked like the participant
placed the non-dominant foot where it would havenbglaced in a normal step, or close to it. It
would seem that if, while walking, a person slipfpedvard, but the slipping foot also moved in
the mediolateral direction, that slip may be mdfeadlt to recover from than if the slip was
solely in the anterior direction.

Previous studies have found that the reactiondlipds a postural reflex that seems to be
preprogrammed (Nashner, 1977). It is apparenthigateaction time, in one study 65-75 ms, is
too long for the reaction to a perturbation to tshart latency stretch reflex; however, it is too
short to be a cognitive response (Berger et aB4)19Previous research has found that the
reaction to a perturbation is a long latency refend is a complex reaction generated at the
spinal level (Berger et al., 1984). It has alserbeoted that the type of reaction is dependent on
the type and direction of the perturbation (Bergfeal., 1984). This is consistent with our

findings that the reaction to a slip differed degliag on the type of slip that occurred.

Limitations and Future Sudies

There are some limitations to our study. Afterlgriag the data, we found that slip
length differed significantly between medial antéfal slips. Lateral slips were approximately
one centimeter longer than medial slips, whichegponds to a difference of 8% of the average
slip length of about 13 cm. With the apparatusused, driven and stopped by air pressure, there

was bound to be some variation in the slips. #$® possible that, during lateral slips,
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participants pushed the platform with their domirfant in the lateral direction while they were
trying to regain their balance. This could be tlughe nature of the slip. The mediolateral
distance between the foot and COM increased dlaiegal slips, but decreased during medial
slips, causing the body to be inclined mediallg greater angle during lateral slips. This greater
body angle could make it so that the foot wouldenlagen more likely to push the platform
laterally. It is possible that the extra distatreseled by the dominant foot during lateral slips
may have affected the results of this study. Hawewn the end, 1 cm extra length should not
drastically change any results. Future studieslshook into how to make slips in different
directions the same length and to see if a 1 cfardifice would affect the severity of the slip.

We used a platform that was pushed by air preseweasure that we could get repeatable
slips with a mediolateral component. If we hadduaglatform on top of rails that was pushed by
the participants’ feet, we would have been ablestsily obtain forward slips and even medial
slips. However, a lateral slip might not have alsvaccurred. Using a platform powered by air
pressure induced a slight time delay so that ta#geim did not start moving exactly at the point
of heel contact. Generally, a participant hadealyestarted to lift their non-dominant foot off the
ground by the time the platform started moving.is®ight time delay could have changed the
reaction to regain balance that we observed fromt wiould have occurred if the platform had
started to move at the instant of heel contacturewstudies could investigate whether that small
amount of time significantly changes the slippiagponses.

All of the participants knew that a slip would occlnowever they did not know when or
in what direction it would occur. We believe thgthaving the participants walk over the
perturbation platform multiple times without aniypping, and by changing the directions of the
slip, we limited the amount of pre-slip planning tharticipants could achieve. Although
laboratory settings cannot perfectly recreate lieaéxperiences, we believe that the participants

in this study were not able to guess accuratelywdrenow a slip would occur.
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We did not include the results of the first sligthiis study, as the first slip may differ
significantly from slips that occur afterwards, &ese the participant has some knowledge of and
direct experience with what will occur (Pavol et 2004). All slips were approximately the
same length and speed, and the perturbation platfas plainly visible. Therefore, after the
first slip, participants realized approximately wiagheir foot would be when they were slipped,
and could guess how severe future slips mightTimecombat possible order effects, however, we
used counterbalancing. Therefore the three shipald be comparable to one another. Future
studies should examine the initial slip. It woblginteresting to know if the results found in this
study are similar to those that would be foundhd initial slips were analyzed.

The results of this research can be generalizédatihy young adults in a laboratory
setting. It may not be possible to generalize shisly to slips that occur during activities other
than walking or to other methods that cause pegiase their balance. Older adults may not
react the same way that young adults do. Olddtsadiso have been found to exhibit diminished
reactive responses in comparison to young aduéteolR& Pai, 2007). Nonetheless, if a certain
type of slip is difficult for a young person to ce@r from, it could be assumed that a similar type
of slip would also be difficult for an older perstmrecover from. Future studies may want to

look at how older adults react to slips occurringlifferent directions during walking.

Conclusion

At the beginning of this study, we hypothesized tha addition of a mediolateral
component to a forward slip would change both thg im which subjects lost their balance and
the way that they reacted in order to regain thaiance. We found that this was indeed the case.
At the end of the slip and at the non-dominant’fofatst touchdown, some variables, including
the COM position and velocity in the mediolatermédtion differed dependent upon the slip

type. During a lateral slip, participants lostithmlance medially, and in a medial slip,
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participants lost their balance laterally. Thissed variations in the reactive stepping patterns
used in response to the different types of baléws® To recover from a lateral slip, participants
quickly placed their non-dominant foot lateral atightly anterior to their COM. To recover
from a medial slip, participants on average plabeir foot more anterior to their COM than for
lateral slips, and placed their foot so that thierkd border of the foot was under the COM. After
a forward slip, participants placed their foot margeriorly but less laterally to the COM than for
lateral slips. By the first touchdown of the doamihfoot, however, most of the variables we
measured, such as COM position and velocity reddtithe dominant foot, did not differ
significantly from each other. The values for #heariables seemed similar to normal walking,
suggesting that most participants had recovered the slip by that point. We felt that the
medial slips appeared to be especially difficultdoover from, as they required the non-
dominant leg to take a large step across the naidiinthat it was almost lateral to the dominant
foot’s fifth metatarsal. This type of slip coulierefore potentially be difficult to recover from
for those who have weak leg and hip strength, tackility, or have poor response times. In this
study, we found that adding a mediolateral compbteea forward slip changes not only the slip

itself, but the subsequent reaction to that slip.
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