
Relationships between Hamstring Activation Rate and 

Biomechanics of Slip-induced Falls  

among Young and Older Adults 
 

Sukwon Kim 
  

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

In the Partial Fulfillment of the requirement of the degree of 
 

  

Master in Science 

In 

Industrial and Systems Engineering 

 

 

Thurmon E. Lockhart, Chair 

Madigan Michael 

Nussbaum Maury 

 

May 09, 2003 

Blacksburg, VA 24060 

 
Keyword: Hamstring activation rate, Heel contact velocity, Friction demand (RCOF), Falls 

Copyright 2003, Sukwon Kim 

50 
 



Relationships between Hamstring Activation Rate and Biomechanics of Slip-induced Falls 

among Young and Older Adults: Sukwon Kim 

ABSTRACT 

 This study was conducted to investigate whether hamstring muscle activation rate 

could potentially serve as an indicator for slip-induced falls, particularly for older adults.  

Kinematics (heel contact velocity, walking velocity, slip distance, and step length), kinetics 

(friction demand), and electromyography (EMG) while walking over a slippery surface 

were collected and examined in the study.  Normalized EMG data were examined in term 

of activation rate and compared to heel contact velocity.  Twenty-eight subjects from two 

age groups (14 young and 14 elderly) walked across a track with embedded force platforms 

while wearing a fall arresting harness attached to an arresting rig for safety.  In order to 

obtain realistic unexpected slip-induced fall data, the slippery surface was hidden from the 

subjects and unexpectedly introduced.  The primary objective of the study was to evaluate 

if hamstring activation rate could be a valid indicator for the initiation of slip-induced falls.  

The results suggested that hamstring activation rate in younger adults 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, an equal number of falls in two age groups, in spite of older adults’ slower 

walking velocity, lower RCOF, shorter slip distance, and slower peak sliding heel velocity, 

suggested that the recovery phase of the slip-induced fall accidents should be studied 

further. 
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CHAPTER 1 

Introduction 

1.1 Rationale 

 The National Safety Council (1993) reported that falls were the second leading 

cause of work-related fatalities behind motor vehicle accidents.  Furthermore, in 1992, the 

number of fatal falls exceeded the number of workplace deaths associated with poison, 

electric current, fire, burns and drowning (The National Safety Council, 1993).  More than 

17% of all work-related injuries in 1988 and 12% of all worker fatalities in 1992 resulted 

from falls (The National Safety Council 1993).  In 1985, $37.3 billion was expended on 

fall-related injuries in the U.S. (Rice et al., 1989).  Leamon and Murphy (1995) accredited 

24% of the direct cost of all claims filed during the years 1989-1990 to fall-related injuries. 

 The enormous life and economic losses caused by fall related-accidents has 

interested many scientists since the 1920s.  In general, there have been four primary 

approaches; epidemiology, biomechanics, tribology and psychophysics, to understand 

slip and fall accidents.  In spite of developments in tribometric techniques to assess 

shoe/floor interactions, improved knowledge of the biomechanical responses in walking 

on slippery floor surfaces, and numerous studies involving postural control, fall accidents 

have continued to represent a serious problem in society both in terms of human 

suffering and economic losses.  To minimize these personal and economic losses, the 

causes of slip and fall accidents must be explored and understood, especially in high-risk 

individuals such as older adults.   

 Activation of hamstring muscles is a functionally important indicator of the slip-
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induced falls since a role of hamstring muscle is to decelerate the forward leg momentum 

during the heel contact phase of the gait cycle.  However, there has not been a serious 

attempt to understand the relationships between hamstring muscles and slip-induced fall 

accidents in an aging population.  In aging muscles, Lexell (1995) suggested that fast 

twitch muscle fiber size and number reduced with increasing age, while the size and 

number of slow twitch muscle fibers reduced much less, and suggested that much more 

reduction in fast twitch fiber in comparison to reduction in slow twitch fiber resulted in a 

change in the ratio of fast twitch fibers to slow twitch fibers.  This change in the ratio of 

fast twitch fibers to slow twitch fibers was suggested as a possible cause for a decrease in 

hamstring muscle activation rates, altering the gait characteristics, such as, horizontal 

heel contact velocity (Connelly et al., 1999; Doherty et al., 1997; Erim et al., 1999, 

Howard et al., 1988; Nelson et al.1984; Newton et al., 1988; Soderberg et al., 1991; 

Winter, 1991).   

 Heel contact velocity was defined as an instantaneous velocity at the heel contact 

phase of the gait cycle (Lockhart 2000a and b).  Increased horizontal heel contact velocity 

could increase the friction demand between the shoe heel and the floor surface during the 

heel contact phase of the gait cycle.  Higher horizontal heel contact velocity was suggested 

to increase frequency of slips and falls since more friction between shoe and floor surface 

was required to prevent slipping (Hanson, Redfern, and Mazumdar, 1999).  Mills and 

Barrett (2001), and Winter (1991) reported that horizontal heel contact velocity in older age 

group was higher than that in younger age group.  Perkins and Wilson (1983) stated that 

most slips that lead to falls occurred when the frictional force (Fµ) opposing the movement  
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of the foot was less than the shear force (Fh) of the foot immediately after the heel 

contacted the floor.  The required coefficient of friction (RCOF) was a measured ratio of 

horizontal foot force to vertical foot force, and represented the minimum coefficient of 

friction that must be available at the shoe-floor interface to prevent slipping (Lockhart, 

1997; 2000a).   

 During normal walking, vertical foot force at heel contact is fairly constant (Irwine, 

1986).  Therefore, horizontal foot force at heel contact primarily determines RCOF (Irwine, 

1986).  Horizontal foot force at heel contact is a product of foot mass and foot horizontal 

acceleration of the contacting foot.  Given the constant contact time (t) and mass (m) 

associated with the heel contact phase of the gait cycle, the impulse-momentum 

relationship indicates that horizontal shear force (Fh) increases proportionally with 

horizontal heel contact velocity (Vh) : 

                       Fh = ma = m Vh / t; 

                      ∴ Fh α Vh  (where mass (m) and time (t) are constant)                                                    

 Although much has been learned over the past few decades about age-related gait 

characteristics and the effects of gait changes on the severity of slip and fall accidents, there 

has not been a clear explanation about older adults’ higher heel contact velocity.  Winter 

(1991) suggested that decreased hamstrings muscle activation rate caused higher horizontal 

heel contact velocity among elderly individuals.  However, empirical evidences for this 

mechanism were lacking.  In this experiment, the investigator measured hamstring muscle 

activation rate and examined the relationships between hamstring activation rate and 

biomechanics of slip-induced falls.  Moreover, this study examined and compared gait 
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mechanisms and dynamic gait control strategies employed by both young and elderly 

individuals during ambulation over slippery and non-slippery floor surfaces.  It was 

expected that this study would provide empirical data for understanding higher horizontal 

heel contact velocity developed among the elderly (Lockhart, 1997; Mill and Barrett, 2001; 

Winter, 1991), and provide its relationships to the probability and severity of slip-induced 

fall accidents (Figure 1).    

Synchronized kinematics, kinetic, and EMG data analyses during the heel contact 

phase of the gait cycle were performed in order to address the following specific 

hypotheses: 

1) Hamstring activation rate in the elderly would be lower.  

2) Heel contact velocity in the elderly would be higher. 

3) Required Coefficient of Friction (RCOF) in the elderly would be higher. 

4) Slip distance in the elderly would be higher. 

5) The elderly would fall more often than their younger counterparts. 

 Furthermore, to address if there were relationships between parameters (i.e. 

hamstring activation rate, heel contact velocity, RCOF, slip distance, and sliding heel 

velocity), following questions were asked, 

1) Would hamstring activation rate be correlated to heel contact velocity? 

2) Would heel contact velocity be correlated to RCOF? 

3) Would RCOF be correlated to slip distance and peak sliding heel velocity? 
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Figure 1. The hypothesized process of initiation of slip-induced fall. 
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1.2 Need for the Study 

 This study provided a better understanding of the initiation of slip-induced falls 

between the two age groups as they walk on slippery floor surfaces.  Although many 

studies in biomechanics, epidemiology, psychophysics, and tribology explained the 

mechanisms associated with slip and fall accidents, little had been known about the 

relationships between hamstring activation rate and the initiation of slip-induced falls.  This 

information could allow engineers to design better work environments (floor surface 

maintenance, or floor type) to minimize the incidence of slips and falls among aging 

workforce by understanding their gait characteristics.  Also, this study would provide 

knowledge concerning possible intervention strategies (muscle strengthening and balance 

exercise etc.) for improving dynamic equilibrium. 
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CHAPTER 2 

Literature Review 

The literature review was divided into five sections.  First section discussed the 

general biomechanics of human gait.  The next section discussed age-related gait 

adaptations, such as, higher heel contact velocity.  Additionally, age-related changes in the 

horizontal heel contact velocity and its effect on slip initiation were further addressed.  

Lastly, a possible cause of changes in horizontal heel contact velocity (decreased hamstring 

activation rate) among older adults was explained. 

 

2.1 Biomechanics of Human Gait 

        Locomotion, a characteristic of animals, was the process by which animals moved 

themselves from one geographic position to another (Lockhart et al., 2000a; 2000b)  Inman, 

Ralston, and Todd (1981) defined walking as “a method of locomotion involving the use of 

two legs, alternatively, to provide both support and propulsion.”  Lockhart et al. (2000a; 

2000b) described gait as the manner or style of an individual’s walking pattern.  A major 

function of walking was to transport the body safely and efficiently across the terrain 

(Lockhart et al., 2000).  Winter (1991) listed five major functions that must be performed 

during each stride period to transport the body safely and efficiently across the terrain; 

1.  Maintenance of upper body support during the stance phase of gait (Winter, 1980;  

       1984). 

2. Maintenace of upright posture and balance of the total body (Nashner, 1980,  

         1982; Cappozzo, 1981; Thorstensson, 1984). 

   3.   Acquring safe ground clearance and smooth heel contact by foot trajectory    
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     control ( Winter, 1992). 

   4.   Mechanical energy generation to maintain or increase forward velocity (Winter,    

     1983a; 1983b). 

5. Mechanical energy absorption to decrease forward velocity (Winter, 1983a;       

     1983b). 

 

2.1.1 Gait Cycle and Pattern. 

 Walking involved two basic requisites (Inman et al., 1981).  One was periodic 

movement of each foot from one position of support to the next, and the other was 

sufficient ground reaction force (applied through the feet) to support the body.  Inman et al. 

(1981) suggested that this periodic leg movement was the essence of the cyclic nature of 

human gait (i.e. the gait cycle).  The activity of one leg could be divided into two phases. 

One was the swing phase and the other was the stance phase.  The stance phase started 

when a foot contacted the ground and ended when the foot left the ground.  The swing 

phase started from the end of the stance phase and ended when the foot came into contact 

with the ground (Inman et al., 1981). 

 Every gait cycle involved two periods of single support and two periods of double 

support.  Furthermore, two phases in the gait cycle were divided into eight sub-periods 

(Vaughan et al. 1987).  The stance phase events were as follows: 

1. Heel contact initiated the gait cycle and presented the point at which the body’s   

                  center of gravity was at its lowest position. 

2. Foot-flat was the time when the plantar surface of the foot touched the ground. 

3. Midstance occurred when the swing foot passed the stance foot and the body’s 

    center of gravity was at its highest position. 
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4. Heel-off occurred as the heel lost contact with the ground, and push-off was 

  initiated via triceps surae muscles, which plantar-flexed the ankle. 

 5. Toe-off terminated the stance phase as the foot left the ground. 

 The swing phase events were as follow: 

 6. Acceleration began as soon as the foot left the ground and hip flexor muscles 

 were activated to accelerate the leg forward.   

        activated the hip flexor muscles to accelerate the leg forward. 

7. Midswing occurred when the foot passed directly beneath the body, coincidental 

with midstance of the other foot. 

8. Deceleration described an action of the muscles as they slowed the leg and 

stabilized the foot in preparation for the next heel contact.  

Typically, a slip occurred during the heel contact phase of the gait cycle (Perkins 1978; 

Grönqvist et al., 1989).  A critical factor for slip-induced falls (higher horizontal heel 

contact velocity) was initiated in the eighth period when hamstring muscles were activated 

to decelerate forward leg momentum.  Failure to sufficiently reduce horizontal heel velocity, 

by hamstring muscles, could result in slip-induced fall accidents (Winter, 1991). 

 

2.1.2 Muscle Activation Cycle during Normal Walking 

 Generally, seven lower extremity muscles (gluteus maximus, gluteus medius, 

adductor magnus, quadriceps, tibialis anterior, and hamstring) were activated alternately or 

simultaneously during normal walking (Inman et al., 1981).  One of principal actions of 

these muscles was to accelerate and to decelerate angular motions of legs (Inman et al., 
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1981) during walking.  From initial swing to mid-swing, quadriceps muscles and tibialis 

anterior muscles were active while the others were quiescent.  During terminal swing, 

hamstring muscles were activated to decelerate angular motions of the leg.  Before heel 

contact phase of the gait cycle, hamstring muscles (Mh) were active to decelerate forward 

leg momentum, thus, reducing heel contact velocity.   

 

2.2  Gait adaptation in Older Adults 

Many biomechanical literature demonstrated that there were several differences in 

the gait characteristics of older and younger people (Lockhart 2000; Murray, Kory, and 

clarkson, 1969; Gillis, Gilroy, Lawley, Mott, and Wall, 1986; Imms and Edholm,  

1979; and Winter, Patla, Frank, and Walt, 1990).  Normally, walking speed decreased with 

aging (Murray et al., 1969; Finley et al., 1969; Imms and Edholm, 1981; Meserlian, 1995) 

and average cadence for older people was slower than young adults, about 100 steps/min 

(Meserlian, 1995).  Imms and Edholm (1981) randomly selected elderly subjects, and 

investigated their walking characteristics.  They found that as age increased, walking 

velocity was decreased and step length was shortened.  Also, older adults’ tendency to walk 

slowly allowed them to maintain a longer stance or a longer double support time.  However, 

in spite of the slower walking speed, shorter step length, and longer double support time, 

older adults’ horizontal heel contact velocity was found to be higher than their younger 

counterparts (Mills and Barrett 2001; Winter, 1990; Karst et al., 1999; Myung; Smith, 

1997).  Additionally, these studies (Mills and Barrett 2001; Winter, 1991; Karst et al., 1999;  
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Myung; Smith, 1997) indicated that an increase in horizontal heel contact velocity of older 

adults was directly related to an increased likelihood of slips and falls. 

 
 

2.3  Horizontal Heel Contact Velocity and Horizontal Force 

The control of the foot during the swing phase was essentially a ballistic task 

(Winter, 1991).  During the swing phase, horizontal velocity of foot accelerated 

progressively after the heel left the ground and decelerated quickly to almost zero before 

the heel contact (Winter, 1991; Lockhart 1997).  The vertical trajectory of the foot during 

mid and late swing phases dropped rapidly (Winter 1991).  However, just 10% before heel 

contact, the vertical drop was arrested about 1 cm above the ground level (Winter, 1991).  

From this point (10% before heel contact), the heel was dropped slowly to the ground.  

Simultaneously, horizontal heel contact velocity quickly dropped to almost zero (Winter, 

1991).  Since slip-induced falls usually occurred shortly after heel contacted the ground 

(Perkins, 1978), an increase in horizontal heel contact velocity was suggested to influence 

the likelihood of slip-induced falls (Perkins and Wilson, 1983; Winter 1990). 

Winter (1990) reported that even though walking velocity in older adults was 

slower than younger adults, horizontal heel contact velocity of older adults was 

significantly higher than their younger counter parts.  Also, Mills and Barrett (2001) 

reported that even though walking velocity between older adults and younger adults was 

not different from each other, horizontal heel contact velocity in older adults was higher 

than younger adults.   

Perkins and Wilson (1983) stated that most slips resulting in falls occurred when 
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frictional force (Fµ) opposing the movement of the foot was less than shear force (Fh) of 

the foot immediately after the heel contacted the floor.  Lockhart (1997; 2000a) reported 

that Required Coefficient of Friction (RCOF) in older age group was slightly higher than 

their younger counterparts resulting in an increased potential for slip-induced falls.  RCOF 

was the measured ratio of horizontal foot force to vertical foot force and represented the 

minimum coefficient of friction that must be available at shoe-floor interface to prevent 

from slipping (Perkins, 1978; Lockhart, 1997; 2000a).  During normal walking, vertical 

foot force of an individual at heel contact was fairly constant.  Therefore, horizontal foot 

force at heel contact primarily determined RCOF exerted by the individual.  Horizontal foot 

force at heel contact was a product of foot mass and foot horizontal acceleration.  Given the 

constant contact time (t) and mass (m) associated with heel contact phase of the gait cycle 

(Irwine, 1986), the impulse-momentum relationship indicated that horizontal shear force 

(Fh) increased proportionally with horizontal heel contact velocity (Vh) : 

Fh = ma = m Vh / t ; ∴ Fh α Vh  (where mass (m) and time (t) are constant). 

 

2.4  Initiation of Slip 

Initiation of a slip occurred whenever frictional force (Fµ) opposing the movement 

of the foot was less than horizontal shear force (Fh) at the foot during the heel contact phase 

of the gait cycle (Perkins and Wilson, 1983).  Specifically, at the time of heel contact, there 

was a forward thrust component of force on the swing foot against the floor (Perkins and 

Wilson, 1983).  This resulted in a forward horizontal shear force (Fh) of the ground against 

the heel (Perkins and Wilson, 1983; Grönqvist et al., 1989).  Additionally, a vertical force 
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(Fv) occurred as the body weight and the downward momentum of the swing foot (and leg) 

made contact against the ground.   

Perkins (1978) identified six peak forces in the normal gait cycle by measuring 

ground reaction forces exerted between the shoe and ground on non-slippery floor surface 

(See Figure 6).  Perkins (1978) also calculated the ratio of horizontal force to vertical force 

(Fh/Fv).  A significance of this ratio was that it indicated where in the walking step a slip 

was most likely to occur (slip initiation).  Analyzing this ratio, Perkins (1987) noted that a 

dangerous forward slip was most likely to occur shortly after (< 50-100 ms) heel contact 

(peak 3 in Figure 6).  This ratio (Fh/Fv at peak 3) was called “Required Coefficient of 

Friction” (RCOF), because it represented the general friction demand (minimum coefficient 

of friction that must be available or “required”) at the shoe-floor interface to avoid 

initiation of forward slipping.  The number of slip–induced falls increased as the difference 

between the friction demand (RCOF) and available dynamic COF of the floor surface 

increased (Hanson, Redfern, and Mazumdar, 1999).  Walking speed directly affected 

magnitude of shear force (Fh), and therefore also had a direct effect on the friction demand 

(RCOF) during locomotion (Grönqvist et al., 1989).  Increases in walking velocity and step 

length usually increased the friction demand (Carlsöö 1962; James 1983; Soames and 

Richardson, 1985; and Myung et al., 1992).  RCOF was related to the tangent of the angle 

between the leg and a line perpendicular to the floor (Grönqvist et al., 1989).  As a result, 

increasing the step length increased RCOF (Perkins, 1978; Grönqvist et al., 1989). 

2.5  Changes in Muscle Activation Rate in Older Adults 

 Muscle types were generally divided into two categories; one was the fast twitch  
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muscle fiber and the other was the slow twitch muscle fiber (Ansved and Larsson 1995; 

Burke, 1981; Grimby et al. 1982; Larsson 1995; Larsson et al., 1977; Milner-Brown et al., 

1973; Tomlinson et al., 1977).  Lexell (1995) reported that numerous attempts to 

understand the causes of the aging atrophy were made to assess the muscle morphology of 

aging muscles using muscle biopsies.  The overall conclusion was that the number and size 

of fast twitch fibers was reduced much more than that of slow twitch fibers (Lexell, 1995).  

Lexell (1995) suggested that much more reduction in fast twitch fibers with advancing age 

resulted in changes in proportions of muscle fiber types.   

Fast twitch muscle fibers within a motor unit produced a much larger tension than 

slow muscle fibers within a motor unit, and had a higher innervation ratio (Burke, 1981).  

Bodine (1987) suggested that differences seen between slow twitch muscle fibers and fast 

twitch muscle fibers in terms of specific tension could be due to the number and size of the 

fibers within the unit.  Many studies (Erim Z. et al, 1999; Howard et al., 1988; Nelson et al. 

1984; Newton et al. 1988; Soderberg et al. 1991) observed EMG activities (firing rate) 

while exerting isometric contractions, and reported that firing rate in older adults tended to 

attenuate in older adults in comparison to younger adults.  One of the possible mechanisms 

underlying the attenuation in firing rate in older adults was proposed as changes in 

proportions of muscle fiber types (Ansved and Larsson 1995; Grimby et al. 1982; Larsson 

1995; Larsson et al., 1977). 

Maximum unloaded shortening velocity in fast twitch muscle fibers was found to 

be faster than slow twitch muscle fibers, and fast twitch muscle fibers were suggested to 

produce higher force in a given time in comparison to slow twitch muscle fibers (Claflin 

 14



and Faulkner, 1985; Schiaffino and Geggiani, 1999; Sweeney et al., 1988; Thompson and 

Brown, 1999; Thompson, 1998).   Also, many studies demonstrated a direct relationship 

between muscle force and EMG activity (De luca, 1997; Karlsson and Gerdle, 2001; 

Linnamo et al., 2003; Madeleine et al., 2001; Marras et al., 2001 and 2002).   

Generally, slow twitch muscle fibers were recruited at low muscle force levels, and 

as the force increased, fast twitch fibers were recruited (Binder and Mendell, 1990; 

Henneman et al., 1965; Milner-Brown et al., 1973).  As muscle aged, the increase in the 

percentage of slow twitch fibers, and the decrease in the percentage of fast twitch fibers 

were observed (Doherty et al., 1993; Lexell, 1995; Stalberg et al., 1982; Tomlinson et al., 

1977).  As a result, a greater proportion of the contractile capability of muscles in older 

adults was determined by slow twitch fibers (Doherty et al., 1993; Lexell, 1995; Stalberg et 

al., 1982; Tomlinson et al., 1977).  
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CHAPTER 3 

Method 

Utilizing established methods (Lockhart et al. 2002a, and 2002b), the gait and slip 

parameters (i.e. heel contact velocity, walking velocity, COG velocity, RCOF, slip distance, 

peak sliding heel velocity) were measured.  Participants walked across a track with 

embedded force platforms, while wearing a fall arresting harness attached to an arresting 

rig for safety.  In order to obtain realistic unexpected slip-induced fall data, the slippery 

surface was hidden from the participants. 

3.1 Subject population 

Fourteen young (18-35 years old) individuals (7 male and 7 female) and 14 elderly 

(65 and older) individuals (7 male and 7 female) 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.  The Center of Gerontology at Virginia 

Tech helped recruiting older participants.  All participants were compensated for their time 

and effort.  Each participant completed an inform consent procedure approved by the 

Virginia Tech Internal Review Board (IRB).  Participants were excluded from the study if 

they indicated any physical problems (i.e. hip, knee, ankle problems) (See Appendix I).  

Two (1 male and 1 female) participants were excluded from the study since both had hip 

replacement surgery.  A questionnaire was used as an initial screening tool (Appendix I).   

3.2 Sample Size 

 The power of a test was the probability of correctly rejecting a false null 

hypothesis. The main goal of power calculation was to allow you to decide, while in the 
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process of designing an experiment, how large a sample was needed to make correct 

statistical judgments.  Performing power analysis and sample size estimation was an 

important aspect of the experimental design, because without these calculations, sample 

size may have been too high or too low.  If sample size was too low, the experiment would 

lack the accuracy to provide reliable answers to the questions that were investigated.  In the 

present study, estimation of adequate sizes for this experiment proceeded from estimates of 

inter-subject variability in heel contact velocity obtained from the previous studies 

(Lockhart 2000a; 2000b).  The formula below as described in Neter et al. (1996) was used 

to calculate power: 

Power = P {|t*|>t(1-α/2; n-2)|δ}} 

where δ was the noncentrality parameter, which, in present study, a ratio of a measure of 

the distance between the means of A and B (heel contact velocities of younger and older 

subjects) toбand n: 

δ = | A-B|/б√(2/n) 

where б was the standard deviation of the distribution of heel contact velocity, and n was 

the number of subjects in each group. 

 In present study, the difference between A and B (or the minimum difference 

which is important to detect with high probability) was assumed to be 15 cm/sec, which 

was found to be significant in studies of Lockhart et al., 2002a and 2002b.  In these studies 

(Lockhart et al. 2002a; 2002b), 15 cm/sec indicated a significant difference between 

younger and older adult groups with α=0.05.  Specifying that α=0.05, 14 subjects in each 
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of the age groups should be sufficient to detect the specified differences in heel velocity 

with the risks of Type I error of 0.05 and Type II error of <0.3 (Power>0.7). 

 

3.3 Apparatus 

 One commonly used floor material (vinyl tile, Armstrong) was used in this 

experiment to represent a realistic environmental setting.  The vinyl tile surface was 

covered with soap and water mixture (2:3) to reduce the coefficient of friction (COF); 

dynamic COF was 0.07.  The available dynamic COF (ADCOF) for each surface was 

measured using a standard 4.54 kg (10 lb.) horizontal pull slip-meter with a rubber sole 

material on the force platform.  Walking trials were conducted on a walking track using an 

overhead fall arresting harness system (Figure 2).  The entire deck was covered with vinyl 

tile.  While participants were not looking, an experimenter changed the test floor surface so 

as to provide unexpected slippery conditions.   The test surface was mounted on a platform 

and connected to force plates (BERTEC # K80102, TYPE 45550-08, Bertec Corporation, 

OH 43212, USA).  The overall function of the system was to control the experimental 

conditions without participants being aware of any floor surface change.  A fall arresting rig 

was used to protect participants from falling during the experiment, and was designed to 

permit participants to fall approximately 10 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 

participants walking over the test surfaces were measured using two force plates and  
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sampled at a rate of 1200 Hz. 

 Hamstring muscle activities were measured using electromyography (EMG).  

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 (9Volts), and the receiver tele-communicated to the 

transmitter.  A built-in amplifier bandpass-filtered the signal (10-500 Hz) and performed an 

RMS conversion (50ms-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. 

3.4 Procedure 

 Participants participated in two separate sessions within one week’s time. During 

an initial familiarization session, the fall arresting system and walking conditions were 

introduced.  In the testing session, participants were first fitted with standardized laboratory 

shoes in order to minimize possible variations due to foot-wear.  Reflective-markers were 

attached to the anatomically significant land marks (Winter, 1991); malleolus, epicondyle, 

metatarsal, and greater trochanter.  In addition, EMG electrodes were attached to standard 

muscle sites as described by Basmajian (1978); the electrodes were placed over the belly of 

semitendinosus in each leg.  The electrodes were placed at 50% on the line between the 

ischial tuberosity and the medial epycondyle of the tibia (Hermie et al. 1999).  Also, two 

electrodes were in the direction of the line between the iscial tuberosity and the medial 

epycondyle (Hermie et al. 1999).  Inter electrode distance was 20mm. 

 During the experiment, participants walked across the vinyl floor surface (base 
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line floor) for 20 minutes.  Within a subsequent 20 min session, experimenters introduced a 

slippery condition, and the participant’s posture, ground reaction forces, and EMG data 

were collected.  While walking, participants were instructed to focus their eyes on TV 

located on the top of each workstation to ensure that participants did not look at the test 

floor surface.  A secondary task that required them to call out when a light was on and when 

it was off was used to ensure that they paid attention to the TVs.  Participants were also 

supplied with a Walkman during the walking experiment listening to old comedy routines 

to conceal any sound of the floor changing. 

3.5 Dependant Variables 

 The coordinate data from ProReflex were used to calculate the gait parameters 

(step length, horizontal heel velocity, initial slip distance, slip distance II).   

A built-in function in EMG system (Noraxon Telemyo System, Noraxon USA, INC 

Scottsdale, AZ) converted raw EMG data into integrated EMG data (50ms-time constant), 

which, were used to determine the activation rate of the hamstring muscle.  Force data were 

used to determine the required coefficient of friction (RCOF) at heel contact.  The EMG 

data were collected for 5 seconds at 1200 Hz and lowpass-Butterworth-filtered at 6 Hz 

(Winter, 1990).  Ground reaction forces were measured using two force-plates for 5 

seconds at 1200 Hz and lowpass-Butterworth-filtered at 6Hz (Winter, 1990).  Kinematic 

data were recorded for 5 seconds at 120 Hz and lowpass-Butterworth-filtered at 12 Hz 

(Winter, 1991). 

3.5.1 Heel contact velocity 

 The instantaneous horizontal heel contact velocity (HCV) was calculated utilizing 
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the heel position in horizontal direction at the foot displacement of 1/120 second before and 

after the heel contact phase of the gait cycle using the formula: 

                     HV = [X (i+1) – X (i-1)]/ 2∆t 

 Heel contact was defined when the vertical force exceeded more than 7 N after the 

heel contacted the ground.   

3.5.2  Walking Velocity 

Walking velocity was calculated to examine its relationships to heel contact 

velocity along with hamstring activation rate.  The analysis of covariance (ANCOVA) was 

used to observe the age group differences in hamstring activation rate with walking velocity 

as a covariate.  Walking velocity was defined as a step length / ∆t (time taken from one heel 

contact to the other contact). 

3.5.3  Required Coefficient of Friction (RCOF) 

 The required coefficient of friction was obtained by dividing the horizontal ground 

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

vinyl floor surface. 

3.5.4  Muscle Activation Rate 

 EMGs were normalized, using the peak of the within-subject ensemble average, 

addressed by Yang and Winter (1984).  Every frame between two different EMG data from 

the same hamstring muscle in each participant was averaged.  Then, the ensemble EMG 

data were normalized in % of the gait cycle and % of peak as seen in figure 3.  The 

activation rate was obtained by applying linear onset calculations described in figure 3.  In 

order to find the EMG onset, a period between two points in the heel velocity graph (Figure  
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Figure 3.  Muscle activity components, and procedure for estimating activation rate. 
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Figure 4. Characteristics of EMG and Kinematics and Kinetics data during walking; these 

characteristics seen above were observed throughout all the participants in this experiment. 
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4) was identified.  One point was same as the first peak described earlier to define the Peak-

to-Peak heel velocity.  The other point was defined when minimum heel velocity occurred 

before it reached the first peak.  According to a pattern of the hamstring muscle EMG 

signal throughout majority of the participants in this study, the onset of the hamstring 

muscle occurred between the two points.  By defining this period, the possible noises that 

may have included as the experimental data during the data acquisition were eliminated.  

After defining the period, the onset of EMG activity was defined as the point where the 

signal first deviated more than 1 SD from the level recorded as the base-line (Hodges et al., 

1996). 

3.5.5 Initial Slip Distance (SDI) 

 Slip distance was divided into slip distance I (SD1) and slip distance II (SDII).  

SDI was measured to provide 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(Lockhart et al., 2000b).  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 Figure 5a).  SDI was obtained using the heel coordinates between slip-start and slip-

end point on the vinyl floor surface. 

3.5.6 Slip Distance II (SDII) 

 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 Figure 5a) to the end of slip ( Lockhart et al.,  
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2002b).  The end of the slip was estimated as the time where the first maximum of the 

horizontal heel velocity after slip start point occurred (Figure 5a and 5b) (Lockhart et al, 

2002b).  SDII was calculated from the heel coordinates using the distance between the two 

points as with SDI. 

3.5.7 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 not used to test any of the hypotheses in this 

experiment.   

3.5.8 Peak Sliding Heel Velocity 

 The peak sliding heel velocity was measured while slipping.  The peak sliding heel 

velocity was defined when the heel velocity peaked after the slip-start point (Figure 5b).   

3.5.9 Fall Frequency 

 Slip distance, sliding heel velocity, COG 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 COG velocity while slipping 

(Lockhart et al., 2002a; 2002b).  Peak sliding heel velocity represented heel displacement 

and COG represented body position while slipping.  It was thought that Also, videos for 

each participant were analyzed to see if falls have occurred.  All of above 3 conditions had 

to meet to be considered as a fall.  
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3.5.10 Center of Mass (COM) velocity 

Center of Mass was calculated by averaging all the center of mass of the 14 

segments (left and right feet, left and right shanks, left and right thighs, trunk, left and right 

hands, left and right lower arms, left and right upper arms, head) (Chaffin et al., 1969).  

COM velocity of all the participants was calculated using the formula; 

COM velocity = [X (i+1) – X (i-1)]/ 2∆t, where X = COM 

3.5.11 Peak to Peak Heel  velocity 

 Peak to Peak Heel velocity was measured to examine characteristics of heel 

velocity between two peaks.  It was not used to test any of the hypotheses in this 

experiment.  A peak point, where heel velocity reached maximum, before right heel 

contacted the ground, was identified as the first peak (See Figure 6).  Another peak point, 

where hamstring activation rate reached maximum (this peak occurred after the first peak), 

was identified as the second peak (See Figure 6).  Then, the heel velocity between the two 

points was averaged out. 

3.5.12 Deceleration 

 Heel acceleration was measured to examine characteristics of heel velocity  

before heel contact.  It was not used to test any of the hypotheses in this experiment.  The 

rate of decreasing heel velocity, after the heel velocity reached the maximum (defined in 

3.5.11) until it reached the negative peak as shown in figure 7, was averaged out. 
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3.6 Data Analysis 

The following data analyses were performed for specific experimental hypotheses.  

The dependant measures, heel contact velocity, walking velocity, hamstring activation rate, 

peak sliding heel velocity, slip distance (total slip distance, slip distance 1, slip distance 2), 

and friction demand (RCOF) were analyzed.  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 covariance 

(ANCOVA) was used to evaluate the group difference in hamstring activation rate and heel 

contact velocity.  The results were considered as statistically significant when p§0.05.   

The hypotheses were tested utilizing analyses below; 

1.  Hamstring activation rate in the elderly would be lower.  

Differences in hamstrings muscle activation rate between the two age groups were 

analyzed by ANCOVA considering walking velocity as a covariate.   

2.  Heel contact velocity in the elderly would be higher. 

ANCOVA was used to test the group difference in heel contact velocity along with 

walking velocity as a covariate.   

3.  Required Coefficient of Friction in the elderly would be higher. 

Differences in the RCOF between the two age groups were analyzed using one-way 

analyses of variance.   

4.  Slip distance (SD I, SD II) and Peak sliding heel velocity in the elderly would be 
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longer and higher, respectively. 

Differences in slip distance and peak sliding between the two age groups were 

analyzed using one-way analyses of variance.   

5.   The elderly would fall more often than their younger counterparts. 

In addition, to answer for the questions addressed in page 13 (i.e. would hamstring 

activation rate be correlated to heel contact velocity?), bivariate correlation analysis was 

performed among hamstring activation rate, heel contact velocity, RCOF, slip distance, 

sliding heel velocity, and walking velocity. 
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CHAPTER 4 

Results, Discussion, Limitation and Conclusion 

4.1 Results 

Table 1 summarizes the mean values and standard deviations for each of the 

dependant measures in the two age groups (younger and older groups).   

 

4.1.1 Hamstring activation rate and heel contact velocity 

      The ANOVA results indicated statistical significant differences in hamstring 

activation rate (F 1,27 = 6.70, p=0.02, Figure 9), heel contact velocity (F 1,27 = 4.13, p=0.05, 

Figure 10), and walking velocity (F 1,27 = 8.56, p=0.008, Figure 8) between young and older 

subjects.  Even when hamstring activation rate was corrected for walking velocity, the 

group difference was found to be significant (p=0.03, ANCOVA).  However, when heel 

contact velocity was corrected for walking velocity (ANCOVA), the difference in the two 

groups was not significant.  On average, younger adults exhibited higher hamstring 

activation rate (ANOVA and ANCOVA), higher heel contact velocity (ANOVA), and higher 

walking velocity (ANOVA).  Younger adults showed faster heel deceleration in comparison 

to older adults (F 1,27 = 8.15, p=0.009). The bivariate analysis indicated the positive 

correlations between hamstring activation and walking velocity (F 1,27 = 6.19, p=0.02, 

R2=0.22, Figure 11).  However, the bivariate analysis did not show a significant correlation 

between hamstring activation rate and heel contact velocity.   
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*  p < 0.05 

----    (not applicable) 

N.S   (not significant) 

Variables Young 

Mean (S.D.) 

Elderly 

Mean (S.D.) 

ANOVA ANCOVA

HCV (cm/s) 74.36(21.53) 57.06(20.15) * N.S 

W.V. (cm/s) 133.23(11.59) 120.22(10.12) * ---- 

RCOF (Fx/Fz) 0.19 (0.02) 0.15 (0.02) * ---- 

Peak-to-Peak 

Velocity(cm/s) 

379.71 (55.24) 370.08(46.01) * ---- 

Slope (degree o) 80.88 (2.40) 73.36 (7.27) * * 

SD I (cm) 1.89(1.30) 0.86(0.56) * ---- 

SD II (cm) 7.29(5.31) 3.05(3.75) * ---- 

SL (cm) 70.52(5.22) 65.12(15.29) N.S ---- 

Fall 3 times 
 

3 times 
 

---- ---- 

 

Table 1. Summary of Gait Parameters. 
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Figure 8. One-way Analysis of Walking velocity by Age (p=0.008) 
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Figure 9. One-way Analysis of Hamstring activation rate by Age (p=0.02) 
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Figure 10. One-way Analysis of heel contact velocity by Age (p=0.05) 
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Figure 11 Bivariate Fit of Walking velocity (cm/s) by Activation rate (angle) (R2=0.22) 
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4.1.2 Friction Demand 

The ANOVA analysis indicated the significant statistical differences in RCOF (F 

1,27 = 11.08, p = 0.002, Figure 12).  Young adults had the higher RCOF than older adults.  

The bivariate analysis indicated the significant statistical correlations between RCOF and 

heel contact velocity (F 1,27 = 4.84, p=0.04, R2=0.18, Figure 13), and walking velocity (F 

1,27 = 10.02, p = 0.004, R2=0.44, Figure 15).  However, when the correlation between heel 

contact velocity and RCOF was corrected with walking velocity as a covariate, no 

significant relationship was found between heel contact velocity and RCOF (p = 0.72).  In 

this study, faster walking velocity, and higher heel contact velocity were accompanied by 

the higher RCOF in all subjects. 
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Figure 12. Oneway Analysis of RCOF(Fx/Fz) by Age (p = 0.002) 
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Figure 13. Bivariate Fit of HCV (cm/s) by RCOF (Fx/Fz) (R2=0.18) 
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Figure 14. Bivariate Fit of RCOF(Fx/Fz) by  Peak- to- Peak Velocity (cm/s) (R2=0.18) 
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Figure 151. Bivariate Fit of Walking velocity (cm/s) by RCOF (Fx/Fz) (R2=0.44) 
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4.1.3 Slip Distance and Peak Sliding Heel Velocity 

The one-way ANOVA analysis indicated the significant statistical differences in 

SD1 (F 1,27 = 6.36,p =  0.02, Figure 16), SD2 (F 1,27 = 5.10, p = 0.03, Figure 17), total SD (F 

1,27 = 6.04, p = 0.02), and Peak SHV (F 1,27 = 7.32, p = 0.01, Figure 22) between younger 

and older participants.  The bivariate analysis indicated the significant statistical 

correlations between RCOF and SD1 (F 1,27 = 4.40, p = 0.04, R2=0.17, Figure 18), SD2 (F 

1,27 = 7.94, p = 0.01, R2=0.27 Figure 19), and Total SD (F 1,27 = 8.06, p = 0.01, R2=0.27, 

Figure 20), and walking velocity and SD2 (F 1,27 = 8.32, p = 0.009, R2=0.27, Figure 21), 

Total SD (F 1,27 = 7.48, p = 0.01, R2=0.25).  Also, the bivariate analysis indicated the 

significant statistical correlations between RCOF and Peak SHV (F 1,27 =12.93, p =0.001, 

R2=0.35, Figure 23), and between Peak SHV and SD ( F 1,27 =190.63, p<0.0001, R2=0.89). 
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Figure 16. Oneway Analysis of SD1(cm) by Age (p =  0.02) 
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Figure 17. Oneway Analysis of SD2(cm) by Age (p = 0.03) 
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Figure 18. Bivariate Fit of SD1(cm) by RCOF (Fx/Fz) (R2=0.17) 

 
 

 

 

 

0

5

10

15

20

25

S
D

2(
cm

)

.1 .125 .15 .175 .2 .225 .25
RCOF (Fx/Fz)

 

Figure 19. Bivariate Fit of SD2(cm) by RCOF (Fx/Fz) (R2=0.27) 
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Figure 20. Bivariate Fit of SD (cm) by RCOF (Fx/Fz) (R2=0.27) 
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Figure 21. Bivariate Fit of SD2(cm) by Walking velocity (R2=0.27) 
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Figure 22. Oneway Analysis of Sliding heel velocity (Peak) by Age (p=0.01) 
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Figure 23. Bivariate Fit of RCOF (Fx/Fz) by Sliding heel velocity (Peak) (p=0.001) 
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4.1.4. Fall Frequency 

There were three falls in each young and older age group. Slip distance, sliding 

heel velocity, COG velocity, and motion pictures were considered to identify the falls.  To 

be considered as a fall, slip distance must exceed 10 cm, and peak sliding heel velocity 

must exceed COG velocity while slipping (Lockhart et al., 2002a; 2002b).  Also, videos for 

each participant were analyzed to observe if falls had occurred.  All of above three 

conditions had to meet to be considered as a fall.   

The subjective identification utilizing video file did not show clearly if the 

participants had fallen or not because the fall arresting rig interrupted some participant’s 

motions; some participants (three older adults) may have been recovered from falling by 

help of the fall arresting rig.  If falls were identified with only the first and second 

requirements (10 cm, and COG velocity Vs peak sliding heel velocity) there were three 

falls in young adults and six falls in older adults.  However, three falls that may have been 

arrested by the fall arresting rig among older adults in present study were not counted as 

falls.  
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4.2 Discussion 

Changes in the gait parameters (i.e. heel velocity, RCOF, walking velocity, and 

COG velocity) have been addressed as suggestions for why older adults are more 

susceptible to slip-induced falls.  However, studies, in regard to what may cause changes in 

the gait parameters among older adults in comparison to younger adults, are lacking.  The 

primary objective of the present study was to determine if hamstring activation rate 

between the two age groups (younger and older) were different, and if these differences in 

hamstring activation rate could be used to explain higher heel contact velocity.  Ultimately, 

the study asked whether changes in the gait characteristics increased the likelihood of slip-

induced falls.  If results in the present study could suggest that the slower hamstring 

activation rate among the elderly could relate to slip-induced fall accidents, interventions 

such as strengthening hamstring muscles could be applied to prevent older adults with 

slower activation rate from slip-induced fall accidents.   

In this study, in order to determine whether the differences in the gait 

characteristics were a primary effect of age, 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 (Grieve and Gear, 1966; Kirtley et al., 1985; Mills 

and Barrett, 2000; Oberg et al., 1994; Rosenrot et al., 1980). 

 

Hypothesis 1: Hamstring activation rate in older adults was lower than their younger 

counterparts. 

A previous study (Fiatarone, et al., 1994) suggested that the age-related changes in 
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the skeletal muscle property such as muscle fiber types are suggested to be a factor 

contributing to falls in the elderly.  Also, many studies (Binder and Mendell, 1990; 

Henenman et al., 1965; Lexell 1990, Milner-Brown et al., 1973) proposed that a possible 

mechanism in association with the decreased activation rate among older adults could be 

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 (Lockhart et al. 2002b; Mills and Barrett, 2001; 

Karst et al., 1999; Myung and Smith, 1997; Winter et al. 1991).  Furthermore, Winter 

(1991) suggested that lower hamstring activation rate may lead to higher heel contact 

velocity among older adults. 

In agreement with the previous suggestion (Winter, 1991), older adults’ hamstring 

activation rate was lower than their younger counterparts.  However, in disagreement with 

the previous study (Winter, 1991) in regard to the relationships between hamstring 

activation rate and heel contact velocity, hamstring activation rate was not correlated to heel 

contact velocity.  Overall, younger adults exhibited faster walking velocity, and higher 

hamstring activation rate in comparison to older adults, whereas, heel contact velocity did 

not differ between the two age groups.  Additionally, hamstring activation rate was 

correlated to walking velocity in the present study.  These results may suggest that heel 

velocities in younger adults were reduced sufficiently before heel contacted the ground 

(Hashimoto et al., 2000) due to higher hamstring activation rate.  The previous studies 

(Claflin and Faulkner, 1985; Schiaffino and Geggiani, 1999; Sweeney et al., 1988; 

Thompson and Brown, 1999; Thompson, 1998) found that maximal unloaded shortening 
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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 (Claflin and Faulkner, 1985; Schiaffino and Geggiani, 1999; Sweeney et al., 1988; 

Thompson and Brown, 1999; Thompson, 1998).   Also, many studies demonstrated a direct 

relationship between muscle force and EMG activity (De luca, 1997; Karlsson and Gerdle, 

2001; Linnamo et al., 2003; Madeleine et al., 2001; Marras et al., 2001 and 2002).  As a 

result, in the present study, higher hamstring activation rate found in younger adults could 

play a role in producing higher force in hamstring muscles (Figure 29).  Further, it could 

decelerate the forward leg momentum sufficiently before heel contact.  This could explain 

why the heel contact velocity was not found to be different between the two age groups in 

present study.   

 

Hypothesis 2: Heel contact velocity was higher in older adult than in younger adults 

In previous studies (Lockhart, 1997; Mills and Barrett, 2001; Winter et al. 1991; 

Karst et al., 1999; Myung and Smith, 1997), higher heel contact velocity in older adults in 

comparison to younger adults was found, and was suggested as a contributing factor for 

falls among older adults.  In the present study, in disagreement with previous studies 

(Lockhart et al. 2002b; Mills and Barrett, 2001; Winter et al. 1991; Karst et al., 1999; 

Myung and Smith, 1997), the difference in heel contact velocity between the two age 

groups were mainly due to the effect of walking velocity, not due to the effect of aging.  

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

present study came from designing the experimental setup.  Participants in the study were  

 48



Figure 24. Schematic flow diagram 
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aware of an introduction of a slippery surface while walking, by reading an informed 

consent form.  Lachman et al. (1998), Brown et al. (2002), and Rosengren et al. (1998) 

suggested that older adults had higher fear of falling in comparison to younger adults due to 

mostly previous experiences and expectations regarding an impending disturbance, and 

argued that a strategy of increased caution (i.e. slowing walking velocity) among older 

adults was employed.  In the present study, older adults expectation regarding to a slippery 

surface could slow down their walking velocity altering their gait characteristics.  Previous 

studies (Winter, 1991; Mills and Barrett, 2001) 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 term of heel contact velocity.   

Heel contact velocity was considered as a contributing factor in slip-induced falls 

(Lockhart et al. 2002b; Mills and Barrett, 2001; Winter et al. 1991; Karst et al., 1999; 

Myung and Smith, 1997) because it was thought that an increase in heel contact velocity 

would result in an increase in RCOF (Irwine, 1986; Lockhart 1997; Perkins and Wilson, 

1983).  In agreement with previous studies (Carlsoo, 1962; James 1983; Soames and 

Richardson, 1985), friction demand (RCOF) was directly related to heel contact velocity and 

walking velocity.    However, heel contact velocity was not correlated to RCOF when 

adjusted with walking velocity.  These results suggested that heel contact velocity was not 

the only critical and direct indicator of RCOF.   

Perkins (1978), Gronquist et al.(1989), and Strandberg and Lanshammar (1981) 

suggested that the majority of slips and slip-induced falls were likely to occur 50-100 ms 

after the heel contacted the ground.  Furthermore, Winter (1991), and Mills and Barrett  
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(2001) indicated that heel contact velocity could be a factor contributing to the risk 

of slip-induced falls among the elderly.  The suggestions by Winter (1991), and Mills and 

Barrett (2001) was not found to be significant in the present study since heel velocity right 

after the heel contact phase of the gait cycle was minimized almost to zero in the present 

study in agreement with several other studies (Lockhart, 1997; Winter, 1990).  Thus, it could 

be improper to suggest that a dangerous slip, which occurs 50-100 ms after heel contact, was 

directly related to heel contact velocity. 

   

Hypothesis 3: RCOF was higher 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 would increase (Perkins and Wilson, 1983; Redfern, 1984; Hanson, Redfern, and 

Mazumdar; 1999).  Perkins and Wilson (1983) suggested that most slips that led to falls 

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 (Irwine, 1986), the 

impulse-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 

could influence the friction demand characteristics due to the alterations of the horizontal 

foot shear force (Perkins and Wilson, 1983).   

 In the present study, as suggested by previous studies (Irwine, 1986; Perkins and 
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Wilson, 1983), RCOF was directly correlated to heel contact velocity and walking velocity.  

However, in disagreement with a hypothesis proposed by the present study, older adults 

exhibited lower RCOF in comparison to younger adults.  This could be due to the fact that 

younger adults walked faster than older adults.  Perkins (1978), Gronquist et al.(1989), and 

Strandberg and Lanshammar (1981) suggested that the majority of slips and slip-induced 

falls were likely to occur 50-100 ms after the heel contacted the ground.  Heel contact 

velocity was almost minimized after heel contacted the ground in the present study.  

However, 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, 

the imposed horizontal force increased as COG moved forward as seen in Figure 30.  The 

imposed horizontal force continued to increase until it reached at peak 3 (RCOF) where a 

dangerous slip was more likely to occur.  As illustrated in Figure 30, walking velocity could 

primarily influence RCOF (Lockhart et al. 2002a and 2002b), which could be used to predict 

the initiation of slip-induced falls.  Further studies, elucidating relationships between the 

imposed horizontal force and friction demand characteristics, should be explored in the 

future to explain the mechanisms underlying slip-initiation process.   

 

Hypothesis 4 and 5:  Older adults slipped longer and had higher sliding heel velocity, and 

older adults fell more.     

In the present study, younger adults exhibited longer slip distance 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  
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could have the higher likelihood to encounter slip accidents as well as fall accidents.  

However, the fall frequency result indicated that younger adults and older adults fell exactly 

the same number of times (3 times) although one could predict, according to longer slip 

distance and higher peak sliding heel velocity, that younger adults should have fell more 

often than older adults.  These results and assumptions partially agree with previous 

literatures (Lockhart et al., 2002a and 2002b).  Lockhart et al. (2002a and 2002b)utilized 

fall-recovery-threshold (FRT) parameters (Initial slip distance, sliding heel velocity, sliding 

heel acceleration, and friction utilization) to indicate relationships between the slip 

characteristics and falls throughout the different age groups (younger, middle-age, and older 

adults).  Lockhart et al. (2002a and 2002b) suggested that although slip potential, which was 

indicated by heel contact velocity and friction demand characteristics (RCOF) for younger 

adults was similar to older adults, younger adults slipped longer and faster, but, still 

recovered from the slips.  

A possible mechanism that could explain the same number of falls in the both 

groups with longer and faster slips in younger adults in the present study could be due to 

differences in lower extremity muscle strength between the two age groups (Lockhart et al., 

2000, Frontera et al., 1991; Jubrias et al., 1997; Madson et al., 1997; Lockhart et al. 2002c).  

Whipple et al. (1987) suggested that muscle weakness in the ankle muscle was a significant 

contributing factor to balance dysfunction in older adults.  Slip events were very explosive 

and ballistic, therefore, in order to control or recover from a slip event, rapid force 

productions of lower-extremity muscles were required.  The same number of falls in the two 

age groups in contrast to longer and faster slips in younger adults in comparison to older 
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adults suggested that younger adults were able to produce sufficient forces in accordance 

with required forces in a short time to recover from the slip events.  However, in the present 

study, the lower-extremity strengths in the both groups were not assessed to test if there was 

a difference in lower-extremity strength.   

Cognitive factors and sensory impairments could be possible factors that explained 

the same number of falls in the two groups.  Tinetti et al. (1990) reported that older adults 

developed a fear of falling, and this fear could contribute to changes in the gait 

characteristics in community dwelling older adults.  Tinetti et al. (1990) reported that the 

older adults tended to walk slower to ensure safe gait and to have higher levels of anxiety 

and depression compared to adults with little fear of falling.  This fear of falling could cause 

problems with balance control, maybe due to muscle stiffness (Brownlee et al., 1989).  

However, in this study, levels in a fear of falling and in anxiety were not measured to 

support the suggestion. 

Also, sensory degradations in visual and proprioceptive systems in older adults may 

explain the same falls in the two age groups.  Brownees et al. (1989) suggested that older 

fallers had proprioceptive dysfunction leading to unstable balance control.  Also, Warren et 

al. (1989) suggested that threshold levels for detection of optical flow associated with 

normal sway rose in older adults. 

The same number of falls occurred in the both groups in spite of the more 

likelihood for younger adults to be involved in slip-induced falls, as defined by longer slip 

distance and higher sliding heel velocity, could suggest that further studies, investigating 

recovery phase of slip-induced fall accidents would be needed.    
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 In the present study, according to higher hamstring activation rate, and higher 

walking velocity in younger adults, and no difference in heel contact velocity and RCOF, it 

could be assumed that hamstring activation rate played a role in decelerating heel velocity 

prior to heel contact, however, hamstring activation rate did not have a direct influence on 

heel contact velocity and, ultimately, on slip-induced fall accidents.  In addition, evidences 

to prove if the alterations in heel contact velocity were related to slip-induced falls were not 

sufficiently provided in the present study since walking velocity was a major predictor for 

RCOF instead of heel contact velocity.  In this study, the results indicated that the initiation 

of slip was mostly related to walking velocity, not, heel contact velocity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 56



  

 4.3 Limitations and Assumptions 

 First limitation, in designing the experimental setup, arose from situation of 

inadvertency.  Unexpected slips and falls were induced utilizing methods described.  

However, as with case of all laboratory experiments, tendency to anticipate “complete 

unexpectedness” was limited by equipment and laboratory settings.  In order to veer away 

from such anticipation, participants were walking at a natural cadence for length of time 

(15-20 minutes) before introducing slippery surface (same color and contrast to the base-line 

floor surface).  Additionally, secondary tasks such as filing papers and counting pictures in 

TV monitors could minimize such anticipation.  The unexpectedness was monitored during 

the trial and data analysis via monitoring participant’s stride length (Lockhart et al., 2002a 

and 2002b). 

 Participants in the study were aware of the fact that a slip-induced fall would be 

induced.  This awareness of an impending fall could lead to the stiffness of lower extremity 

muscles, increased attention, or other heightened reactions that may have not accurately 

reflected participants’ nervous and muscular responses in the event of unexpected losses of 

balance.  If there were critical age-related deficits that became apparent in fit and healthy 

subject’s response to expected perturbations of balance, however, it was reasonable to 

assume that even greater deficits would be present in average members of the older 

population when experiencing unexpected moments of instability during their activities of 

daily living.  

 Second limitation, in designing the experimental setup, stemmed from a safety 

harness used to protect participants from falling.  This could confound the biomechanical 
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parameters (Lockhart et al., 2002b).  Figure 7 illustrates this concept.  As participants 

slipped, vertical and horizontal force profile could be altered due to the fall arresting rig.  In 

order to deviate from the alteration, the collection of the data was only limited to the time 

before fall arresting usage by participants; drop of 15 cm before fall arresting usage ensured 

that the time of data collection portrayed realistic slips and falls characteristics. 

 Many limitations in the analysis for the EMG signal could be found in this study.  A 

problem rose from defining the onset of EMG activity (De Luca, 1997; Hodges and Bui, 

1996).  Determination of the onset of hamstring muscle was needed to find where the 

activation of hamstring muscle started.  However, no standard method of determination of 

this parameter was used even though the onset of EMG was used most commonly to define 

EMG activities.  Hodges and Bui (1996) stated that the majority of studies did not state the 

methods used for the identification of EMG onset.  Also, they stated that if the methods were 

reported, to find the onset of EMG activity usually was performed by visual evaluation of 

EMG trace.  Even though several studies indicated criteria to find the onset of EMG trace, 

still there was no standard way to find the onset of EMG.  However, in this study, in order to 

find the EMG onset, a period between two points in the heel velocity graph (Figure 8 and 

11) was identified as described in 3.5.5. According to a pattern of the hamstring muscle 

activities, the onset of the hamstring muscle had to occur during this period.  Then, the onset 

of EMG activity was defined as the point where the signal first deviated more than 1 SD 

from the base line in this period.  Another problem in the determination of the onset of 

muscle activity was that the determination was performed by an examiner.  Di Fabio (1987) 

argued that the reliability for determining the onset of muscle activity was reduced when it 
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was determined by three experienced examiners in comparison to computerized method.   

 Another limitation was found when normalizing EMG data.  Yang and Winter 

(1984) normalized EMG by using ensemble average EMG to minimize within-subject 

variability of EMG, and by using % of the gait cycle to minimize between-subject variability 

of EMG activities.  In present study, only two EMG data sets were used to make ensemble 

average EMG, whereas, Yang and Winter (1994) used eight EMG data sets.  This maybe 

increased the within-subject variability when calculating hamstring activation rates. 

 Several more limitations on the EMG signal maybe came from the surface EMG 

variability stated by Deluca (1997).  First of all, the amplitude and frequency spectrum of 

the EMG signal could be affected by the electrode location with respect to the innervation 

zone (De Luca 1997).  De Luca (1997) indicated that the amplitude of the EMG spectrum 

could be different when the electrodes were not placed in the mid-line of the muscle belly of 

an intended muscle group.  To minimize this effect in this study, the electrode was carefully 

placed with respect to the international standard (Hermie et al. 1999) through all the subjects 

in this study.  Second, the EMG signal could be misled by the area and shape of the 

electrode detection surface, which determined the number of active motor unit, which 

influenced on the amplitude of the EMG spectrum (De Luca, 1997).  To minimize this effect, 

the electrodes were carefully placed with respect to the international standard (Hermie et al. 

1999) through all participants in this study.  Lastly, the relative movement of the electrode 

and the active fibers could be sufficient to place a new set of active motor units within the 

detection volume of the electrode and to remove some of the motor units from the detection 

volume (De Luca, 1997).  During the gait cycle, the muscle groups in the lower extremities 
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were shortened and lengthened in cyclic order, whereas the electrodes were affixed to the 

skin surface.  This implied that although the intended detection volume of the muscle 

changed along with the gait cycle, the position of the electrode did not change relative to the 

change of the detection volume.  This relative distance change between the active fibers and 

the electrode detection volume during walking could induce the crosstalk or remove the 

EMG activity within the initially defined detection volume.   

 In this study, walking velocity was defined during half gait cycle from left heel 

contact to right heel contact.  Some may argue that time taken from left heel contact to right 

heel contact could differ from time taken from right heel contact to left heel contact.     

 As explained in previous chapter, defining a fall was very complicated.  There were 

three falls that may be arrested by the arresting rig.  The three falls could have been either 

falls or not.  The study had to use the fall arresting rig to prevent participants from falling on 

the ground.  This may have confounded the results in present study. 
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4.4 Conclusion 

As industrial engineers, our primary focus studying of biomechanics of slip and fall 

event was on preventing slip and fall accidents and injuries at workplace for workers as well 

as on minimizing costs associated with slip and fall accidents and injuries.  Therefore, 

preventing slip and fall accidents was important for workers and industry in terms of saving 

lives and costs.  Leamon and Murphy (1995) indicated that “… based on the frequency and 

costs to industry and workers, prevention of falls should be given a high priority.”  To 

prevent slip and fall accidents, there have been excessive studies in the fields of 

epidemiology, biomechanics, tribology and psychophysics.  Therefore, the study of 

biomechanics of slip and fall would take account for one fourth of slip and fall accidents.  

Also, this study only accounted for the initiation of the biomechanics of slips and falls.  This 

meant that the results in this study explained only a small portion of biomechanics in slips 

and falls.  However, a significance of this study was that specific and critical events and 

times from normal walking to the slip and fall events were isolated in terms of kinetics, 

kinematics, and EMG.  Specifically, in this study, walking velocity, heel contact velocity, 

hamstring activation rate, RCOF, and slip distance were identified and recognized for data 

integration process.  In the present study, age-related alterations in electromyography were 

proposed to be associated with slip initiation mechanisms such as higher heel contact 

velocity.  The low level of correlation between hamstring activation rate and heel contact 

velocity did not fully support this hypothesis.  The results from this study indicated that the 

slip initiation was more likely to be correlated to walking velocity.  Slower walking velocity 

in older adults was correlated to lower RCOF, lower slip distance, and lower heel contact 

 61



  

velocity.  Despite young adults had the more likelihood of being involved in slip accidents 

(as defined by longer slip distance, and higher sliding heel velocity) in comparison to the 

older adults, younger adults and older adults fell equal number of falls.  The same number of 

falls in the two age groups indicated that even though younger adults were exposed to a slip 

accident more frequently than older adults, younger adults could recover from it more often 

than older adults (Lockhart 2002a and 2002b).   
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