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Abstract

The purpose of this research was to determine whether a decreased hamstring activation rate among the elderly is responsible for a higher

horizontal heel contact velocity and increased likelihood of slip-induced falls compared to their younger counterparts. Twenty-eight subjects

from two age groups (14 young and 14 old) walked across a linear walking track with embedded force platforms while wearing a fall arresting

harness attached to an overhead arresting rig for safety. In order to obtain realistic unexpected slip-induced fall data, a soapy vinyl floor surface

was hidden from the subjects and unexpectedly introduced. Synchronized kinematics, kinetic and electromyography (EMG) analyses during

the heel contact phase of the gait cycle while walking over slippery and non-slippery floor surfaces were examined in the study. Normalized

EMG data were examined in terms of hamstring activation rate and evaluated with heel contact velocity and friction demand characteristic (as

measured by peak required coefficient of friction (RCOF)) on the dry vinyl floor surface. Furthermore, slip parameters (i.e. slip distances and

slipping velocity) were assessed on the soapy vinyl floor surface. The results indicated that younger adults’ hamstring activation rate was

higher than older adults, whereas younger adults’ heel contact velocity was not different from older adults. These results suggested that heel

contact velocity in younger adults was sufficiently reduced before the heel contact phase of the gait cycle. This could be due to the outcome of

higher hamstring activation rate in younger adults in comparison to older adults. However, lower friction demand (peak RCOF), shorter slip

distances, slower peak sliding heel velocity and more falls among older adults suggested that the slip initiation characteristics were not the

only factors contributing to slip-induced falls among the elderly.
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1. Introduction

Slip-induced fall accidents are among the most common

and serious problems facing older adults. Often, falls in the

elderly population involve environmental hazards associated

with slippery floor surfaces [1,2], and both the incidence of

falls and the severity of fall-related complications rise

steadily after about age 60. In the age 65-and-over

population, approximately 35–40% of community dwelling,

generally healthy elderly persons fall annually. After age 75,

the rates are higher [3]. The National Safety Council [4]

reported that in 2001, the number of deaths caused or led by

falls was 15,400 in US and majority (over 80%) were over 65

years of age. Additionally, falls and hip fractures among
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older individuals rank as one of the most serious public

health problems in the US, with costs expected to exceed

US$ 32 billion by the year 2040 [5].

Major physiological changes affecting the potential for

slip-induced fall accidents begin to appear in the mid-20’s.

In general, isometric muscle strength peaks in the mid-20’s

and then decreases slowly until after 50 years of age when

there is an accelerated decline [6]. These declines in

strength development appear to stem from a proportional

shift in muscle fiber types while aging (i.e. more reduction

in fast-twitch muscle fibers than in slow-twitch muscle

fibers [7–11]). Additionally, fast-twitch muscle fibers

produce a given tension at a faster rate than slow-twitch

muscle fibers, as a result, many studies suggest that age-

related changes in muscle activation rate may have an

important implication on initiation and recovery of slip and

fall accidents [12–15].
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Initiation of a slip occurs whenever the frictional force

(Fm) opposing the movement of the foot is less than the

horizontal shear force (Fh) at the foot during the heel contact

phase of the gait cycle [16,17]. Specifically, at the time of the

heel contact, there is a forward thrust component of force on

the swing foot against the floor. This results in a forward

horizontal shear force (Fh) of the ground against the heel.

Additionally, a vertical force (Fv) occurs as the body weight

and the downward momentum of the swing foot (and leg)

make contact against the ground. Perkins and Wilson [17]

identified six peak forces in a normal gait cycle by

measuring ground reaction forces exerted between the shoe

and ground. The ratio of horizontal to vertical foot forces

(Fh/Fv) was also calculated. Analyzing the ratio, Perkins

noted that a dangerous forward slip was most likely to occur

shortly after (<70–120 ms) the heel contact phase of the gait

cycle. This ratio (Fh/Fv at peak 3) was called ‘‘required

coefficient of friction’’ (RCOF) [17] because it represented

the general friction demand (i.e. minimum coefficient of

friction that must be available or ‘‘required’’) at the shoe–

floor interface to prevent initiation of forward slipping. In

terms of slip-induced fall accidents, previous literature

suggest that as the differences between the friction demand

characteristic (i.e. RCOF) of an individual and available

dynamic coefficient of friction (COF) of the walking surface

increase, the number of slip-induced fall events increased

[16,17]. In other words, most slips that lead to falls occur

when the friction force opposing the movement of the foot is

less than the shear force of the foot immediately after the

heel contact phase of the gait cycle [16,17]. Given the

constant contact time and mass associated with heel contact

phase of the gait cycle [18], the impulse–momentum

relationship indicates that horizontal shear force increases

proportionally as horizontal heel contact velocity increases.

Furthermore, as indicated by many studies, gait character-

istics such as heel contact velocity and walking velocity

influence the friction demand characteristics due to the

alterations of the shear force of the contacting foot

[14,25,26]. Most common gait changes in older adults, in

comparison to younger adults, are slower walking velocity,

shorter step length and longer double support time [19–22].

However, in spite of slower walking velocity, shorter step

length and a longer double support time, horizontal heel

contact velocity among older adults was found to be faster in

comparison to younger adults [10,14,23]. Furthermore, an

implication of the higher potential risk of slip-induced falls

among older adults was presumed upon the results of the

faster heel contact velocity found among older adults

[10,14,24]. Additionally, hamstring muscle activation rate

was suggested to be a factor contributing to higher heel

contact velocity [14]. The primary objective of this study

was to describe the relationships between hamstring

activation rate and heel contact parameters to observe if

hamstring activation rate could be one factor contributing to

changes in gait and ultimately slip-induced fall accidents

among the elderly. It was hypothesized that older adults’
heel contact velocity would be faster than their younger

counterparts due to slower hamstring activation rate, and

increases in heel contact velocity would increase friction

demand characteristic (as measured by RCOF) at the shoe–

floor interface, and ultimately increase the likelihood of slip-

induced falls.
2. Method

2.1. Subjects

Fourteen healthy young individuals (7 male and 7 female;

mean � S.D. = 23.21 � 4.41 years) and 14 healthy older

individuals (7 male and 7 female; mean � S.D. = 72.64 �
4.36 years) participated in this experiment. The young adults

were recruited from general student population at Virginia

Tech and older adults were recruited from the local

community. Each participant completed an inform consent

form approved by the Virginia Tech Internal Review Board

(IRB). A questionnaire was used as an initial screening tool.

Participants were excluded from the study if they indicated

any physical problems (i.e. hip, knee and ankle problems) or

had a least one previous fall within 6 months.

2.2. Apparatus

One commonly used floor material (vinyl tile, Arm-

strong) was used in this experiment to represent a realistic

environmental setting. The entire walking track was covered

with vinyl tile, and the dynamic coefficient of friction

(DCOF) of the dry vinyl floor surface was 1.80. For slippery

conditions, the vinyl tile surface was covered with a soap and

water mixture (2:3) to reduce COF of the floor surface.

DCOF of the soapy vinyl floor surface was 0.07. The DCOF

for each surface was measured using a standard 4.54 kg

(10 lb) horizontal pull slip-meter with a rubber sole material

(same sole material as the standard shoes provided to the

subjects) on the force plates [26]. Walking trials were

conducted on a linear walking track (1.5 m � 5.5 m)

embedded with two force plates (BERTEC #K80102, Type

45550-08, Bertec Corporation, OH 43212, USA). The test

surface was mounted on a moveable platform and connected

to force plates. The overall function of the system was to

control the experimental conditions without participants

being aware of any floor surface change (Fig. 1). Standard

shoes with rubber soles (athletic works) were supplied to all

subjects to maintain constant COF levels among all

participants. A fall-arresting rig was used to protect

participants from falling during the experiment and was

designed to permit participants to fall approximately 30 cm

before arresting the falls and stopping any forward motion.

A six-camera ProReflex system (Qualysis) was used to

collect three-dimensional posture data of participants as they

walked over the test floor surface. Kinematic data were

sampled and recorded at 120 Hz. Ground reaction forces of
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Fig. 1. Field layout of the experiment including fall arresting harness and locations of force plates. Lateral moveable floor surfaces at the force plate locations

(arrow). On the left side, 26 reflective marker positions (two heel markers hidden on the illustration) are also illustrated.
participants walking over the test surfaces were measured

using two force plates and sampled at a rate of 1200 Hz.

Hamstring muscle activities were measured using electro-

myography (EMG). The EMG system (Noraxon Telemyo

System, Noraxon USA, Inc. Scottsdale, AZ) was composed

of one transmitter, one receiver and surface electrodes. The

transmitter was portable and powered by a battery (9 V), and

the receiver tele-communicated to the transmitter. A built-in

amplifier bandpass-filtered the signal (10–500 Hz) and

performed an RMS conversion (50 ms-time constant).

Raw EMG signals were monitored, sampled and stored

by the National Instrument hardware and the LabView

system with sampling rate of 1200 Hz.

2.3. Procedure

Twenty-six reflective-markers were attached to anatomi-

cally significant landmarks [24,25] to represent the whole

body, and two markers were attached to the heel to measure

heel velocity (Fig. 1). Two EMG electrodes were placed over

the belly of semi-tendinosus in each leg. The electrodes were

placed at 50% on the line between the ischial tuberosity and

the medial condyle of the tibia. Inter-electrode distance was

20 mm. Thereafter, participants were equipped with the fall

arresting rig. All the instructions were presented in written and

oral forms. Participants were asked to keep walking back and

forth as instructed from one workstation to the other

workstation at their preferred speed (i.e. natural gait). They

were instructed to always initiate walking by standing behind

a line with feet together. In order for experimenters to collect

adequate ground reaction forces for each foot (left and right),

experimenters adjusted the start line near by the workstations
so that their left and right heels struck on the first force plate

and on the following force plate, respectively. Participants’

feet consistently struck the force plates after walking about

10–15 min at their natural gait. While walking, they were

instructed to count a colored circle and to listen to comedy

routine via Walkman. The colored circle was in three different

colors. They flashed one at a time randomly on a TV screen

located on each workstation. These secondary tasks were

provided to take away participants’ attention from the floor

surfaces. One of the main purposes of a walkway (during the

slippery conditions) with two force plates embedded in the

center (with sliding floor to switch from normal-dry floor

surface to slippery floor surface) was to simulate realistic slip-

induced fall events. Some studies simulated slip-induced fall

events utilizing only 2–3 steps. In the present study, it was

thought that 2–3 steps could not account for participants’

natural gait characteristics; the present study attempted to

evaluate biomechanical response and gait characteristics

while all the participants were walking naturally in a

laboratory setting. All walking trials lasted in range between

15 min and 20 min and they were told to stop once a slippery

surface was introduced. Within each session, one base-line

data for normal gait parameters (i.e. posture, GRF and EMG)

was collected on the dry vinyl floor surface and, then, a

slippery condition was introduced.

2.4. Dependent variables

2.4.1. Heel contact velocity (HCV)

The instantaneous horizontal heel contact velocity was

calculated utilizing the heel position in horizontal direction

at the foot displacement of 1/120 s before and after the heel
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Fig. 3. Illustration of deceleration angle. It represents slope of heel

deceleration after mid-swing. It is normalized in gait cycle and magnitude

of deceleration.
contact phase of the gait cycle using the instantaneous heel

velocity formula [14]. Heel contact was defined when the

vertical force exceeded more than 7 N after the heel

contacted the ground (Fig. 2E).

2.4.2. Heel deceleration angle (HAD)

The heel deceleration angle was calculated to investigate

the effects of hamstring activation rate on heel contact

dynamics utilizing heel position data before heel contact

phase of the gait cycle. The heel deceleration data were

normalized in gait cycle (x-axis) and in its peak (y-axis) as

seen in Figs. 2D and 3.

2.4.3. The whole body center-of-mass (COM) velocity

(i.e. walking velocity)

The whole body center-of-mass was calculated by

averaging all the centers of mass from the 14 segments

(left and right feet, left and right shanks, left and right thighs,
Fig. 2. Characteristics of EMG and kinematics and kinetics data during

walking; these characteristics seen in the graph are observed throughout all

the participants in this study: (A) raw EMG of hamstring, (B) integrated

EMG of hamstring, (C) heel velocity, (D) heel acceleration and (E) vertical

force.
trunk, left and right hands, left and right lower arms, left and

right upper arms, head) link-segment system defined by

MacKinnon and Winter [65] and Lockhart et al., [25]. The

COM velocity of all the participants was calculated using the

formula:

COM velocity ¼ ½Xðiþ 1Þ � Xði� 1Þ�
2Dt

;

where X ¼ COM;

Then, all COM velocities from heel contact to heel

contact were averaged.

2.4.4. Required coefficient of friction

The required coefficient of friction was obtained by

dividing the horizontal ground reaction force by the vertical

ground reaction force (Fx/Fz) shortly after the heel contacted

the dry vinyl floor surface (peak 3 as defined by Perkins [26]).

2.4.5. Muscle activation rate (HAR)

EMGs were normalized using the peak of the within-

subject ensemble average addressed by Yang and Winter

[27]. The ensemble EMG data were normalized in percent of

gait cycle (x-axis) and EMG amplitude (y-axis), as

illustrated in Figs. 2B and 4. In order to find the EMG

onset of the hamstring muscle, a period between two points

in the heel velocity graph (Fig. 2C; points (a) and (b)) was

initially identified. The onset of the hamstring muscle

occurred between the two points throughout the majority of

the participants in this study. During the period, the onset of

EMG activity was defined as the point where the signal first

deviated more than 1 S.D. from the level recorded as the

baseline [28].

2.4.6. Initial slip distance (SDI)

Slip distance was divided into slip distance I (SDI) and

slip distance II (SDII). SDI was measured to provide
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Fig. 4. Illustration of hamstring activation rate showing the integrated EMG

(iEMG) of hamstring muscle of right leg during a complete gait cycle (i.e.

heel contact to heel contact of the same foot, e.g. left heel contact to left heel

contact) and percentage of EMG peak of the other leg (e.g. right leg in this

example). This figure illustrates normalization of the hamstring iEMG

parameter of the swing leg (in this example, right leg) utilizing gait cycle

of the other leg (in this example, left leg).

Fig. 5. Composite view of slip parameters (adapted from Lockhart et al. [24]).
information concerning the severity of slip initiation. Slip-

start point was defined as the point where non-rearward

positive acceleration of the heel after heel contact,

equivalently where the first minimum of the horizontal

heel velocity after the heel contact [24,25] (Fig. 5a). The

slip-stop point for SDI was defined as the point where peak

horizontal heel acceleration occurred after the slip-start

point (mid slip on Fig. 5a). SDI was obtained using the heel

coordinates between slip-start and slip-end point on the vinyl

floor surface (Fig. 5c).

2.4.7. Slip distance II

Slip distance II provided information concerning the

slip behavior after the initiation of slips. The start point

for the slip distance II was defined from SDI slip-stop

point (peak heel acceleration ‘‘mid slip’’ in Fig. 5a) to the

end of slip [24,25]. The end of the slip was estimated as

the time where the first maximum of the horizontal heel

velocity after slip-start point occurred (Fig. 5a and b)

[24,25]. SDII was calculated from the heel coordinates

using the distance between the two points as with SDI

(Fig. 5c).

2.4.8. Peak sliding heel velocity

The peak sliding heel velocity after slip-start point was

measured while slipping (Fig. 5b). This measure was used to

predict slip severity in addition to slip distances.

2.4.9. Step length (SL)

The linear distance was measured in the direction of

progression between successive points of foot-to-floor

contact of the first foot (X1, Y1) and other foot (X2, Y2).

Step length was calculated from the distance between

consecutive positions of the heel contacting the floor. This
measure was used only for test of ‘‘inadvertency’’ to assess if

participants walked at the same speed (i.e. natural gait)

during different trials (from normal-dry floor surface to

slippery floor surface).
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2.4.10. Fall frequency

Slip distance, sliding heel velocity, the whole body COM

velocity and motion pictures were considered to identify the

fall frequency. To be considered as a fall, the slip distance

must exceed 10 cm, and peak sliding heel velocity must

exceed the whole body COM velocity while slipping [24]. In

addition, videos for each slip trial of the participant were

analyzed to assess if an actual fall had occurred. All of above

three conditions had to be met to be considered as a fall.

2.5. Data analyses

The coordinate data from the motion analysis system

were used to calculate the gait parameters (step length,

horizontal heel contact velocity, heel deceleration angle, the

whole body COM velocity (i.e. walking velocity), initial slip

distance, slip distance II and peak sliding heel velocity

(PSHV)).

A built-in function of the EMG system (Noraxon

Telemyo System, Noraxon USA, Inc. Scottsdale, AZ)

converted raw EMG data into integrated EMG data (50 ms-

time constant), which were used to determine the activation

rate of the hamstring muscle. Force data (horizontal and

vertical GRF) were used to determine the friction demand

characteristic (as measured by required coefficient of

friction) at heel contact on the dry vinyl floor surface only.

The EMG and ground reaction forces were collected for 5 s

at 1200 Hz and filtered using 4th-order-lowpass-Butter-

worth-filter at cut-off frequency of 6 Hz following a residual

analysis [14]. Kinematic data were recorded for 5 s at

120 Hz and filtered using 4th-order-lowpass-Butterworth-

filtered at cut-off frequency of 12 Hz following a residual

analysis [14]. To synchronize all of the data (EMG, ground

reaction force and kinematics) for each trial, an electronic

trigger via a program written in LabView language was used

to initiate data collection simultaneously.

Descriptive and inferential statistical analyses were

performed by utilizing the JMP statistical packages (SAS

Institute Inc., Cary, NC, USA). The group differences were

evaluated using one-way analyses of variance (ANOVA). To

account for the effect of the walking velocity, analyses of
Table 1

Means and standard deviations of parameters between young and elderly groups

Variables Young mean (S.D.)

Heel contact velocity (HCV) (cm/s) 74.36 (21.53)

Heel deceleration angle (8) 83.63 (0.75)

The whole body COM velocity (cm/s) 133.23 (11.59)

Required coefficient of friction (RCOF) 0.19 (0.02)

Hamstring activation rate (8) 80.88 (2.40)

Slip distance I (SDI) (cm) 1.89 (1.30)

Slip distance II (SDII) (cm) 7.29 (5.31)

Step length (SL) (cm) 66.09 (6.41)

Peak sliding velocity (cm/s) 119.66 (66.57)

Fall Three times

One-way ANOVA on the age differences for all the parameters and ANCOVA on ag
* p < 0.05.
covariance (ANCOVA) was used to evaluate the group

difference in hamstring activation rate and heel contact

velocity. To test whether or not subjects were aware of the

floor surface changes, step length, horizontal heel contact

velocity and the whole body COM velocity (i.e. walking

velocity) were each analyzed using one-way analyses of

variance on both slippery and non-slippery floor surfaces.

The results were considered as statistically significant when

p � 0.05.

Furthermore, bivariate analyses were performed to

investigate relationships between gait parameters, friction

demand characteristic and slip parameters. The results were

considered as statistically significant when p � 0.05.
3. Results

3.1. Age effect

Table 1 summarizes the mean values and standard

deviations for each of the dependent measures in the two age

groups.

3.1.1. Initial gait parameters

The ANOVA results indicated younger adults exhibited

significantly higher HAR (F1,27 = 6.70, p = 0.02), HCV

(F1,27 = 4.22, p = 0.05), walking velocity (F1,27 = 8.56,

p = 0.008) and HDA (F1,27 = 4.74, p = 0.04). On average,

younger adults exhibited higher hamstring activation rate,

heel deceleration angle and walking velocity. Even when

hamstring activation rate was corrected for walking velocity,

the group difference in hamstring activation rate was found

to be significant ( p = 0.03, ANCOVA). However, when heel

contact velocity was corrected for walking velocity

(ANCOVA), its difference in the two age groups was not

significant. The bivariate analysis indicated the positive

correlations between hamstring activation and walking

velocity (F1,27 = 6.19, p = 0.02, R2 = 0.22). In contrast, no

relationship between hamstring activation rate and heel

deceleration angle or hamstring activation rate and heel

contact velocity was found.
Elderly mean (S.D.) ANOVA ANCOVA

57.06 (20.15) * N.S

83.08 (0.67) * –

120.22 (10.12) * –

0.15 (0.02) * –

73.36 (7.27) * *

0.86 (0.56) * –

3.05 (3.75) * –

61.43 (6.80) N.S –

59.88 (43.12) * –

Six times – –

e differences for selected parameters. (–) not applicable; N.S, not significant.
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3.1.2. Friction demand characteristics

The ANOVA analysis indicated that younger adults had a

higher RCOF than older adults (F1,27 = 11.08, p = 0.002).

The bivariate analysis indicated significant correlations

between RCOF and heel contact velocity (F1,27 = 4.84,

p = 0.04, R2 = 0.18) and walking velocity (F1,27 = 10.02,

p = 0.004, R2 = 0.44). However, when the correlation

between heel contact velocity and RCOF was corrected

using walking velocity as a covariate, no relationship was

found between heel contact velocity and RCOF ( p = 0.72).

In all participants, faster walking velocity and higher heel

contact velocity were accompanied by the higher RCOF.

3.1.3. Slip parameters

The one-way ANOVA indicated significant differences in

SDI (F1,27 = 6.36, p = 0.02), SDII (F1,27 = 5.10, p = 0.03) and

peak SHV (F1,27 = 7.32, p = 0.01) between younger and older

participants. In general, younger individuals slipped longer

and faster than older adults. The bivariate analysis indicated

significant statistical correlations between RCOF and SDI

(F1,27 = 4.40, p = 0.04, R2 = 0.17), SDII (F1,27 = 7.94,

p = 0.01, R2 = 0.27) and PSHV (F1,27 = 12.93, p = 0.001,

R2 = 0.35). In general, individuals with higher friction

demand (RCOF) slipped longer and faster.

3.1.4. Fall frequency

Older age group fell twice as often as their younger

counterparts (six falls compared to three falls, respectively).

3.2. Test of inadvertency

The results of one-way ANOVA suggested no significant

floor effects on HCV, walking velocity and SL indicating

subjects were not aware of the slippery floor surface change

(Table 2).
4. Discussion

The primary objective of the present study was to

evaluate if the suggested age-related changes in muscle

properties, walking velocity, heel contact velocity and

RCOF have an impact on likelihood of slip-induced falls. If

results suggested that the slower hamstring activation rate

among the elderly would be related to slip-induced fall

accidents, an intervention, such as strengthening hamstring
Table 2

ANOVA on floor surface (soapy surface and dry surface)

Younger

Dry Soapy ANO

HCV (cm/s) 67.43 (26.44) 76.40 (26.62) N.S

COM velocity 125.44 (17.40) 125.04 (15.60) N.S

Step length 66.08 (6.41) 65.54 (6.15) N.S

N.S, not significant. *p < 0.05.
muscles could be applied to prevent older adults from slip-

induced fall accidents.

In order to determine whether the differences in the gait

characteristics were a primary effect of age and not an effect

of walking velocity between the two age groups, ANCOVA

was performed with walking velocity as a covariate to

evaluate differences only due to the effect of age.

4.1. Hamstring activation rate in older adults was lower

than their younger counterparts

Previous study [29] suggested that the age-related

changes in the skeletal muscle property, such as muscle

fiber types, were a factor contributing to falls in the elderly.

Also, many studies [7,9,31–35] proposed that a possible

mechanism in association with the decreased muscle

activation rate among older adults was changes in

proportions in muscle fiber types. Previously, an implication

of the higher potential risk of slip-induced falls among older

adults was presumed upon faster heel contact velocity found

among older adults [14,22,25,36,37] while they were

exhibiting slower walking velocity than younger adults.

Furthermore, studies [14,62] suggested that lower hamstring

activation rate was a contributing factor for higher heel

contact velocity.

In agreement with the previous suggestion [14], older

adults’ hamstring activation rate was lower than their

younger counterparts. Overall, younger adults exhibited

faster walking velocity and faster hamstring activation rate

in comparison to older adults, whereas heel contact

velocity did not differ between the two age groups when

accounting for walking velocity as a covariate. Addition-

ally, walking velocity was correlated to HAR and HCV in

the present study. These results suggested that younger

adults’ hamstring muscles were activated at a faster rate

than older adults resulting in a sufficient reduction of the

heel contact velocity (refer to Fig. 7); it seems that faster

HAR played a role in reducing HCV sufficiently, resulting

in similar HCV among younger adults while walking faster

in comparison to older adults. The previous studies [38–

42] found that maximal unloaded shortening velocity in

fast-twitch fibers was faster in comparison to slow-twitch

fibers and suggested that fast-twitch fibers produced higher

force in comparison to slow-twitch fibers in a given time

[38–41]. Also, many studies demonstrated a direct

relationship between muscle force and EMG activity
Older

VA Dry Soapy ANOVA

60.95 (21.05) 75.55 (39.48) N.S

118.05 (18.00) 114.90 (16.48) N.S

61.43 (6.80) 60.50 (5.15) N.S
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Fig. 6. Schematic flow diagram for the effect of aging on hamstring activation rate and heel velocity.
[36,43–46]. As a result, higher hamstring activation rate

found in younger adults in the present study could play a

role in producing higher force in hamstring muscles

(Fig. 6), decelerating the forward leg momentum suffi-

ciently before heel contact. This statement was further

supported by the heel deceleration angle (or heel

deceleration rate) prior to heel contact phase of the gait

cycle. Higher heel deceleration angle or faster deceleration

of the heel of younger individuals suggested that heel

contact velocity was sufficiently reduced before the heel
Fig. 7. Composite view of raw EMG of rectus femoris (RF), hamstring

(HAM), gastronemius (GAS) muscles, heel velocity (HV), heel acceleration

(HA), vertical force (Fz) and horizontal force (Fx).
contact phase of the gait cycle. This explained why the heel

contact velocity was not found to be different between the

two age groups in the present study even though younger

adults walked faster. Although implicated (i.e. relationship

between hamstring activation rate and heel contact

velocity), lack of significant relationship between ham-

string activation rate and heel contact velocity/heel

deceleration angle suggested that hamstring activation

rate is not the only factor influencing heel contact velocity

and deceleration of the heel. As illustrated in Fig. 7, prior

to the heel contact, not only the hamstring muscles were

activated, but also Rectus Femoris muscles were activated

during normal walking. This pattern was also observed by

Hashimoto et al., [63]. Thus, it seems that Rectus Femoris

together with hamstring muscles (i.e. co-activation) play

an important role in heel contact dynamics. Although

suggested, further study incorporating both of these

muscles in relationship to heel contact dynamics should

be conducted to elucidate this possibility.

4.2. Older adults’ heel contact velocity was slower than

their younger counterparts

In previous studies [10,14,23,37], higher heel contact

velocity in older adults in comparison to younger adults was

found and suggested as a contributing factor for falls among

older adults. In the present study, in disagreement with

previous studies [10,23–25], the difference in heel contact

velocity between the two age groups was mainly due to the

effect of walking velocity, not due to the effect of aging. This

could be due to the limitations of this study. One of

limitations of the present study came from the experimental

protocol. Participants were aware of an introduction of a

slippery surface while walking, by reading an informed

consent form. Lachman et al. [47] and Brown et al. [48]

suggested that older adults had an increase level of fear of
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falling in comparison to younger adults due to previous

experiences/expectations regarding an impending distur-

bance, and argued that a strategy of increased caution (i.e.

slowing walking velocity) among older adults was

employed. In the present study, older adults’ expectations

regarding a slippery surface could slow down their walking

velocity more than their younger counterparts and altered

their gait characteristics. Previous studies [10,14] that

implicated older adults’ higher heel contact velocity did not

introduce a slippery surface to participants. This difference

in methodology could produce contradicting results in terms

of heel contact velocity.

4.3. RCOF was lower in older adults in comparison to

younger adults

Several studies suggested that as differences between the

friction demand characteristic (i.e. RCOF) and available

dynamic COF increased, the number of slip and fall events

[16,17] increased. Perkins and Wilson [17] suggested that

most slips that led to a fall occurred when the friction force

opposing the movement of the foot was less than the shear

force of the foot immediately after the heel contacted the

ground. Given the constant contact time and mass associated

with heel contact of the gait cycle [18], the impulse–
Fig. 8. Positions of the whole body COM and RCOF (Fx/Fz) (
momentum relationship indicated that horizontal shear force

increased proportionally as horizontal heel contact velocity

increased. Furthermore, as indicated by many studies, the

gait characteristics, such as heel contact velocity and

walking velocity, influenced the friction demand character-

istics due to the alterations of the horizontal foot shear force

[17,25].

In the present study, as suggested by previous studies

[17,18], RCOF was directly correlated to heel contact

velocity and walking velocity. However, heel contact

velocity was not directly correlated to RCOF when adjusted

for walking velocity. These results suggested that heel

contact velocity was not the only critical and direct indicator

of RCOF. As indicated, older adults exhibited lower RCOF

than their younger counterparts. This was a result of younger

adults walking faster than older adults. Studies [37,51,52]

suggested that the majority of slips were likely to initiate

between 70 ms to 120 ms after the heel contacts the ground.

In the present study, heel contact velocity was minimized

almost to zero after the heel contacted the ground; this result

may indicate that during intact normal walking, heel contact

velocity may not be a factor contributing to an increased

RCOF. When heel contact velocity was minimized to zero,

the body traveled forward from one point to the other point

in order to maintain forward body momentum. As a result,
adapted from Lockhart et al. [25]) after the heel contact.
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the imposed horizontal force increased as the whole body

COM moved anteriorly as seen in Fig. 8 [25]. The imposed

horizontal force continued to increase until it reached peak 3

(RCOF), where a dangerous slip was most likely to occur. As

illustrated in Fig. 8, walking velocity (or changes in the

whole body COM position) could primarily influence

RCOF, which could be used to predict the initiation of

slip-induced falls [25]. Thus, it could be improper to suggest

that a dangerous slip, which occurs 70–120 ms after heel

contact, was directly related to heel contact velocity. Further

studies investigating the relationships between the imposed

horizontal force (associated with the whole body COM

characteristics) and friction demand characteristics should

be explored in the future to explain the mechanisms

underlying the slip-initiation process.

4.4. Older adults slipped less and slower but fell more

often than their younger counterparts

In the present study, younger adults exhibited longer slip

distances as well as higher peak sliding heel velocity in

comparison to older adults. Higher RCOF, longer slip

distance and higher peak sliding heel velocity in younger

adults could suggest that younger adults were more prone to

encounter slip-induced fall accidents. However, fall fre-

quency results indicated that older adults fell more often

than their younger counterparts. These results were in

agreement with previous studies [24,64] utilizing fall-

recovery-threshold parameters (i.e. initial slip distance,

sliding heel velocity, sliding heel acceleration and friction

utilization) to explain the relationships between the slip

characteristics and falls among different age groups

(younger, middle-age and older adults). These studies

suggested that younger adults were able to recover from a

slip (thus preventing a fall) with much higher sliding speed

and longer slip distances. In other words, recovery thresh-

olds (in terms of slip distance and sliding speeds) were

different for different age groups.

Possible mechanisms that could explain this phenomenon

could be the differences in lower extremity muscle strength,

cognitive and sensory impairments between young and older

adults [53–55,58,59]. Studies [56,57] suggested that lower

extremity muscle weakness was a significant contributing

factor to balance dysfunction in older adults. Slip events are

very explosive and ballistic; therefore, in order to control or

recover from a slip event, rapid force productions of lower-

extremity muscles are required. Thus, it seems that younger

adults in present study were able to produce sufficient forces

in a short time to recover from a fall even though they

slipped longer and faster. A thorough investigation relating

lower extremity strength and fall recovery process should be

conducted to confirm underlying causes associated with fall

accidents among the elderly. Additionally, understanding

cognitive and sensory impairments among the elderly could

clarify the mechanisms associated fall recovery. For

example, Tinetti et al. [58] reported that older adults’ fear
of falling contributed to changes in the gait characteristics in

community dwelling older adults. Tinetti et al. [58] reported

that the older adults tended to walk slower to ensure safe gait

and they had higher levels of anxiety and depression

compared to adults with little fear of falling. This fear of

falling could cause problems with balance control, due to an

increase in muscle stiffness [59]. Furthermore, sensory

degradations in visual and proprioceptive systems [57,60] in

older adults could explain the differences in fall frequency

among young and older adults. Brownlee et al. [59]

suggested that older fallers had proprioceptive dysfunction

leading to unstable balance control. Also, Warren et al. [61]

suggested that threshold levels for detection of optical flow

associated with normal sway rose in older adults. These

comments further suggest that studies investigating recovery

phase of slip-induced fall accidents are needed.

In conclusion, younger adults’ hamstring activation rate

was higher than older adults, whereas younger adults’ heel

contact velocity was not different from older adults. These

results suggested that heel contact velocity in younger adults

was sufficiently reduced before the heel contact phase of the

gait cycle. This could be due to the outcome of higher

hamstring activation rate in younger adults in comparison to

older adults. However, lower friction demand (peak RCOF),

shorter slip distances, slower peak sliding heel velocity and

more falls among older adults suggested that the slip initiation

characteristics were not the only factors contributing to slip-

induced falls among the elderly. Thus, studies investigating

recovery phase of slip-induced fall accidents are needed to

understand fall mechanisms associated with the elderly.
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