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Abstract

Falls precipitated by slipping are a serious public health concern especially in the elderly. Muscular responses generated during slipping
have not been investigated during gait on contaminated floors. This study compared slip-related muscular responses (reactive and proactive) in
young and older adults and examined if characteristics of muscular activation patterns during normal gait impact slip severity on contaminated
floors. Electromyographic recordings were made from the major shank and thigh muscles in the stance leg of 11 young and nine older adults.
Three experimental conditions were included: (1) known dry floors (baseline), (2) unexpected contaminated floor, (3) alert dry (subjects
uncertain of the floor’s contaminant condition). Muscular responses to unexpected slips, similar in both age groups, included the activation of
the Medial Hamstring (~175 ms) followed by the onset of the Vastus Lateralis (~240 ms). The power and duration of responses were scaled to
slip severity. The Vastus Lateralis latency was delayed in severe slips. When experiencing a severe slip, young adults demonstrated a longer,
more powerful response compared to older adults. Subjects who normally walk with greater ankle muscle co-contraction were predisposed to
experience less severe slips when encountering an unexpected slippery floor. Finally, anticipation of a slippery surface resulted in more
powerful muscular activity and muscle co-contraction at the ankle and knee compared to baseline gait, as well as earlier onsets and longer
durations in the posterior muscles’ activation. These findings may provide a greater understanding of the higher incidence of falls in the

elderly.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Slips and falls are a major cause of serious injury and
death in the United States [1]. The incidence rate of falls and
their consequences, including serious injuries, disability and
death increase with age [2,3]. Falls initiated by slips are
specifically cited in risk factors for fractures [4].

In order to avoid a fall after an unanticipated hazardous
slip (slip velocity measured at the heel greater than 1 m/s)
[5], the body must generate a quick, effective corrective
response to re-establish dynamic balance while continuing
locomotion (reactive strategies). Slip-initiated reactive
strategies consist of a primary response with corrective
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moments initiated about 200 ms after heel contact onto the
slippery surface, specifically a flexion and extension
moment generated at the knee and hip joint, respectively.
This is followed by a secondary response consisting of a
knee extension moment and hip flexion moment [6].
Marigold noted a similar temporal pattern in muscle
activations during the initial exposure to rollers [7]. The
primary response helps bring the slipping foot back near the
body [6], while the secondary reaction is thought to be a
compensatory reaction to avoid knee buckling and continue
gait. In the same study, the ankle was found to generate no
moment in severe slips [6].

Proactive strategies, defined as balance control mechan-
isms that take place before the body encounters a potential
disturbance, may also be important in fall prevention
interventions [8,9]. The underlying theory of such a
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therapeutic approach, referred to as systems model theory,
indicates that balance is based not only on ‘‘feedback”
reflexes (reactive strategies) but also on motor skills that
adapt with training and prior experiences [10,11]. Thus, in
the context of the systems model theory, the classification of
gait/balance and mobility as motor skills suggests that
postural control deficits can be improved by targeting
proactive strategies in falls-related interventions. While
there is some support for the idea that older adults are fully
capable to learn, adapt and be trained to optimize recovery
reactions generated in response to an external perturbation
[9,12], others do not agree [13]. Proactive strategies
generated when anticipating a slippery floor include
shortened step length [14], reduced foot-floor angle
[7,15,16] and changes in knee and hip joint moments
[15]. These adaptations can result in an overall reduction in
slip potential [15,17].

EMG analysis has been used to study the neuromuscular
characteristics of reactions elicited in response to base of
support translations, sometimes intended to simulate a slip
during walking. Recent evidence suggests that there exists a
more active control of the hip and knee compared to the
ankle during a forward translation of the base of support
[18]. Tang reported that both the lower leg and thigh muscles
demonstrated earlier onset, higher magnitude, and longer
activations compared to normal gait [8,19,20]. Muscle
activity in the stance/slipping leg has not been investigated
during a naturally occurring slip on contaminated floors.

In light of the research gap regarding muscle activity
recordings during a naturally occurring slip, especially in the
older adults, and the importance of reactive and proactive
strategies to prevent a slip-initiated fall, three objectives
were set in this study as follows:

e Objective 1 (reactive strategies): To quantitatively
describe the temporal and power characteristics of muscle
activation patterns generated in response to an unantici-
pated slip in the stance (slipping) leg in young and older
adults.

e Objective 2 (initial conditions): To examine whether
specific temporal and power aspects of EMG recordings
during normal/baseline gait increases the risk of
hazardous slips.

e Objective 3 (proactive strategies): To investigate the
proactive activation muscle patterns generated in antici-
pation of a slippery floor in the stance leg in young and
older adults.

2. Methods
2.1. Subjects
Twenty healthy adults divided into two age groups

(young/older) were recruited for participation in this study
(Table 1). Written informed consent approved by the

Table 1
Subject sample characteristics

Mean (S.D.) [range]
Young (N=11)

23.27 (1.95) [20-26]
70.53 (13.82)
[58.18-105.45]

1.71 (.06) [1.64—1.86]

Old (N=9)

60.44 (3.50) [55-66]
72.33 (14.44)
[45.54-86.82]

1.64 (.08) [1.54-1.79]

Age (years)
Weight (kg)

Stature (m)

University of Pittsburgh Institutional Review Board was
obtained prior to participation. Exclusionary criteria
included neurological, orthopedic, cardiovascular, pulmon-
ary abnormalities as well as any other difficulties hindering
normal gait.

2.2. Equipment

Participants walked along a vinyl tile pathway while full
body motion and bilateral ground reaction forces were
sampled at 120 and 1080 Hz, respectively [5]. EMG data
were recorded from the muscles in the stance (left/leading/
slipping) leg, including the Vastus Lateralis (VL), Medial
Hamstring (MH), Tibialis Anterior (TA) and Medial
Gastrocnemius (MG) at 1080 Hz using a Noraxon Telemyo
8-channel electromyography system with a hardware band
pass filter (10-500 Hz). Proper electrode placement was
confirmed using an exertion test. Participants were equipped
with a safety harness to prevent them from hitting the ground
in case of an irrecoverable balance loss. Participants wore
the same brand and model of polyvinyl chloride soled shoes.

2.3. Protocol

Participants were instructed to look straight ahead and
walk naturally at a self-selected comfortable pace across an
8.5 m walkway. The lights were dimmed just enough to
minimize unwanted reflections and detection of a con-
taminant. Next, subjects were allowed to practice walking as
the researcher varied the starting point to ensure proper foot
contact. Prior to each trial, participants faced away from the
walkway and listened to loud music for one minute,
distracting them from the possible application of a
contaminant. Participants then turned and walked forward
while data were recorded.

The participant was informed that the first few trials
would be non-slippery to ensure natural gait. Two to three
dry trials were collected, ‘‘baseline dry” (BD). Then,
without the participant’s knowledge, the diluted glycerol
solution (75% glycerol:25% water) was applied, by the
same researcher ensuring uniformity, to the second force
plate (4 m from the start) and another gait trial was
conducted, ‘“‘unexpected slip” (US). The slip index of the
dry tile was .55, while the contaminant was .03, as measured
with the English XL slip meter device. After the US, the
subject was informed that there was a possibility of the
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contaminant being applied again but no further specific
information was revealed. Five additional dry trials were
collected, “‘alert dry” (AD); only the first two trials were
used in this analysis.
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2.4. Data processing

Heel contact (HC) and toe off (TO) were identified from
ground reaction forces. EMGs were rectified and filtered at
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Fig. 1. Typical muscle activation patterns during a non-hazardous slip (gray) and one baseline dry gait trial (black). (a) VL, (c) MH, (e) TA, (g) MG. and during a
hazardous slip (gray) and one baseline dry gait trial (black). (b) VL, (d) MH, (f) TA, (h) MG. Muscle activity was filter at 10 Hz for illustration purposes,
magnitude normalized to the peak during baseline gait and time normalized to stance with HC being 0% and TO as 100%. The end of the non-hazardous and
hazardous slip, when the heel stopped moving, was recorded at 27.4% and 54.4% into stance, respectively. The power and duration of muscle activity increased
during both hazardous and non-hazardous slips. The initial reaction to an unexpected slip consisted of the activation of the MH, TA, MG and VL, in this order.

Additionally, note the delayed VL activation during a hazardous slip.
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50 Hz using a phaseless elliptical filter then time normalized
with respect to the stance leg with 0% being HC and 100% as
TO (the mean (S.D.) stance duration was 834 (341) ms). Slip
trials were time normalized using the stance duration of the
previous BD trial. Each EMG channel was peak normalized
within subject using the average maximum calculated across
the BD conditions during the gait cycle [21].

Dependent variables in the dry trials, i.e. BD and AD
conditions: muscle activity onsets and durations were
determined using a threshold of two standard deviations
above activity during a typically quiet period of the gait cycle
and visually confirmed. The power of muscle activity was
determined from the integrated EMG (iIEMG), calculated by
taking the integral from onset to cessation, and normalized to
the duration of activation. Co-contraction index (CCI) was
calculated based on the integrated (from —20% to 20% into
stance, with HC being 0%) ratio of the EMG activity of
antagonist/agonist muscle pairs (TA/MG and VL/MH) using
the following equation proposed by Rudolph et al. [22]:

ocl — /"20% L9wer EMG;
i—_n0v, Higher EMG;

x (Lower EMG; + Higher EMG;)

Dependent variables in the contaminated trials, i.e. US
conditions: contaminated trials were categorized into non-
hazardous (NH) and hazardous (H) by considering the peak
velocity of the heel during a slip. Peak slip velocity (PSV) was
identified as the first local maximum horizontal velocity after
50 ms from HC using the velocity of the slipping heel virtual
marker which was reconstructed using the relative position to
additional heel markers present during dynamic trials [5].
Hazardous slips were defined as having a PSV greater than
1.0 m/s. The last trial of the BD condition was subtracted from
the US trial within subject providing a difference in muscle
activation during slipping. Reactive onset, termed latency, and
cessation were determined using a threshold of two standard
deviations above the difference activity in between the US and
BD trial before HC onto the slippery surface. The latency and
cessation points were visually confirmed and duration was
calculated. To calculate the power of the muscular response,
the difference in the activity between the US and BD trials was
integrated between the latency and cessation times and
normalized to the duration of reaction.

3. Results
3.1. Objective 1: Reactive strategies

General observations: Young and older adults experi-
enced hazardous slips at similar rates: 64% (7/11) for
younger subjects and 67% (6/9) for older subjects. The
power and duration of the activity of all muscles considered
in this study increased during slips compared to baseline dry
(as typically shown in Fig. 1).

To determine the sequence of muscle activations utilized in
areactive strategy, a linear across-muscle regression analysis
was conducted on the latency using age group (young/old),
hazard (H/NH), muscle and their interaction effects as
independent variables. The initial reaction to an US consisted
of the activation of the MH (21.9% stance, 175 ms), TA
(24.2% stance, 189 ms), MG (26.1% stance, 219 ms) and VL
(29.1% stance, 239 ms). Post hoc testing revealed two
significant differences in latency: (1) MH was activated
significantly sooner than VL and MG and (2) VL was activated
after MH and TA (Fig. 2). In other words, the knee flexors were
activated significantly sooner than the knee extensors.

An additional across-muscle regression analysis was
conducted on the duration and reactive power of the
muscular response to slipping with the same independent
variables as described in the previous paragraph. Hazardous
slips were characterized by longer durations and increased
reactive power compared to non-hazardous slips (p =.0113
and p =.0001, respectively, Fig. 1). Additionally, muscular
reactions generated in response to hazardous slips were
longer and more powerful in young adults compared to older
adults (p =0.0230 and 0.0288, respectively).

To investigate differences between age groups and H/NH
slips, within-muscle regression analyses were conducted on
EMG using age group, hazard (H/NH) and their interaction
effect as independent variables. Interestingly, adults that
experienced hazardous slips activated their VL significantly
later than those who experienced non-hazardous slips
(Table 2). Young adults showed longer durations compared
to older adults (significant findings in TA as shown in Table 2).
Finally, both MH and TA showed significant increases in the
power of the response during hazardous slips (Table 2).

3.2. Objective 2: initial conditions

To investigate differences in EMG characteristics during
BD gait between participants that experienced hazardous and
non-hazardous slips, linear regression analyses were conduc-
ted on the BD EMG variables (onset, duration and ankle/knee
muscle CCI) using hazard (N/NH), age group (young/old) and

MEAN ACTIVATION
35

30 1 I
25 I
15 -

MH TA MG VL

Fig. 2. Mean activation latencies of postural reaction in percent time of
stance leg muscles in response to an unexpected slip. Non-significant results
of post hoc Tukey tests are provided (—). S.E. bars given. The knee flexors
were activated significantly sooner than the knee extensors.

Latency [%)]




Table 2

Mean (S.E.) reactive muscular activation generated in response to an unexpected slip with respect to normalized time [%]; raw time [ms]
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Statistics

p-Value*

Muscle EMG  Young Older
variable
NH H NH H

VL
Latency 24.12(0.85)%; 157(6) ms 31.96(0.98)%; 216(9) ms 26.65 (1.31)%; 204 (S)ms  33.80(0.69)%; 326 (22) ms
Duration 37.09(3.26)%; 246 (25) ms  36.37(2.85)%; 239(15) ms 35.48 (3.84)%; 283 (45)ms  25.35 (1.94)%; 233(17) ms
Power 0.65(0.19) 2.17(0.73) 0.59 (0.02) 1.27(0.22)

MH
Latency 22.27(0.73)%; 146(6) ms 20.90(0.99)%; 139 (4) ms 21.90(1.24)%; 167 (4) ms 22.27 (0.28)%; 221 (18) ms
Duration 26.61 (4.07)%; 180(33) ms ~ 47.67(5.32)%; 312 27) ms  24.58(5.89)%; 205 (59) ms  36.52 (1.50)%; 375(41) ms
Power 0.51 (0.08) 1.29(0.35) 1.30(0.44) 1.38(0.29)

TA
Latency 23.77 (0.36)%; 156(4) ms  22.40(0.59)%; 151 (5) ms 26.35 (2.24)%; 209 (28) ms  24.58 (1.02)%; 228(12) ms
Duration 14.62(1.45)%; 96(10) ms 49.71 (5.31)%; 329 (34) ms  23.03 (4.82)%; 181 (38) ms  34.13(1.57)%; 327 (24) ms
Power 25.27 (5.28) 21.90(4.68) 30.65 (5.67) 26.73 (2.58)

MG
Latency 25.27 (2.64)%; 165(17) ms ~ 21.90(2.02)%; 151 (12) ms  30.65 (3.28)%; 235(21) ms ~ 26.73 (1.05)%; 280(31) ms
Duration 13.35(1.65)%; 89 (11) ms ~ 22.42 (3.34)%; 160(26) ms  31.80(6.78)%; 260 (67) ms  20.80 (1.93)%; 190(20) ms
Power 0.08 (0.07) 0.35(0.14) 0.44 (0.06) 0.29 (0.08)

Phazard = 0.0004

Phazara = 0.0124

Phazard = 0.0041
Phazara = 0.0026

* Only p < 0.05 are presented for variables with respect to normalized time.

their interaction as independent variables. Only the ankle
muscle CCIwas significantly different between hazardous and
non-hazardous slips (p =0.0045). More specifically, adults
who normally walked with greater ankle muscle co-contr-
action around HC experienced non-hazardous slips (Fig. 3).

3.3. Objective 3: proactive strategies

Following an US, the number of subjects who walked
using increased muscle activity of the MG around HC was
greater in the AD condition than in BD trials. In addition to
the four young adults and one older adult who walked as
previously described in known dry environments (BD), two
more young adults and five additional older adults (4 H and 3
NH slips) activated their MG around HC, resulting in a total
of six young adults (54%) and six older adults (67%) that
utilized this strategy.
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Anticipation effects were investigated using mixed
linear ANOVAs conducted on the onset, duration and
power of the muscular activity as well as on the ankle/
knee muscle CCI using age group (young/older) and
anticipation condition (BD/AD) as fixed effects, and
subject as a random effect. In addition to the overall age
group effect noted in the MH onset (earlier in young
adults, Table 3), two main anticipation condition effects
were found:

(1). Alerting subjects of the possibility of a slippery surface
resulted in increased power of the MH, MG and VL
activation (Table 3). The greatest increase in power was
noted in MH.

(2). MG onset was sooner in stance in AD conditions
compared to BD trials. This finding was confirmed both
in young and older adults (Table 3).
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25
B
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Fig. 3. Effect of co-contraction during gait on slip severity as measured by hazardous condition. (a) co-contraction at the knee around HC (—20% to 20%), (b)
co-contraction at the ankle around HC (—20% to 20%). Young adults are shown on the left while older adults are on the right. Black bars correspond to
hazardous slips and gray bars are non-hazardous slips during the unexpected slip. Overall significance is given in top right corner of each graph. SE bars given.
Adults who normally walked with greater ankle muscle co-contraction around HC experienced non-hazardous slips.
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Table 3

Mean (S.E.) muscular activation generated in BD and AD conditions with respect to normalized time [%]; raw time [ms]

Statistics

Old
BD

Young
BD

Muscle EMG variable

p-Value”

AD

AD

VL

—14.48(0.64)%; —97(1) ms —15.84(1.47)%; —98 (2) ms —13.49(0.94)%; —105(2) ms —12.78(1.45)%; —92 (3) ms

Onset

44.68(5.15)%; 371 (12) ms

0.18(0.01)

46.85(3.11)%; 401 (7) ms

44.08(1.84)%; 316(2) ms

0.25 (0.02)

43.58(1.19)%; 300 (2) ms

Duration
Power

MH

Deondition = 0.0012

0.18(0.01)

0.20(0.01)

Page = 0.0334

—25.38 (0.93)%; —168(1) ms —20.96 (0.88)%; —167(3) ms —20.79 (0.96)%; —161 (2) ms

~23.49 (0.64)%; —157(1) ms

Onset

Page x condition = 0.0060

Deondition = 0.0002

41.69(2.68)%; 330 (5) ms

0.24 (0.04)

44.21 (2.52)%; 394 (8) ms

46.06 (2.26)%; 327 (3) ms

0.25 (0.02)

38.67(1.63)%; 272 (3) ms

Duration
Power

TA

0.17(0.02)

0.16(0.01)
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—3.70(3.14)%; —22 (4) ms —9.50(1.29)%; —76 (2) ms —7.53 (1.50) —53 (3) ms

—5.35 (0.96)%; —31 (1) ms

Onset

28.53(4.31) 199 (7) ms

0.24 (0.02)

33.73 (2.65)%; 268 (5) ms

41.10(6.54)%; 287 (8) ms

0.20 (0.02)

32.24 (3.98)%; 238 (6) ms

Duration
Power

MG

0.21 (0.01)

0.22 (0.02)

Pcondition = 0.0013

23.30(1.82)%; 147(2) ms 37.87(2.41)%; 319 (10) ms 32.82 (3.52)%; 242 (6) ms

29.01 (1.84)%; 196(3) ms

Onset

Dage = 0.0003 Pcondition = 0.0401
Deondition = 0.0382

39.80 (3.07)%; 292 (6) ms

0.21 (0.02)

37.77 (2.52)%; 327 (7) ms

57.86(2.18)%; 362 (3) ms

0.16(0.01)

51.91 (1.77)%; 356 (3) ms

Duration
Power

0.18(0.02)

0.17(0.01)

Only p < 0.05 are presented for variables with respect to normalized time.

s

The interaction of anticipation condition and age group had a
significant impact on the duration of posterior muscles
(Table 3). Specifically, young adults activated their MH and
MG longer when anticipating a slippery surface (relative to
BD patterns) compared to older adults (Table 3).
Additionally, anticipation resulted in a significant increase
of co-contraction at the ankle (p=0.0043) and knee
(p <.0001) in both age groups (Fig. 4). Co-contraction
increased by an average of 29% at the ankle and 32% at the
knee during AD conditions across both age groups. There was
no significant difference in gait velocity during anticipation.

4. Discussion

This research focused on muscle activation patterns
generated in response to slipping and anticipation of slippery
surfaces in the stance leg. This study differentiated lower
extremity muscle responses of the VL, MH, TA and MG
between hazardous and non-hazardous slips. Additionally,
muscle activity when anticipating slippery floors during gait
on dry surfaces was examined to provide information about
how people change their gait to reduce the likelihood of a slip
(proactive strategies). Age-related differences in both reactive
and proactive strategies were also investigated. The number of
BD trials had to be limited in order to generate an US.
However, the muscle activation patterns reported here during
BD were similar to those previously reported during gait [23].

The initial reaction to a slip consisted of the activation of
the MH, TA, MG, and finally, VL (in this order). This latency
pattern is consistent with reported moment data in our
previous study investigating naturally occurring slip, i.e.
primary knee flexion response followed by secondary knee
extension response [6]. Latencies reported are calculated from
HC; on average a slip begins between 50 and 80 ms after HC
[24]. The response to an US was scaled to its severity with
muscular reactions generated during hazardous slips char-
acterized by longer durations and more powerful reactions. It
is worth noting that the duration and reactive power in four
hazardous slips may have been underestimated because of the
premature end of slip set as the point where a subject slipped
off the force plate or was assisted by the harness.

An increased power of the TA, as well as duration, was
noted during hazardous slips. Some studies using a base of
support translation perturbation to simulate a slip have indeed
reported increased power in the lower leg muscles in balance
recovery attempts (e.g. [20]). This activation of the TA during
hazardous slips may result in the delayed achievement of foot-
flat, an important aspect in slip recovery and continuation of
gait [5,6,15]. On the other hand, in our previous research
investigating moment data, we reported a null ankle moment
during severe slips [6]. This finding combined with the results
of this study, i.e. scaling of the response to slip severity, suggest
increased activity observed in the lower leg muscles resulted in
increased in ankle muscle co-contraction, a potentially
important response previously unreported.
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Fig. 4. Effect of anticipation on co-contraction during gait. (a) co-contraction at the knee around HC (—20% to 20%), (b) co-contraction at the ankle around HC
(—20% to 20%). Young adults are shown on the left while older adults are on the right. Black bars correspond to alert dry and gray bars are baseline dry. Overall
significance is given in top right corner of each graph. SE bars given. Anticipation of a slippery surface resulted in a significant increase of co-contraction at the

ankle and knee in both age groups.

This study supports the previously reported findings
regarding the critical response of knee and hip joint in
recovery reactions initiated by unanticipated severe slips [6].
Interestingly, the latency of the primary knee flexion
response (MH latency) was not statistically different
between hazardous and non-hazardous events; however
VL latency (onset of secondary response) was significantly
later in hazardous slips. Activating the VL later may be
associated with at least two detrimental effects on balance
recovery and gait cycle progression: (1) delayed anterior
movement of the body COM over the base of support [25],
and (2) knee buckling (our previous research has indeed
reported decreased knee extension later in stance in fall
cases [6]). Delayed VL latency in hazardous slips may also
be contributed to a slower limb-loading rate [15].

Age-related differences were noted as young adults showed
significantly longer reactive durations compared to older
adults. Overall, hazardous slips tended to be associated with
higher reactive power compared to non-hazardous slips in
young adults compared to older adults. When experiencing a
hazardous slip, young adults demonstrated a longer, more
powerful response. Similar age-related limitations in temporal
and reactive power of response to a perturbation have been
reported previously [8,19]. This difference might be directly
related to the reduced lower extremity strength or ability to
generate powerful, fast responses reported in older adults [26].

Anticipating slippery surfaces affected temporal aspects
and power of the muscular response as well as co-
contraction of the stance leg muscles. In general, anticipa-
tion of a slippery surface resulted in an increase in the
number of subjects who activated their MG near HC as well
as earlier onsets and longer durations of the posterior
muscles in the stance leg. Additionally, alerting older and
young adults of the possibility of a slippery surface resulted
in increased power of activation of MG, VL and MH and co-
contraction at the ankle and knee.

The EMG results reported here can help explain how
previously reported kinematic and kinetic adaptations
related to slippery floor anticipation effects are generated.

These adaptations, including taking shorter steps, reducing
foot-floor angle and vertical heel velocity at HC and an
increase in knee flexion and hip moment, resulted in an
overall decrease in slip-fall potential [7,15,17]. For example,
increased activity of MG around HC when anticipating a
slippery floor would result in a decreased foot-floor angle at
HC [15,16]. Another example relates to the increased knee
flexion moment and hip extension moment when anticipat-
ing slippery surfaces, which can be at least partially
attributed to increases in MH and MG activity.

Ankle and knee muscle co-contraction increased with
slippery floor anticipation in both age groups. Increased
muscle co-contraction at the ankle may play a role in the
control of foot positioning [27]. Increased co-contraction
might also make it more difficult to initiate a slip if the ankle
joint is ““stiffer” (Fig. 3b). While increasing ankle muscle
co-contraction is clearly beneficial to decrease the risk of a
hazardous slip, it is unclear if an increase in knee muscle co-
contraction is helpful when slipping. On one hand, some
increase in muscular activity may be beneficial to prepare for
a fast response should a slip occur. Conversely, it is also
possible that too much co-contraction would result in
“stiffening” the knee joint, hindering a quick reaction. As
mentioned previously, the knee joint corrective response is
critical in recovering from severe slips. Unfortunately there
is no commonly accepted method to calculated co-
contraction or define “stiff’’; thus, results reported here
are dependent upon the index chosen.

Both young and older adults adapted their muscle
activation patterns during their gait when anticipating a
slippery surface, consistent with the findings that healthy
older adults were fully capable of learning to better recover
from or adjust to a perturbation [9,12]. However, certain age-
related differences were noted in the temporal and power
aspects of the stance leg flexors. Young adults activated their
MH and MG significantly sooner and longer than older
adults during AD. Increased muscle activation duration of
young adults compared to older adults has been previously
reported under similar conditions [13]. Additionally, young
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adults increased the power of their MH significantly more
when anticipating a slippery surface compared to older
adults. These age-related differences in the stance leg flexor
muscles would result in a slower leg and foot at HC
compared to older adults when being alerted of the
possibility of slipping compared to baseline conditions.

5. Conclusion

In conclusion, greater muscle co-contraction at the ankle
around HC during normal gait resulted in less severe
unexpected slips. Once a slip is initiated, the muscle
activation patterns found in this study suggest once again
that corrective reactions generated at the knee and hip joints
of the stance leg are critical to recover from severe
unexpected slips during gait on contaminated floors. When
experiencing a hazardous slip, young adults demonstrated a
longer, more powerful response compared to older adults
implying that older adults may have a higher incidence of
falls because they cannot react with the power required to
recover balance in response to a hazardous slip. This finding
may explain the higher incidence of falls found in the
elderly.

Finally, when adapting to a potentially slippery surface,
both young and older adults significantly change their
muscle activation patterns during gait in a similar manner. In
general, anticipation of a slippery surface resulted in earlier
onsets, longer durations and more powerful activity of
flexors muscles in the stance leg compared to gait in known
dry environments. These effects were more evident in young
adults than older adults. Alerting of the possibility of a
slippery surface resulted in increased muscle co-contraction
at the ankle and knee in both age groups.

Acknowledgments

The authors would like to thank Dr. Furman for
conducting the screenings. Funding was provided by the
National Institute of Occupational Safety and Health
(NIOSH R03 OHO007533).

References

[1] Fingerhut LA, Cox CS, Warner M. International comparative analysis
of injury mortality—findings from the ICE on injury statistics.
National Center for Health Statistics; Report ID No. 303, 1998.

[2] Tinetti ME, Williams CS. Falls, injuries due to falls, and the risk of
admission to a nursing home. N Engl J Med 1997;337:1279-84.

[3] Kannus P, Parkkari J, Niemi S, Palvanen M. Fall-induced deaths
among elderly people. Am J Public Health 2005;95:422-4.

[4] Luukinen H, Herala M, Koski K, Honkanen R, Laippala P, Kivela SL.
Fracture risk associated with a fall according to type of fall among the
elderly. Osteoporos Int 2000;11(7):631-4.

[5] Moyer BE, Chambers AJ, Redfern MS, Cham R. Gait parameters as
predictors of slip severity in young and older adults. Ergonomics
2006;49(4):329-43.

[6] Cham R, Redfern MS. Lower extremity corrective reactions to slip
events. J Biomech 2001;34(11):1439-45.

[7] Marigold DS, Patla AE. Strategies for dynamic stability during
locomotion on a slippery surface: effects of prior experience and
knowledge. J Neurophysiol 2002;88(1):339-53.

[8] Tang P-F, Woollacott MH. Inefficient postural responses to unexpected

slips during walking in older adults. J Gerontol Ser A Biol Sci Med Sci

1998;53:M471-80.

Pavol MJ, Runtz EF, Pai YC. Young and older adults exhibit proactive

and reactive adaptations to repeated slip exposure. J Gerontol Ser A

Biol Sci Med Sci 2004;59:494-502.

[10] Horak FB, Henry SM, Shumway-Cook A. Postural perturbations: new
insights for treatment of balance disorders. Phys Ther 1997;77:517-33.

[11] Woollacott MH, Shumway-Cook A. Changes in posture control across
the life span—a systems approach. Phys Ther 1990;70:799-807.

[12] Pavol MJ, Runtz EF, Edwards BJ, Pai YC. Age influences the outcome
of a slipping perturbation during initial but not repeated exposures. J
Gerontol Ser A Biol Sci Med Sci 2002;57(8):M496-503.

[13] Woollacott MH, Tang PF. Balance control during walking in the older
adult: research and its implications. Phys Ther 1997;77:646-60.

[14] MyungR, Smith JL. The effect of load carrying and floor contaminants
on slip and fall parameters. Ergonomics 1997;40:235-46.

[15] Cham R, Redfern MS. Changes in gait when anticipating slippery
floors. Gait Posture 2002;15(2):159-71.

[16] Chambers AJ, Margerum S, Redfern MS, Cham R. Kinematics of the
foot during slips. Occup Ergon 2003;3:225-34.

[17] Redfern MS, Cham R, Gielo-Perczak K, Gronqvist R, Hirvonen M,
Lanshammar H, et al. Biomechanics of slips. Ergonomics
2001;44(13):1138-66.

[18] Ferber R, Osternig LR, Woollacott MH, Wasielewski NJ, Lee JH.
Reactive balance adjustments to unexpected perturbations during
human walking. Gait Posture 2002;16:238-48.

[19] Tang PF, Woollacott MH. Phase-dependent modulation of proximal
and distal postural responses to slips in young and older adults. J
Gerontol Ser A Biol Sci Med Sci 1999;54:M89-102.

[20] Tang PF, Woollacott MH, Chong RK. Control of reactive balance
adjustments in perturbed human walking: roles of proximal and distal
postural muscle activity. Exp Brain Res 1998;119(2):141-52.

[21] Kadaba MP, Ramakrishnan HK, Wootten ME, Gainey J, Gorton G,
Cochran GV. Repeatability of kinematic, kinetic, and electromyo-
graphic data in normal adult gait. J Orthop Res 1989;7:849-60.

[22] Rudolph KS, Axe MJ, Buchanan TS, Scholz JP, Snyder-Mackler L.
Dynamic stability in the anterior cruciate ligament deficient knee.
Knee Surg Sports Traumatol Arthrosc 2001;9:62-71.

[23] Winter D. Biomechanics and motor control of human movement New
York, NY: John Wiley & Sons Inc.; 1991.

[24] Cham R, Redfern MS. Heel contact dynamics during slip events on
level and inclined surfaces. Saf Sci 2002;40:559-76.

[25] Pai YC, Igbal K. Simulated movement termination for balance recov-
ery: can movement strategies be sought to maintain stability in the
presence of slipping or forced sliding? J Biomech 1999;32(8):779-86.

[26] Thelen DG, Schultz AB, Alexander NB, Ashton-Miller JA. Effects of
age on rapid ankle torque development. J Gerontol Ser A Biol Sci Med
Sci 1996;51:M226-32.

[27] Hof AL, Elzinga H, Grimmius W, Halbertsma JP. Detection of non-
standard EMG profiles in walking. Gait Posture 2005;21:171-7.

[9

—



	Slip-related muscle activation patterns in the �stance leg during walking
	Introduction
	Methods
	Subjects
	Equipment
	Protocol
	Data processing

	Results
	Objective 1: Reactive strategies
	Objective 2: initial conditions
	Objective 3: proactive strategies

	Discussion
	Conclusion
	Acknowledgments
	References


