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ABSTRACT 

"Injury in U.S.A" identified the role of falls in 

producing injury throughout all segments of the nation. 

The economic and social costs arising from falls have been 

established in numerous sources, both nationally and from 

the international literature. "Injury in U.S.A." also 

indicated the potential role of epidemiology in identifying 

the significant features of falls, the need for a basic 

understanding of the energy exchange mechanism involved and 

the subsequent rehabilitation processes required. It 

appears unlikely that any other major cause of injury has 

an etiology so little researched and consequently, so 

little understood, which in turn has prevented the 

development of an intervention strategy or a scientifically 

based control technology of falls. 

Also, tribometric research on rubber-like materials 

confirms the need for dynamic data from human gait and 

slipping. So far, unfortunately, this problem has been 

underestimated by many investigators of slipping accidents, 

who did not consider slips and falls to be complicated 

phenomena from both tribological and biomechanical aspects. 

In most walking the heel slides upon heel strike. 

Usually, the sliding motions are unnoticed by the subject 
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and occur even without lubricant. Under certain 

circumstances, these microslips develop into uncontrolled 

slides which in turn lead to the most common type of fall. 

However, a larger number of slips are clearly stopped at a 

distance of a few centimeters or less. This study reports 

on the relationship between foot attitude, two-dimensional 

slip patterns, body segment motion, the forces involved 

through the whole of the slip:stop cycle for a two walking 

speeds and two levels of slipperiness design. 
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CHAPTER I 

INTRODUCTION 

Despite over three decades of data collection on the 

occurrence of falls, literature on the basic understanding 

of falls is sparse. The field of behavior that includes 

falling and slipping is ill-defined and is not adequately 

described by any common phrase. However, this thesis will 

use the phrase "falling and slipping." Also, "falls" is 

not used in its common meaning which implies a transfer 

of energy between a person and the built environment. But 

it will be used to imply the loss of equilibrium and/or the 

subsequent recovery from that loss. It appears unlikely 

that any other major cause of injury has been etiologically 

researched so little and, as a result, is so little 

understood, thereby preventing the development of a 

scientifically based control technology of falls. 

In most people's walking the heel slides upon heel 

strike, which may be defined as the event occurring when 

the heel first strikes the ground (Andersson and Lagerlof, 

1983; Buck and Coleman, 1985; Davis, 1983). Most often, 

the sliding motions are unnoticed by the subject and occur 

even without grease on the floor. However, sometimes a 

slip is not noticed and produces falling. 



An examination of published data on accidents at work 

shows that a significant number of all reported accidents 

involve a person slipping, tripping, or otherwise falling 

on a level surface. In discussing possible strategies for 

the prevention of these accidents, it is recognized that 

falling and slipping involve many factors. Among these are 

biomechanical factors—the walking velocity, and load 

effects, and the center of gravity; factors related to the 

floor surfaces—the nature of the surface, surface relief 

or wear (roughness, smoothness); and psychological factors 

involved in walking—visual input, vestibular mechanisms 

and mental loads. 

In the following section, a study of slipping and 

falling accidents, the author will emphasize how the 

postural changes are related to slip/fall severity in 

different environmental conditions. Likewise, the author 

will examine the whole slip/fall cycle through the postural 

changes; foot attitude, two-dimensional slip patterns, body 

segment motion, the foot:floor forces involved in a range 

of walking speed and floor slipperiness. 



CHAPTER II 

LITERATURE REVIEW 

Epidemiological Approach 

Among ergonomists there is no need to point out that 

occupational injuries should be prevented primarily through 

improvements like engineering controls, administration 

controls, and job redesign in the working environment. 

Even if improved skills and safer behavior can be achieved 

through education and training of workers exposed to risk, 

the permanent elimination of common risk factors requires 

changes in equipment design and in work organization. 

This philosophy is widely accepted for the study of 

occupational diseases and associated contributing factors 

in the environment. However, in spite of their dominating 

numbers in occupational injury statistics, occupational 

accidents are often looked upon differently, only as a 

result of "human error" or "poor workmanship." As a 

result, one does not consider contributing factors in the 

working environment such as poor visibility, slippery 

surfaces, deceptive machine dynamics, and too many task 

demands. This common attitude is probably reinforced by 

learning effects; one or few risk factors may be present in 

a job or task without any accidents occurring the first 



thousand times (Buck and Coleman, 1983; Davis, 1985; 

Strandberg, 1983; Tisserand, 1985). Thus, accident 

potentials may be strongly under-represented in the lists 

of perceived environment deficiencies that are referred for 

action to the ergonomics specialist from, for example, 

worker representatives. Consequently, if the ultimate goal 

is to reduce injuries in general, possible requirements for 

accident prevention must be taken into account by the 

ergonomist. 

In discussing possible strategies for the prevention 

of accidents, it is recognized that there is no simple 

solution. It is necessary for each employer to examine the 

problem as it affects his own undertaking and to take 

appropriate action to ensure that the risks are minimized. 

In order to improve the work environment there is a need 

for information about the hazard. That is, one needs 

knowledge about the problem, i.e., the risks to be 

prevented, knowledge about different preventive methods 

such as practicability, implementation methods, costs, 

etc., a method to rationally balance between these two 

kinds of documentation in cost-benefit terms, and an 

expression of will (Andersson and Lagerlof, 1983). 

Records of accidents and diseases at work provide the 

information necessary to improve the work environment. 



Their greatest importance is to provide knowledge about 

risks, and to identify those risks. Until now, the 

identification and evaluation of risks have often been 

based on what can be called "people's experience." 

However, the human being is not a good instrument for 

identifying and evaluating risks. For instance, one 

serious accident with many persons injured produces a much 

greater perception of danger than an even greater number of 

individual accidents. Therefore, accidents with tripping 

or slipping, which are very frequent, will often be 

neglected compared to other accidents that are less 

frequent and dramatic. 

Secruence of Event 

The frequent initiating events of accidents 

categorized as "falls" are slipping, tripping, stumbling, 

etc.(Buck and Coleman, 1985). Moreover, it was found that 

falls on the same level occur more often than falls to a 

lower level (Davis, 1983; Buck and Coleman, 1985; 

Tisserand, 1985). Buck and Coleman (1985) show that falls 

on the same level have mainly three pre-events—slipping 

(55%), tripping (19%), and pushing (3%). For falls to a 

lower level, the most frequent pre-event is loss of support 



or tripping on an underlying surface (28%) followed by 

slipping (26%) (Davis, 1983). 

However, the subsequent events vary according to the 

situation and the environment where the slipping and 

tripping cases occur. Andersson and Lagerlof (1983) show 

that falls on the same level involving slipping are most 

often connected to slippery surfaces that people walk on. 

Tripping is more often connected with floors or other 

surfaces but may be caused by impact with buildings, 

machines, etc. Falls to a lower level happen most 

frequently from ladders, scaffoldings, stairs and bridges. 

It seems to be worth discussing some reasons and/or cases 

for the initiating events. 

Slipping. Slips occur when a horizontal force 

parallel to the floor exceeds the product of the 

coefficient of friction and the normal force. For a 

constant coefficient of friction, this situation may be 

observed to arise under the following circumstances: 

1. Raising horizontal forces. Which occurs when the 

worker is pushing, pulling a load or accelerating or 

decelerating in walking speed. 

2. Lowered vertical forces. These occur when the 

worker "bobs down," i.e., rapidly bends the knees, or if 



the work surface gives way beneath the worker's feet 

(Davis, 1983). 

3. Increased angle between leg and a horizontal work 

surface. Extending the leg by placing the leg at a large 

angle to the vertical, results in increased horizontal 

force. 

4. A non-horizontal work surface. If the work surface 

is not horizontal, the vertical forces associated with the 

body or other weight will not be normal to the surface; and 

hence the vertical forces will have substantial components 

parallel to the work surface. 

Stumbling. Stumbles are often related to an 

unexpectedly high coefficient of friction (Buck and 

Coleman, 1985), so that a foot is "caught." The 

circumstances under which a stumble was observed to arise 

include: 

1. Transition from a smooth to rough surface. Many 

persons were observed to stumble when walking from a smooth 

onto a rougher surface such as a carpet (Davis, 1983; 

Manning, 1983). This stumble may be due to a controlled 

glide type of walking on the smooth surface, in which the 

feet are elevated much less than usual and allowed to slip 

loosely over the surface during the forward swing (Davis, 



8 

1983) . In other words, a change to unexpectedly high 

friction makes a foot "caught." 

2. Climbing stairs. Many persons, while climbing 

stairs, place their feet on the steps with a short 

controlled sliding motion. If the coefficient of friction 

is unexpectedly high, control may be lost, with the foot 

"caught" and delayed, typically followed by a trip over the 

next step. 

Causes of Fall Accidents 

Buck and Coleman (1985) and Manning (1983) show that 

the most frequent and severe causes of falling accidents 

are certain combinations of activities, conditions, and 

circumstances, which occur as follows: 

1. While passing through doorways, where there is 

often a change in surface, level, and lighting, wetness 

carried indoors from outdoors, a threshold strip of a 

different coefficient of friction, a need to push or pull 

the door, or a traffic funnel where conflict requires 

sidestepping or other evasive action. 

2. Slipping of one foot or both feet when the friction 

between the shoe and underfoot surface is low or when the 

surfaces are contaminated with water, ice, oil, food 

scraps, or small objects. 



3. When overreaching laterally, extending beyond the 

base of support, standing above the top three rungs of a 

ladder, setting up a ladder on an unstable support, or 

transferring laterally from a ladder to a platform. 

4. While carrying heavy or bulky objects. 

5. While dismounting (in a backward direction) from a 

ladder, vehicle, scaffold, or work platform. 

6. Movement of the underfoot surface, for example, a 

slide of a doormat, a movement of a roofing slate or a 

duc)cboard. Included is the tilting of a chair being used 

as a stepladder. 

7. Loss of balance from careless or rapid movement or 

from disease, alcohol, and drugs. 

Tribological Approach 

For safe walking, adequate friction between footwear 

and floor is required, and it is universally recognized 

that slippery surfaces are dangerous (Brungraber, 1977; 

James, 1983; Miller, 1983; Perkins and Wilson, 1983; 

Strandberg, 1983). Defining the requirements for safe 

walking causes some difficulty and authorities differ in 

their views of the criteria to be applied. The so-called 

"laws of friction" may be summarized as follows: 



10 

1. The frictional force opposing motion is 

proportional to the normal force. The constant of 

proportionality is termed the coefficient of friction. 

2. The coefficient of friction is independent of the 

apparent area of contact. 

3. The coefficient of friction is independent of the 

velocity between the two surfaces. 

If, under all conditions, the coefficient of friction 

is greater than the maximum Fx/Fy value measured at the 

contact of the foot with the walking surface, walking is 

safe. Miller (1983) has summarized the following questions 

concerning the coefficient of friction of slipping: 

1. How does the dynamic coefficient of friction vary 

with the slipping speed between the shoe sole and surface ? 

2. What coefficient of friction values are necessary 

to counteract the horizontal forces generated by a person's 

walking ? 

3. What coefficient of friction values are necessary 

to prevent persons from slipping as a function of the 

different task and the different load? 

4. What coefficient of friction values can one 

typically expect for various combinations of shoe soles 

and contaminant conditions ? 
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Arithmetic Relationship of 
Coefficient of Friction 

Sherman (1986) has shown mathematically that each 

numerical coefficient of friction corresponds to the 

tangent of an angle. This fact can be verified with 

considering the actual case. Using the terms in Figure 

2.1, F2 is applied along the center line of the rod. This 

force can be represented by two forces at right angles to 

each other and designated Fl and F3. Fl is the 

corresponding vertical force and is equal to F2*cosA. F3 

is the horizontal force and is equal to F2*sinA. By 

definition, the coefficient of friction between two objects 

is the horizontal force required to cause motion divided by 

the vertical force, or shown mathematically, 

F3(horizontal) 
= Coefficient of friction (COF) 

Fl(vertical) 

But F2*sinA 
= COF 

F2*cosA 

and sinA 
= tanA. 

cosA 

Therefore, COF = tanA. (1) 

This equation shows that the coefficient of friction 

is dependent on the rod angle, A. In the current research, 

angle A seems equivalent to the leg angle, i.e., the 
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Figure 2.1: Theoretical representation 
coefficient of friction 

(Sherman, 1986) 

of 
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segment angle of the hip and heel to the vertical assuming 

a straight (180 degrees) knee angle. That is, if the angle 

A is measured at the instant a slip occurs, the coefficient 

will represent static friction. If force is continuously 

applied and the rod continues to slide along the surface in 

a constant velocity, the tangent of that angle will 

represent the dynamic coefficient of friction. 

Figure 2.1 supports a relationship between the leg 

angle and the slip/fall possibility. In other words, a 

slip will occur if the tangent of the leg angle is greater 

than the coefficient of friction between the heel and the 

floor. The angle can be determined by the distance from 

the hip joint to the heel and the length of the stride. 

James (1983) has suggested that a person adjusts his 

stride so that for much of the time the force vector 

generated by contact of the foot with the floor passes 

through the knee joint. He suggested that, if the length 

of the leg from the hip to the heel is L, then L*sin A is 

approximately half the step length, S. Figure 2.2 

illustrates how it is necessary to shorten the stride on a 

slippery floor where the coefficient of friction is very 

low (James, 1983). Similarly, James shows how, if a slip 

occurs, thus inadvertently increasing the length of stride, 

the requirements for stability increase. His result of the 
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Figure 2.2: Resolved forces at the point of contact of 
the heel with the ground, assuming that the 
reaction force passes through the knee 

(James, 1983) 
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calculated relationship between the step length and the 

coefficient of friction necessary for stability is plotted 

graphically in Figure 2.3 (James, 1983). It is clear that 

a level of friction which is adequate for a normal step of 

about 60 cm is not adequate if the length of stride is 

increased, whether deliberately or inadvertently. To allow 

for the friction, the minimum level of friction should be 

set at the level required for the maximum stride envisaged, 

say 0.6 for a 90-cm step. 

Static and Dynamic Friction 

In the nineteenth century, Morin (183 5) introduced the 

concept of static friction—the force necessary to begin 

motion—and since that time two coefficients have been 

used; the static coefficient of friction and the kinetic 

coefficient of friction (Barrett, 1956; Brungraber, 1976; 

Pooley, 1978; Gooch, 1981; Harrison and Malkin, 1983). 

Numerous studies in the field of kinesiology have shown 

that in normal walking there is little relative movement 

between the foot and the floor. 

Brungraber (1976), in a review paper quotes from a 

study carried out at the University of California (1947) 

where stroboscopic illumination showed that little, if 

any, movement took place between the foot and the floor. 



16 

0.6 

i 

•1°' ' 
^ 0.4 
0 

c 0.3 
"0 
^ 0.2 o 

0.1 

, 

y' 

• y^ 

0 10 20 30 40 50 60 70 80 90 100 
Length of step. >, in cm. 

Figure 2.3: Calculated relationship between step length 
and coefficient of friction necessary for 
stability 

(James, 1983) 



17 

More recently, similar work by Perkins (1978) supported the 

convention that little movement between the shoe and the 

ground occurs when both the heel and sole of the shoe are 

in contact with the ground. 

On the basis of these and similar experiments some 

workers, for example, Brungraber (1977) and Pooley (1978), 

have concluded that static friction must, therefore, be the 

most important parameter governing stability during 

walking. Brough et al. (1979), using high-speed 

photography, found evidence of both heel and toe slippage, 

with large variation in the speed of foot movement amongst 

the subjects studied. Brough et al. (1979) stated that 

slipping did not occur from a static position, but rather 

there was rapid acceleration from an initial slow movement. 

Sigler et al. (1948) carried out similar studies and, 

although the authors do not formally say so, it is clear 

from the design of the instrument they used to measure 

friction that they regarded kinetic friction as the 

dominant parameter. More recently, Perkins and Wilson 

(198 3) have shown that dynamic friction has a much greater 

influence than was formerly believed. Barrett (1956) and 

Schreier and Wusterhausen (1978), emphasizing the 

importance of kinetic friction, have quoted values for this 

parameter which are higher than the corresponding static 
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friction. Those (James, 1983; Harris and Shaw, 1983) 

holding the traditional view that static friction is 

greater than dynamic friction regard the current view as 

impossible, and we read statements such as, "One continues 

to slip once the shoes (feet) have started slipping, 

irrespective of the value of the dynamic coefficient of 

friction because this is always smaller than static" 

(James, 1983) . 

In as far as safety is concerned, the parameter that 

needs to be measured is slip resistance rather than 

friction (Harris and Shaw, 1988). This means that both 

measurements of roughness and dynamic friction are 

necessary in order to give a reasonably reliable indication 

of the slip resistance of surfaces in both wet and dry 

conditions. This parameter is related to many factors; in 

dry conditions the coefficient of dynamic friction is the 

most important one (Harris and Shaw, 1988). In wet 

conditions, however, roughness is equally important since 

it must be sufficient for drainage so that a pedestrian's 

shoe can penetrate to the floor surface without which 

floor:shoe friction is irrelevant. Roughness not only 

allows the liquid to move out from beneath the shoes, but 
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also may penetrate slightly into the sole and heel, giving 

a cog-like effect. 

As far as pedestrian stability is concerned, these 

philosophical arguments on the relative significance of 

static and dynamic coefficient need not be of further 

concern since synthetic materials show a higher kinetic 

friction than static friction and in such cases the part 

played by static friction in walking may be minimal (James, 

1983). Perkins and Wilson (1983) have shown a typical 

Fx/Fy trace from a test on a wet surface. The Fx/Fy value 

reaches a peak at about the time the shoe begins to slip, 

and then falls away. The peak value is taken to be a 

measure of the static friction coefficient. Perkins and 

Wilson's experiment showed that the peak value is extremely 

dependent on both the vertical force applied to the shoe 

and on the time the shoe is in contact with the floor prior 

to slipping. The reduction in Fx/Fy following the peak is 

taken to be an indication of how the dynamic friction 

varies as the shoe accelerates (Perkins, 1978). Indicators 

show that the dynamic friction has an important role in the 

body stability when the body accelerates. 
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Friction Measurement 

Many measurement devices and techniques have been 

developed during the past 50 years in an attempt to 

quantify the static and/or dynamic coefficient of friction 

of shoe and floor surface interfaces (Harris and Shaw, 

1988) . The investigative research which has been pursued 

has, for the most part, dealt with the measurement of the 

coefficient of friction and with methods for measuring the 

coefficient of friction. A summary of these works is 

repeated by Brungraber (1976). 

The work of James (1980) provides a comprehensive 

review of the contribution of the polymer industry to the 

measurement of the pedestrian coefficients of friction. 

Evaluation of the testing methods which may be ultimately 

promulgated by ASTM (American Standard of Testing and 

Materials) is, for the most part, accomplished in 

industrial testing laboratories. However, many of the 

tests give results which cannot be directly compared 

because they measure slightly different properties or use 

different test conditions (Andres and Chaffin, 1985). For 

instance, some tests measure static friction; whereas, 

others measure dynamic friction. 

Much of this work has been laboratory measurements 

requiring bulky equipment, but recently, portable 
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measurement devices have evolved to the extent that field 

measurements can be taken (Ballance et al., 1985). Six 

such devices, three for the static coefficient of friction 

(Bigfoot, Slipometer and NBS-Brungraber) and three for the 

dynamic coefficient of friction (British Portable Skid 

Tester, TORTUS and FIDO), were tested in laboratory and 

field studies so that an ergonomic assessment of device 

performance could be made (Andres and Chaffin, 1985) . 

Andres and Chaffin (1985) have examined the devices for 

consistency, repeatability, accuracy, and ease of use for a 

variety of shoe, floor, and floor preparation conditions. 

Additionally, SATRA (the Shoe and Allied Trades Research 

Association) has done many studies involving a ramp on 

which subjects walk in various footwear. The ramp is 

raised until slipping occurs (Perkins and Wilson, 1983). 

The SATRA's study has some relevance to shoe:floor 

coupling. Although, the relevance of this study to actual 

slips on the horizontal is not at all clear. 

Strandberg (1983) suggested, on the basis of tribology 

and practical experience, that slip-resistance meters 

should reproduce the following parameters of a pedestrian's 

walking action so that they can influence the result 

appropriately. 
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1. Contact time and normal force:time derivative. 

2. Foot angle and contact force application points. 

3. Vertical force to generate the appropriate pressure 

in the contact area. 

4. Sliding velocity to generate the appropriate 

dynamic friction. 

Effect of Walking Velocity for the Friction 

Perkins and Wilson (1983) have suggested that the 

dynamic friction coefficient needs to be measured at a high 

speed to indicate if a particular combination of the shoe 

sole and floor surface could give rise to a dangerous slip. 

However, a high-speed measurement alone will not 

discriminate between sole surface combinations which give a 

significant difference in friction at slow speed and, 

therefore, will not indicate the risk of a slip actually 

starting. An additional measurement of either static or 

slow-speed friction may be necessary to completely predict 

slipping behavior in normal usage. 

James (1983) has shown that, under dry conditions, the 

concept that static friction is the dominant parameter 

governing pedestrian stability is unsupported by 

experimental evidence. If the kinetic friction is 

constant, then the requirement is that the kinetic friction 
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should be at a level sufficient for a large stride to be 

taken without a slip occurring. If the friction varies 

with velocity, then a rising friction velocity curve is 

preferable to a falling one. 

If the friction is high at slow speed and low at high 

speed, the risk of slipping will be small, but any slip 

which does occur will be dangerous (Perkins and Wilson, 

1983). The high friction at slow speed may give the wearer 

some sense of security; however, it could be a false one. 

This combination may, in fact, be more dangerous than when 

the friction is low at all speeds (Perkins and Wilson, 

1983). This dilemma needs to be considered carefully 

before any standards or guidelines are introduced for slip 

resistance, particularly in the case of industrial footwear 

in hazardous environments. In addition, James (1983) has 

indicated that other factors besides velocity affect 

friction, for example, the area of contact, pressure, 

temperature, and contamination. 

James (1983) suggests that to maintain stability in 

wear, friction should exceed a certain minimum value at 

speeds close to zero. Furthermore, this value should be 

maintained or preferably increased at higher speeds. Some 

idea of how friction varies with speed can be obtained from 

the Fx/Fy traces on the experimental friction test rig 
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(James, 1983). However, testing at various speeds provides 

more precise information. Therefore, a series of tests was 

undertaken using the experimental slip rig but with the 

horizontal pneumatic cylinders replaced by a variable slip 

motor. A variable slip motor enabled tests to be performed 

at slip speeds of 0.3-10 cm/s (Harris and Shaw, 1988). 

Harris and Shaw's (1983) finding was that the value of the 

dynamic friction coefficient varies according to the speed 

of the slip. 

Perkins and Wilson (1983) have shown the clear 

difference in behavior for the different three test 

surfaces. Perkins and Wilson's finding was that the wet 

vinyl gives high friction at slow velocity, but friction 

decreases as speed increases. This phenomenon is 

attributed to the shoe heel cutting through the film of 

water at slow speeds, so that friction can approach the 

value obtained on the dry surface. As the speed of the 

slip increases, water cannot be expelled fast enough, and 

the shoe rides on a cushion of water. Friction is 

consequently reduced. 

Biomechanical Approach 

Most earlier studies of falling focused on 

epidemiological or tribological approaches. However, 
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numbers of both approaches (Andersson and Lagerlof, 1983; 

Davis, 1983; James, 1983; Miller, 1983; Buck and Coleman, 

1985) confirmed the need for dynamic data from human gait 

and slipping. Up to now, this problem has been 

underestimated and many investigators have not considered 

accidents to be complicated epidemiological and 

biomechanical phenomena which they are. To analyze a 

principle of body stability and slip/fall mechanism, it is 

necessary to understand a dynamic principle of each body 

segment in locomotion. The following discussions have 

focused on the movement of each segment. 

Action of Lower Limbs 

At the moment of contact with the floor the leg 

reaches slightly forward and then the weight moves forward 

very rapidly. There is a very slight flexion of the knee 

at the moment of contact. The hip and knee then start into 

extension (Williams et al., 1962; Cooper and Glassow, 1963; 

Wells, 1971). 

Jensen and Schultz (1970), Wells (1971), and Steindler 

(1977) showed that, through the supporting phase, the leg 

is at an angle with the line of weight except for the 

instant when it coincides with that vertical line. For 

that brief moment, the leg is merely supporting the body 
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against the pull of gravity. At all other times, the force 

of the leg has two components; the vertical one and the 

horizontal one. The longer the stride and the greater the 

angle with the vertical, the greater the horizontal 

component. The resistance necessary for the body stability 

is friction which serves as a counterforce to the 

horizontal component, and without it, the foot would merely 

slide back when the backward force is applied. The effect 

of lack of friction is demonstrated when one tries to walk 

on ice or on a highly polished floor. The forward 

component of the rear leg pushes the body forward and 

without some restraint it would fall. 

Action of Trunk 

Weber and Karpovich (1964) studied the relationship 

between the motion of the trunk and the step length, and 

observed an increase in the forward inclination of the 

trunk with increased walking speed. 

The body is normally inclined slightly forward, 

particularly as the speed of the walk increases. This 

inclination serves some purposes. This positioning of the 

trunk makes the forward force more effective. Moreover, 

this position prevents the hips from being pushed forward 

from under the trunk, which would tend to make the trunk 
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fall backward (Williams et al., 1962; Jensen and Schultz, 

1970; Broer and Zernicke, 1979). This inclination is of 

more significance in some situations than in others, 

depending upon the floor slipperiness and the speed of the 

gait (Cooper and Glassow, 1963; Steindler, 1977). 

Description of Arm Swing 

The arm swing varies considerably with variations in 

speed of the walk. Usually, the arm swings forward from 

the shoulder with the arm hanging more or less relaxed, 

almost in a sagittal plane, but may move slightly 

medialward (Cooper and Walls, 1971). The arms swing 

alternatively, as do the feet, but the arms swing in 

opposition to the feet (Cooper and Glassow, 1963; Wells, 

1971). Cooper and Glassow (1963) show that the 

oscillations of the shoulders or upper trunk are even more 

passive and dependent upon the arm swing than are those of 

the hip. In a faster walk the arm actually assists in the 

oscillation of the hip by reaction on the trunk. 

The purpose of the arm swing is largely maintaining 

balance in the trunk, facilitating the forward swing of the 

pelvis, and keeping the trunk straight. If the trunk 

rotated with the pelvis, the arm swing would result in an 

alternative turning toward the right and left. 
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Movement of Center of Gravity 

The body's center of gravity (COG) is a key factor in 

the analysis of human gait as it reflects the motion of the 

whole body. Morton and Fuller (1952), Cooper and Glassow 

(1968), and Broer and Zernicke (1979) have shown that the 

body's center of gravity is in close proximity with the hip 

joint in standing posture. The relationship is 

sufficiently close and constant so that the hip joint, as 

the apex of leg support, may reasonably be used to 

designate the body center in standing posture. However, 

when walking, the center of gravity is moving forward and 

located in front of the body. Therefore, there is little 

variance in location of the center of gravity between 

standing posture and walking. 

When the body center is moving from one support to 

another, instead of an immediate and abrupt transfer of 

body weight on the receiving leg, the transfer is retarded 

by a flexion of the knee, which lowers the body center so 

that its path crosses the structural arc of support (Cooper 

and Glassow, 1968; Broer and Zernicke, 1979). In regard to 

the carriage of the body weight, it is particularly 

important to note that the body weight transfer point is 

located about midway between the instant of heel contact of 
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the advanced foot and the full foot contact for the 

reception of that weight (Broer and Zernicke, 1979). 

Before the body weight is being transferred rapidly to the 

opposite leg, the path of the body center is very flat and 

the amount of lift is small (Morton and Fuller, 1952). 

Postural Changes in Fast Walking 

As the speed of the walk increases beyond the optimum, 

several adjustments occur. At first, the length of the 

stride is increased. This increasing of the stride gives a 

greater angle to the driving leg and, hence, a greater 

forward component. At the same time, the trunk can be 

inclined forward a little more, bringing it more nearly in 

line with the rear leg. In order to keep the trunk moving 

with a minimum of vertical oscillation, the supporting knee 

is kept slightly flexed as the weight passes over the knee 

(Williams et al., 1962; Cooper and Glassow, 1963). 

Moreover, the swing occupies a greater percentage of the 

fast speed walking cycle than of the slow speed cycle. In 

contrast, the percentage of the walking cycle for the 

phases of stance and double-limb support will decrease with 

the faster walking speed (Wells, 1971; Steindler, 1977). 
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Postural Changes on Slippery Floor 

On ice or another slippery surface, the stride is 

shortened, the drive is greatly reduced, and the foot often 

slides along the surface (Scott, 1963; Cooper and Glassow, 

1968). These changes serve to keep both feet more nearly 

under the body weight at all times, and to avoid slipping 

of the driving foot due to the lack of friction (Scott, 

1963). It has been noted that the body posture assumed by 

a person, performing certain acts, is dependent on the 

coefficient of friction of the shoe:floor interface 

(Chaffin and Andersson, 1984). Chaffin and Andersson's 

finding was that, if a low coefficient of friction exists, 

then presumably a subject would be required to stand erect, 

to minimize the required friction. In order words, for a 

low coefficient of friction, the resistance to walking is 

low. Therefore, with standing erect, people will have a 

low forward force, consequently, they can adjust and 

compensate for this low resistance force. 

Relationship of Epidemiological. 
Tribological. and Biomechanical Approaches 

Falling is an intrinsically dangerous activity with 

the implication of an uncontrolled exchange of energy 

between a subject and the physical environment. It is, 

perhaps, for this reason that most investigations of 



31 

falling have concentrated on a statistical or 

epidemiological approach, or on physical testing of 

components of the human:falling system. In particular, a 

very considerable amount of literature exists which has 

sought to investigate the tribological relationship between 

footwear and the walking surface, investigating such 

parameters as footwear material, surface characteristics, 

contaminants or lubricants, etc. 

Strandberg (1983) has developed an overhead support 

system which allowed the subjects to move along a 

triangular track. A somewhat similar approach has been 

established in the Center for Safety Science at the 

University of New South Wales, Australia, which uses a 

straight track some 15 feet long. The overhead support 

unit appears to be the development of Perkins' method 

(1978), which consisted of a linear track and overhead 

suspension trolley which was moved by a laboratory 

technician walking alongside of the subject. 

All three systems appear to have satisfactorily 

removed the normal consequence of a severe slip, i.e., a 

fall and subsequent collision of the subject and the fixed 

environment. However, it is clear, these designs produce 

an extremely artificial environment for the subject. A 
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more serious effect may also result from these designs; for 

example, in the linear situation, the subject must start a 

slip and stop in a short, pre-identified interval. The 

Strandberg situation is similar, for although it is a 

continuous track, the triangular arrangement would have 

required a discrete change of direction at each corner. In 

all cases, slipping behavior was produced by providing 

abnormally slippery surfaces. 

It is expected that, although falls can be generated 

by manipulating the floor surface and producing very low 

static and dynamic friction conditions or by producing 

trips, the rate of falls will be low, especially in more 

normal conditions of friction. Consequently, the 

development of a measure which would allow the dependent 

variable to be something other than the rate of falls would 

be very advantageous. 

Consequently, The Texas Tech Slipping and Falling 

Laboratory has been developed to allow the study of falls, 

while preventing contact between the human being and the 

environment in an uncontrolled manner. A particular 

device will allow continuous monitoring of locomotion in 

various conditions. The rig which was established in the 

Texas Tech Ergonomics Laboratory provides the capability of 

adjusting the speed of the rig to the speed of the subject. 
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It can operate continuously, providing long exposures, for 

example, requiring the subject to walk around the track for 

periods of up to one or two hours. 

"The terminology involved in slipping studies may be 

relevant to the classification of an accident, namely 

slipping, or may be descriptive of the process involved in 

the foot sliding on a surface" (Leamon and Son, 1989). 

Perkins (1978) originally developed the expression 

"microslip" to identify the sliding movement which began 

but, then, was brought under control within a short 

distance of approximately one centimeter. These slips are 

frequently, if not normally, undetected by the subject. 

Strandberg (1983) and others have utilized this expression. 

However, as a slipping distance approaches 10 cm, subjects 

are well aware of slipping and take corrective action of 

various forms in order to arrest the slip. Strandberg 

attempts to describe these as "slip sticks." This term 

appears to be complex and inconsistent with the use of 

microslip and, consequently, it is proposed that the term 

"slip" be used for such events which, thus, is a natural 

extension of the term microslip (Leamon, 1988; Leamon and 

Son, 1989). Finally, when the slip becomes an uncontrolled 

forward movement of the leading foot (the consequence of 
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Which is normally a fall), this extension will be termed a 

"slide," which is consistent with the definition of 

progress along a smooth surface (Leamon and Son, 1989). 

Despite considerable work, there is very little 

agreement on the basic principles for measuring the 

footwear:floor surface characteristics (James, 1980; 

Miller, 1983). For example, in 1983, Strandberg identified 

over 70 devices reported in the literature which used a 

very substantial number of various approaches to measure 

friction. Indeed, even the relative significance of static 

versus dynamic friction is still being debated. 

Tisserand (1969) found that its rank order correlation 

with subjective judgments of slip resistance was negligible 

for static measurements and very high for dynamic 

measurements. Also, tribometric research on rubber-like 

materials confirms the need for dynamic data from human 

gait and slipping. So far, unfortunately, this problem has 

been underestimated by many investigators of slipping 

accidents, who did not consider slips and falls to be 

complicated phenomena from both tribological and 

biomechanical aspects. 
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Summary of Literature Review 

Objective of This Study 

Up to now, many studies have established the 

significance of the slip in falling. Furthermore, it was 

suggested that the majority of dangerous slips occur with 

the leading foot moving forward, during the touchdown phase 

of the step cycle, rather than involving the lagging foot 

moving backwards during the push-off cycle. Under certain 

circumstances, these slips develop into uncontrolled 

sliding which in turn leads to the most common type of 

fall. However, a larger number of slips are clearly 

stopped at a distance of a few centimeters or less. Many 

studies, and design interventions, for example, footwear 

design, have attempted to prevent the start of slipping by 

producing very high frictional materials. The author's 

study reports on the relationship between foot attitude, 

two-dimensional slip patterns, body segment motion, the 

forces involved through the whole of the slip:stop cycle 

for a range of walking speeds, and floor slipperiness. 

Experiment Variables 

A variety of mechanisms appear possible which would 

explain why a microslip does not develop into a slip or a 

slide. In the light of the objective of this study, to 
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examine the relationship between the body movement and the 

severity of the slip/fall accident, the options appear to 

be a manipulation of the foot attitude, a manipulation of 

the foot force, and the movement of the center of gravity. 

In the following section, a discussion will address the 

major variables which need to be considered in this study. 

Slip distance. In almost all the experiments on oily 

steel on the level surface, from the author's pilot study 

and the other studies (Perkins, 1978; Perkins and Wilson, 

1983; Strandberg, 1983), a slip occurred in a forward 

direction, having started during the landing phase, that 

is, while only the heel was in contact with the ground. 

Some shoes only slipped a few centimeters before stopping, 

in which case the subject was able to recover balance and 

continue walking. In other cases, the foot continued 

slipping, and the subject was unable to recover balance. 

The severity of a slip, therefore, appears to be dependent 

on the distance the subject slips; any slip more than 10 to 

15 cm in length resulted in loss of balance (Perkins, 

1978). This effect is related to the acceleration of the 

foot as it slips forward. If the foot travels faster than 

the body, the latter can never catch up, but if the reverse 

happens, then the body is able to overtake the slipping 

foot, reduce the slipping force, and stop the slip. 
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When people walk they swing their legs forward with 

the feet contacting the floor on both sides of the center 

line. It is easily found that some people walk with their 

toes turned inwards, while others turn their toes outwards. 

This finding had made a possible consideration of the 

resultant direction (XZ direction) instead of the forward 

direction (X direction). The significance of this 

consideration is that when the foot touches down, it is 

moving from left to right (for the left foot) at the point 

at which the slip stops. Seemingly, the foot does, in 

fact, arch away from the center line of the body at each 

step. In order words, after the heel contact, it acts as a 

pivot and the toe arches to stop the slip (Refer to Figure 

2.4) . 

The point at which slipping starts required careful 

attention and analysis of the raw data. In the current 

experiment, the original hypothesis was that when the heel 

stops descending, contact has been made and slipping 

has started. Slipping was thought to have ended when the 

X-axis velocity approximated to 0 cm/sec. Moreover, XZ-

axis velocity rather than X-axis velocity was used to 

define the slip identification. At the discrimination of 

the current system, a certain amount of measurement noise 
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is obtained, and this definition of the end of a slip is 

not always immediately recognizable. However, the high 

sampling rate which increases the system sensitivity makes 

the slip identification difficult. Consequently, a plot 

diagram of XY coordinates rather than a velocity was used 

for the slip identification. A plot of normalized 

coordinates makes it possible to look at a wider range of 

slip identification, which makes it possible to avoid 

software sensitivity. 

Foot:floor force. Many authors (Perkins, 1978; 

Strandberg, 1983; Tisserand, 1985) have supported the 

importance of the ratio of horizontal force to vertical 

force in slip/fall accidents (Figure 2.5). The 

significance of the ratio Fx/Fy is that it indicates where 

a slip is most likely to occur. Furthermore, if the 

magnitude of Fx/Fy exceeds the coefficient of friction 

between the two surfaces at a particular moment in time, a 

slip occurs. That is, when the horizontal force (the 

slipping force) is greater than the maximum value of the 

friction force, a slip can occur (Perkins and Wilson, 

1983). The peaks on the Fx/Fy trace are characteristics of 

normal walking, and from these peaks one can predict where 

a forward or backward slip can occur. Theoretically, it is 

likely that a forward slip would be the most dangerous due 
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to the body weight being progressively transferred onto the 

slipping foot. In a forward slip, it can be seen that the 

foot travels faster than the body; the latter can never 

catch up. Thus, there is not enough time to recover the 

body balance. 

It is noted that when people walk they swing their 

feet forward, with the foot separation less than the 

separation provided by the pelvic structure. Thus, it 

appears that the consideration of the horizontal direction 

measured along with the horizontal axis might be an 

oversimplification and should seek a complex fore-aft 

pattern somewhere in the XZ plane. Therefore, considering 

a resultant force (Fxz) instead of a forward force (Fx) 

would be more reasonable. 

Foot:floor angle. The angle at which the foot first 

contacts the floor (Figure 2.6) is important in the body 

stability. In fact, the effective contact area plays a 

dominant role in the slipping processes. Perkins (1978) 

suggests that immediately prior to a slip, the heel is not 

quite flat on the oily steel; the forepart is still well 

clear of the surface but touches down when a slip starts. 

In most of the experiments, a slip started with only the 

back of the heel in contact with the oily steel. 
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Occasionally, a slip commenced as soon as the heel touched 

the ground, and when this occurred the shoe did not land 

flat on the surface at all. Perkins and Wilson (1983) 

showed this kind of slip with photo techniques. Figure 

2.7 shows a multiple-image photograph of a severe slip. 

The shoe lands with the back edge of the heel contacting 

first, but about three flashes of the stroboscope after 

heel contact, it begins to slide forward. The existence of 

this slip appeared to tie in with a very acute angle of 

approach of the heel tip to the surface. Furthermore, as a 

slip usually started only when the back of the heel was in 

contact with the ground, effects such as differences in 

sole patterns may have been irrelevant (Perkins, 1978). 

Although the shoe is not quite flat on the surface at the 

start of a slip, the forepart touches down quickly once a 

slip starts. Presumably, a touchdown may increase friction 

and be one of the reasons that a slip stops after a short 

distance in some cases. 

Stevenson et al. (1988) have found that the strike 

angle varied with the walking speed and step size. On a 

horizontal surface the angle lays within the range of 6-10 

degrees measured from the floor. Strandberg (1983) 

verified that when a slip went out of control, i.e., the 

foot started to accelerate, the heel was not flat on the 
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floor but was inclined at an angle of 5.5 degrees, averaged 

over all subjects and this critical time occurred up to 3 0 

milliseconds after heel contact with the floor. In most 

severe slips, the shoe lands with the back edge of the heel 

contacting the floor, but about 25 milliseconds, it begins 

to slide forward, shoe and foot accelerating forward, and 

the subject loses balance. 

Heel velocity. When a subject approaches a floor 

condition, he attempts to predict and manipulate foot 

motion in order to reduce the possibility of an accident. 

That is, he tries to reduce the approach velocity of the 

leading foot prior to contact, irrespective of the overall 

walking speed (Strandberg, 1983; Leamon and Son, 1989). 

Thus, it is believed that "unexpectedness" in the floor 

condition is an important feature in slides, and a mismatch 

between the expected and the actual coefficient of friction 

prevents subjects from taking appropriate avoidance 

actions. Is is likely that manipulating the heel approach 

velocity would be one measure to face up with this kind of 

"mismatch." In other words, people predict the floor 

condition and manipulate their overall walking speed. 

Leg angle. The leg angle (Figure 2.6) is one 

indication of the step or stride length. It can vary with 
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the floor condition and walking velocity. As the heel 

descends, but before heel contact, only the total body 

weight is acting in the gravitational direction through the 

center of gravity of the trunk. When the heel contacts the 

surface, the horizontal and friction forces are considered 

to act horizontally and are equal in magnitude provided 

slipping does not occur. In other words, when the ratio of 

the horizontal force (slipping force) to the vertical force 

(normal force) is greater than the coefficient of friction 

of the floor, slipping can occur. The following equation 

shows the relationship between the slip/fall possibility 

and the coefficient of friction. 

Fx > Ffmax = COF * Fy 

Fx/Fy > COF (2) 

where Fx: horizontal force 
Fy: vertical force 
Hfmax: maximum friction force 
COF: coefficient of friction. 

From this equation it can be seen that when the 

horizontal force increases or the vertical force decreases, 

a greater slip/fall possibility exists. A horizontal force 

can increase when the subject is pushing, pulling, or 

accelerating walking speed. The vertical force can 

decrease if the subject places the leg at a larger angle to 

the vertical, resulting in increased horizontal force of 
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the body weight. Scott (1963) showed that, on a slippery 

surface, the leg angle decreased and the stride length 

shortened; hence, we can minimize the required friction 

force. However, when we walk fast, we have a large leg 

angle due to the driving force of the legs; thus, we will 

have an increased horizontal force (slipping force). 

Figure 2.8 shows this relationship. 

Trunk inclination. Trunk inclination (Figure 2.6) 

might be one index for stability of the center of gravity 

for the upper body. Lee (1982) and Chaffin and Andersson 

(1984) have noted that the body posture assumed by a person 

performing acts is directly dependent on the coefficient of 

friction of the shoe:floor interface. If a low coefficient 

of friction exists, then presumably the person would stand 

erect to minimize the required resistance force which 

necessary to maintain a body stability. 

As discussed before, when the walking velocity or 

stride length increase, the trunk can be inclined more 

forward to bring it more nearly in line with the support 

leg. At the moment the heel strikes, the trunk will be in 

a position for the faster gait. This kind of trunk motion 

is probably due to the increased inclination of the 

outstretched legs and to the increased forward inclination 

of the trunk associated with the faster walking speed. 
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Hip velocity. Morton and Fuller (1952), Cooper and 

Glassow (1968), and Broer and Zernicke (1979) have 

suggested that the body's center of gravity is in close 

proximity to the hip joint. The relationship is 

sufficiently close and constant so that the hip joint, as 

the apex of leg support, may be reasonably used to 

designate the body center. Here, the main purpose of using 

the hip velocity as an indicator is that it should indicate 

the movement of the center of gravity, i.e., the movement 

of the total body (Morton and Fuller, 1952; Broer and 

Zernicke, 1979). However, one effect of choosing the hip 

as the center of gravity is that it varies from standing 

posture to walking. In other words, when people walk, they 

tend to incline forward, therefore, the center of gravity 

shifts forward compared with the standing posture. 

However, this effect is dependent on the inclination of the 

trunk and the leg. 

Knee forward velocity. There is a slight flexing of 

the knee at the moment of contact. The hip and knee then 

start to extend and continue throughout the drive. This 

variable was chosen to verify how the knee moves with 

respect to the hip, the heel, and the trunk. In other 

words, the knee velocity indicates the knee behavior 
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compared with the other segments in order to prevent the 

slip/fall accident in the slip:stop cycle. 



CHAPTER III 

METHOD 

Subjects and Eguipment 

Subjects 

Eight male students were selected from the student 

population at Texas Tech University. The relatively small 

number of subject was acceptable as most of the data 

analysis techniques are descriptive and non-parametric 

rather than utilizing parametric technique. Therefore, any 

larger bias in the result of data interpretation due to the 

subject number was not expected. Another reason was that 

evidence from many pilot studies provided information that 

around ten is the optimum number of subjects. According to 

the author's previous experiment, around ten subjects was 

reasonable from an economic point of view and for the 

validity of the results. 

Even though there are differences in biomechanical 

factors between males and females, only male subjects were 

used in this experiment in order to control the size of 

this study. Furthermore, an attempt was made to insure 

that the selected subjects represented the range of the 

population with regard to height and weight. 

51 
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Eauipment 

The FALL PREVENTION RIG (Figures 3.1 and 3.2) 

consisted of a center tower which supported a powered, 

rotating arm, which in turn supported a trolley to which a 

suspension system was attached (Appendix A). The speed of 

the rotating arm was controlled by a programmable 

controller, as was the radial movement of the trolley along 

the arm. A combination of the rate of rotation, together 

with the rate and direction of radial movement allowed a 

large variety of tracks to be produced, including a 2 0-foot 

diameter circle and a 2 0-foot long race track 

configuration. 

The subject was supported by a whole body harness 

which was suspended by a damped mechanism to provide 

protection, should a slip or trip lead to a fall. The rig 

provided the capability of adjusting the speed to match the 

subject's. The experimental treatments were continuous, 

providing long exposures. This exposure was intended to 

allow the use of surfaces with coefficients of friction 

which were higher than those normally met in practice. 

The "EXPERTVISION" MOTION ANALYSIS SYSTEM was used for 

the collection of three-dimensional data (Figure 3.3). The 

motion analysis system consisted of two video cameras, two 

video recorders, digitizer, monitor, and a "SUN" 
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Figure 
3.1: Fall prevention rig for subject safety 
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Figure 
3.2: subject harness of rig system 
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Figure 3.3: "Expertvision" motion analysis system 
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workstation associated with the necessary software for 

target tracking and data analysis. This system provided a 

data collection rate up to 200 Hz. The images of walking 

activities captured by the cameras were sent to the 

computer through the digitizer, and were later used for 

target digitizing and data analysis (Appendix B). 

The force exerted between the shoe and the ground was 

measured by means of a Multicomponent Force Measuring 

Platform, manufactured by Kistler Instruments. This device 

utilized piezo-electric crystals to resolve the force 

applied to it in three directions: vertical(Fy), 

horizontal—in the direction of the body motion (Fx), and 

lateral—perpendicular to the direction of the body motion 

(Fz). The crystals created a change proportional to each 

force component which was transformed into a voltage, 

amplified, and displayed as a function of time. The 

platform itself was mounted on a concrete block set into 

the laboratory walkaway, which allowed the maximum natural 

frequency to be obtained. Collected data were converted 

with A/D board and ARIEL DATA COLLECTION SYSTEM (Appendix 

C) . This system provided 16 A/D board channels (8 channels 

used in this experiment) with the software for data 

receiving. Up to 1000 sampling rates per second of data 

(180 Hz used in this experiment) could be captured, and the 
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force pattern captured by the system could be displayed on 

screen. The system provided additional data editing and 

manipulating functions. Moreover, ARIEL system provided 

the capability of acquiring a three-dimensional kinematic 

and kinetic data. 

Experiment Design 

Eight subjects, who were supported by whole body 

harnesses, were walked in a race track configuration, 

arranged such that, during the data collection portion of 

the experimental treatment, they walked a straight line 

(Figure 3.4). Subjects wore retro-reflectors at 

significant anatomical indicators such as heel, toe, ankle, 

knee, hip, shoulder, elbow, and wrist. The retro-

reflectors which were used in the current experiment are 

ping pong balls of 1-inch diameter. The position of these 

reflectors was recorded and analyzed using the Motion 

Analysis Expertvision system. This system capacity extends 

to sampling rates up to 200 Hz. The sampling rate used in 

the current experiment was 180 Hz. A high sampling rate 

results in better accuracy but with difficulty in the 

identification of the event. On the other hand, a low 

sampling rate results in ease of identification of some 

event at reduced accuracy. In this study, 180 Hz was 
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proved to maximize the accuracy with avoiding the 

identification problem. 

The axes of space were designated as Y, the vertical, 

X, the horizontal place containing the direction of 

locomotion and Z, the lateral plane normal to X and Y. A 

piezo-electric force plate (Kistler) was used for the 

measurement of the floor reaction forces. This system was 

mainly composed of the electric control unit and force 

plate; furthermore, for the convenience of data 

manipulation, a data collection system was used in which an 

ADC (Analogue to Digital Converter) had been installed. 

The motion analysis system and the force platform were 

synchronized for a sampling rate of 180 Hz. 

High and low friction conditions were established by 

the use of a greased or ungreased steel plate positioned 

immediately prior to the piezo-electric force plate. The 

subjects were arranged in a randomized order for two 

conditions of floor slipperiness and for two walking 

velocities. 

Originally, two walking rates, established by subject 

as a slow (around 3 mile/hr) or a fast walk (around 5 

mile/hr), were used in this experiment. It should be noted 

that no metronome or walking speed checker was used to 

control the walking speed of a subject. The reason for the 
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free walking was to avoid pacing which might cause subjects 

to change their usual pattern of locomotion. As to the 

validity of the Rig System, the author's previous 

experiment showed that the degree of influence is dependent 

on the subject; however, in all cases, the use of 

preliminary warm-up trials appeared to remove this kind of 

influence of the Rig. Before each trial, subjects 

supported by a full-body harness were walked along a 

predetermined track until they felt comfortable and under 

no influence of the Rig system. 

Moreover, in order to prevent the contamination of 

shoes, the author used two separate groups of shoes, the 

only difference was that one group of shoes was used for 

greased conditions only and the other for non-greased 

conditions. It should be noted that the shoes only differed 

in size, they were of same brand, type and assumed to have 

the same materials and constructions. Furthermore, in 

regard to floor conditions, the same type of grease and 

same kind of steel plate were used for every trial. 

Therefore, we assumed that each trial involved the same 

coefficient of friction between shoe and floor, even if we 

do not know an exact value of the coefficient of friction. 

The steel plate and vegetable oil were used for the control 
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of slipperiness between the shoe sole and the walking 

surface. Another problem was that, up to now, the friction 

measurement technique is not developed enough to satisfy 

every case (Andres and Chaffin, 1985; Brough et al., 1979; 

James, 1983) . Some method of friction measurement focuses 

on static friction, some on dynamic friction. That is, 

there is no agreement on which friction should be measured. 

The displacement data were normalized for different 

walking velocities to allow times to be used for 

comparisons, for example, the sampled data which has a 

different frame in a fixed range such as from heel-down to 

toe-off. This transformation was carried out in order to 

remove the effect of change in velocity which would result 

from the higher speed of locomotion. The collected data 

may have less or more than 100 frames. However, the 

algorithm in the current program using a linear 

interpolation technique generates the time units into 

lOOths of the time from heel-down to toe-off of the same 

foot. Therefore, the output of the normalization may be 

more appropriate for the continuous-type data than for the 

discrete type. However, all of the displacement data in 

the current experiment did not reveal any major deviation 

or discrete characteristics, because the displacement data 

increased or decreased gradually. A normalizing algorithm 
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was programmed using "C" language by the help of Vanketesh 

(Refer to Appendix D). 

Statistical Background 

Besides the advantage of using a simpler model, non-

parametric statistical methods involve less computational 

work and therefore are easier and quicker to apply than 

other statistical methods. Ranks may be considered 

preferable to the actual data for several reasons. First, 

if the numbers assigned to the observations have no meaning 

by themselves but attain meaning only in an ordinal 

comparison with the other observations, the numbers contain 

no more information than the ranks contain. Second, even 

if the numbers have meaning but the distribution function 

is not a normal distribution function, the probability 

theory is usually beyond our reach when the test statistic 

is based on the actual data. The probability theory of 

statistics based on ranks is relatively simple and does not 

depend on the distribution in many cases. 

Most of the test carried out in this study is known as 

the Mann-Whitney test and also as the Wilcoxon test. 

Although primarily a two-sample test, the Mann-Whitney test 

may be applied in many different situations other than the 

usual two-sample situation. 
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The usual two-sample situation is one in which the 

experimenter has obtained two samples from possibly 

different populations and wished to use a statistical test 

to see if the null hypothesis that the two populations are 

identical can be rejected. That is, the experimenter 

wishes to detect differences between the two populations on 

the basis of random samples from those populations. 



CHAPTER IV 

RESULTS 

Objective 

The analysis of data has been attempted in two 

directions. One of the directions is the analysis and 

interpretation of parameters, so-called "input," i.e., 

in four experimental conditions. The other one is the 

analysis of the same parameters, so-called "output," 

i.e., in four outcomes of the slipping accident such as no-

slip, microslip, slip, and slide. 

The phases of one complete gait cycle are usually 

defined by when the heel strikes the ground and when the 

toes lift off the ground. The time ratio between the 

phases and their durations depends on many parameters, one 

of the parameters is the step frequency or cadence. As a 

result, the different time durations were "non-

dimensionalized." That is, the time unit was transformed 

in lOOths of the interval between the heel touching down to 

the toes lifting off the same foot. As discussed before, 

this transformation was carried out to remove the effect of 

change in the time interval which would result from the 

higher velocity of walking. 

64 
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Analysis for Experiment Condition 

A variety of mechanisms appear possible which would 

explain why a microslip does not develop into a slip or a 

slide. Some of these mechanisms concern the position of 

the center of gravity, the distance the subject slipped, 

and foot attitude. 

This analysis will be addressed concerning the 

relationship between the slip distance, foot attitude, and 

the movement of the other body segment for one cycle of 

locomotion in the slip:stop cycle. 

Slip Distance and Lateral Effect 

The probability of a slip/fall accident appears to be 

dependent on the distance the subject slips. Table 4.1 

shows the slip distance which was determined for all trials 

of the subjects. Originally, the data for one cycle from 

each subject were collected in each experimental condition 

such as slow:high friction, fast:high friction, slow:low 

friction, and fast:low friction. As discussed in the 

previous section, all data were normalized, that is, the 

time unit was transformed in lOOths of a cycle. Then, a 

plot of X versus Y coordinates for each cycle around the 

heel contact point was attempted in order to determine the 

"slip start" and "slip stop" point. However, an unexpected 
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Table 4.1: Forward slip distance 
Unit: cm 

E x p . \ S u b j e c t # 1 2 3 4 5 6 7 8 Mean S td . 
Condtn . \ 

Slow 
High f r i c t i o n 0 .3 0 5 . 1 0 0 0 .6 0 0 .7 0 .8 1.7 

Fast 
High f r i c t i o n 0 .4 0 3 . 8 0 0 .3 4 . 8 0 . 6 0 1.2 1.9 

Slow 
Low f r i c t i o n 4 . 2 2 . 4 19 .6 0 .4 0 .9 3 .4 1.4 6 .9 4 .9 6 .2 

Fast 
Low f r i c t i o n 1 0 . 2 3 . 2 0 .4 6 .2 2 . 6 10 .8 3 . 9 5 .4 5 .3 3 .6 
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problem occurred which has been largely ignored in the 

literature, such as those of Perkins and Wilson (1983). At 

the discrimination of the current system, a certain amount 

of measurement noise is obtained and the definition of the 

end of a slip is not immediately recognizable. Thus, by 

looking at a plot, the slip start was normally identified 

as the point at which a change of the horizontal 

displacement continued at constant position in the vertical 

axis. The slip stop was defined as the point at which a 

change in vertical axis occurred, without a change of the 

horizontal axis. 

Figure 4.1 shows one example of such an identification 

of a slip start and a slip stop point. The "slip distance" 

is defined as the change of the horizontal coordinate, 

between the slip start and slip stop points. 

Slip distance = X2 - XI (3) 

where slip start : (XI, Yl, Zl) 
slip stop : (X2, Y2, Z2) . 

In the current experiment, it was observed that two or 

three cases among all trials resulted in the total loss of 

balance, i.e., fall. From Table 4.1, we can see that in 

three cases the slip distances were 10.2, 10.8, and 19.6 

cm. These results seem to coincide with the previous 
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findings (Perkins, 1978; Perkins and Wilson, 1983; 

Strandberg, 1983). 

Moreover, a new definition of the slip distance was 

set to accommodate the lateral component: 

2 2 1/2 
Resultant slip distance = [(X2-X1) + (Z2-Z1) ] (4) 

where slip start : (X1,Y1,Z1) 
slip stop : (X2,Y2,Z2). 

Table 4.2 shows the resultant slip distance for all 

trials. The non-parametric Mann-Whitney test was used to 

test differences in effects of walking velocity, and floor 

slipperiness for both slip distances, i.e., forward slip 

distance and resultant slip distance. This will also 

determine if the lateral effect is a significant factor, 

which was ignored by many authors (Perkins, 1978; 

Strandberg, 1983). Table 4.3 shows the result of the Mann-

Whitney test for both slip distances. The table shows 

that, in both slip distances, the effect of floor 

slipperiness was significant, however, the effect of 

walking speed was not significant. It is obvious that the 

alpha value of the Mann-Whitney test was decreased in the 

resultant slip distance; each factor was more significant 

with the resultant slip distance. Thus, it appears that the 
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Table 4.2: Resultant slip distance 
Unit: cm 

E x p . \ S u b j e c t # 1 2 3 4 5 6 7 8 Mean S td . 
Condtn. \ 

Slow 
High friction 0.3 0.1 5.2 0.1 0.1 0.6 0.1 0.7 0.9 1.7 

Fast 
High friction 0.4 0.1 4.8 4.1 0.3 4.8 0.7 2.8 2.2 2.1 

Slow 
Low friction 4.2 2.5 19.7 0.4 0.9 3.5 1.4 6.9 4.9 6.3 

Fast 
Low friction 10.2 3.2 7.4 6.2 2.6 10.9 3.9 5.9 6.2 3.0 

Table 4.3: Result of Mann-Whitney test 
for forward and resultant slip distances 

Walking Floor 
Velocity Slipperiness 

Forward slip distance Alpha=0.71 Alpha=0.07 

Resultant slip distance Alpha=0.19 Alpha=0.05 
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lateral effect of the foot plays a role in the slip:stop 

cycle. 

A similar argument can be applied to the consideration 

of forces involved. Figure 4.2 shows an example of the 

forward force (Fx) and the resultant force (Fxz) which was 

normalized and averaged for all subjects. Evidently, in 

all time periods the value of Fxz was larger than that of 

Fx. 

Foot Attitude 

A variety of mechanisms appears possible which would 

explain why a microslip does not develop into a slip or a 

slide. Some mechanisms for correcting the foot attitude in 

the slip/fall accident will include the coupling between 

the foot and the floor; a manipulation of the Fx/Fy ratio, 

a manipulation of the velocity of the heel, and a change in 

the ratio of the angle between the foot and the horizontal. 

In the following section, a discussion will be carried out 

for each response variable with the data of the current 

experiment. 

Foot angle. "Foot angle" has proved to be an 

important variable because of its influence on the contact 

area (Perkins, 1978; Strandberg, 1983; Stevenson et al., 

1988). Hence, striking at a "correct angle" is most 
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important part in safe walking. Proctor and Coleman (1988) 

suggest that the average angle between shoe heel and floor 

surface is 24 degrees, at the time when the heel first 

touches. They found that the forward slip typically 

occurred when this angle decreased to about 12 degrees. In 

the most severe slips, the shoe lands with the back edge of 

the heel, but about a few milliseconds after heel contact 

it begins to slide forward; shoe and foot accelerate 

forward, and the subject loses his balance. Although the 

shoe is not quite flat on the surface at the start of slip, 

the forepart touches down quickly once a slip starts. 

Supposedly, this quick touchdown may increase friction and 

be one of the reasons that a slip stops after a short 

distance. 

Figure 4.3 shows the average foot angle for each 

experimental condition around the heel contact point. The 

data was normalized and averaged for each value for eight 

subjects in each experimental condition. At the point of 

contact this angle was about 19 degrees to the horizontal 

for slow:high friction, 17 degrees for fast:high friction, 

16 degrees for slow:low friction, and 13 degrees for 

fast:low friction. However, these values are smaller than 

the value suggested by Strandberg (1983). Strandberg 
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suggested that the foot contact angle ranges between 25 and 

30 degrees. 

Also, it can be seen that about 15 frames before the 

heel contacted the ground this angle was minimized for all 

conditions. It is assumed that subjects attempt to reduce 

the sliding (forward) force at the point of contact. 

Moreover, the range of foot: floor angles was less for the 

slippery conditions than for the non-slippery conditions. 

One of the reasons for this kind of occurrence might be 

that, in slippery conditions, most people do not manipulate 

their feet enough to support the body stability. 

Consequently, less manipulation of the feet produces less 

range of the foot:floor angle. 

What is significant, however, is the similarity 

between the rate of change of foot:floor angles after heel 

contact, measured against normalized time for all 

conditions. In Figure 4.3, it can be seen quite clearly 

that, in all conditions after heel contact, this change 

occurs with essentially the same slope. This suggests 

that, after heel contact, the subject is not attempting to 

deal with the reduced friction by more quickly lowering the 

foot in order to make floor contact and increase friction. 
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The foot angles at slip start (Table 4.4) were 7.5 

degrees for slow:high friction, 7.3 degrees for fast:high 

friction, 9.5 degrees for slow: low friction, and 8.7 

degrees for fast:low friction, respectively. This result 

shows that there is more influence from floor slipperiness 

than from walking velocity for the foot angles at slip 

start. 

The so-called "Time interval for complete touchdown of 

the foot," i.e., the time interval between heel contact and 

complete touchdown of the foot, is shown in Table 4.4. 

This value was 8.2 frames for the slow:high friction, 8.1 

frames for fast:high friction, 16.7 frames for slow:low 

friction, and 14.3 frames for fast:low friction, 

respectively. The sharp distinction can be seen between 

the slippery and non-slippery condition. That is, in the 

slippery condition, the time needed to complete foot 

contact is greater than in the non-slippery condition. 

Evidently, in most cases of a slippery condition, people 

have some kind of a slip or slide. Thus, there is some 

foot instability; consequently, requiring more time to 

achieve a stability or complete touchdown of the foot. 

Heel forward velocity. Most of the times, when a 

subject approaches some floor conditions like a slippery 
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Table 4.4: Parameter estimation for experiment condition 
averaged over number of events 

Foot angle Time for Heel velocity 
at slip start complete touch at slip start 

(Degree) (Frame) (cm/sec) 

Mean std. Mean Std. Mean Std. 

Slow N-Slip 4.8 1.7 4.5 1.2 64.0 19.8 
Hi Fri 

M-Slip 8.2 2.4 3.6 1.1 93.2 25.2 

Slip 5.2 7.0 48.3 

Total 7.5 8.2 76.8 

Fast N-Slip 5.5 1.2 3.3 1.2 82.3 34.2 
Hi Fri 

M-Slip 5.2 2.4 3.3 1.4 42.7 17.6 

Slip 3.7 0.2 4.0 0.5 49.1 10.6 

Total 7.3 8.1 78.4 

Slow M-Slip 8.7 2.4 7.3 0.5 92.5 21.9 
Lo Fri 

Slip 11.1 2.9 10.0 3.2 91.2 38.2 

Silde 6.4 8.0 64.9 

Total 9.5 16.7 88.4 

Fast' M-Slip 5.9 7.0 88.7 

Slip 9.1 1.8 7.2 1.1 114.5 58.5 

Silde 9.5 2.3 6.5 0.7 74.9 25.1 

Total 8.7 14.3 101.4 
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floor, he attempts to predict the condition of the floor. 

Therefore, he can manipulate the foot motion in order to 

reduce an unexpected accident. 

Results of the current experiment (Figure 4.4) show 

that, at the point of contact, heel velocity was about 70 

cm/sec for a slippery condition, and 150 cm/sec for a non-

slippery condition. This result shows the difference 

between slippery and non-slippery conditions around the 

heel contact point. The reason for this difference can be 

considered the change of swinging time and the double-

support time of the leg. In other words, in most cases of 

a slippery floor, some kind of instability of posture 

occurred; therefore, one attempts to increase the double-

support time by reducing swinging time. That is, around 

the moment of heel contact in a slippery condition, most 

subjects try to land their feet quickly in order to cover a 

body instability due to the slippery floor. Consequently, 

a quick landing of the feet in the slippery condition 

produces a high heel velocity. Furthermore, it can be 

noted that after heel contact in the fast:low friction, 

this value is higher than for the other conditions. This 

result might be due to the fact that, at the time after 

heel contact in the fast:low friction, some degree of a 

slip or slide due to the experiment condition 
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velocity in four experimental conditions 
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still exists. It can also be seen that, at the point of 

heel contact, the subject can not detect any velocity 

change between the slow and fast walking. The reason might 

be that, in the slippery and non-slippery conditions, the 

subject manipulates the heel velocity irrespective of the 

overall walking speed. 

Strandberg (1983) showed that there was often some 

slipping of the heel immediately after contact with the 

floor even when no loss of balance was noticed by the 

subject. When the loss of balance was observed, the heel 

often decelerated initially so that the heel velocity 

passed through a minimum and then began to increase. This 

minimum on average was 50 milliseconds after heel contact. 

Furthermore, Strandberg indicated that the average velocity 

of the heel when a loss of balance (a slip) followed, was 

higher than when the heel did not slip: 78 cm/sec and 28 

cm/sec, respectively. Tisserand (1985) suggested that the 

most interesting sliding velocities are up to the friction 

force peak, which occur at about 2-50 cm/sec for rubber

like materials. James (1983) showed that the friction 

properties are most important to fall prevention for 

sliding velocities well below 50 cm/sec. 

In the current experiment, the heel velocity values at 

slip start were 76.8 cm/sec for slow:high friction, 78.4 
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cm/sec for fast:high friction, 88.4 cm/sec for slow:low 

friction, and 104.1 cm/sec for fast:low friction. 

Seemingly, a little gap exists between a slippery and non-

slippery condition. That is, there is a higher heel 

velocity at the start of a slip in a slippery condition 

rather than in a non-slippery condition. However, the non-

parametric Mann-Whitney test showed that there is no 

significant effect in the walking velocity (Alpha=0.57) and 

floor condition (Alpha=0.19). 

Value ojf Fx/Fy. The expression "Fx/Fy" by relating 

the forward force to the vertical force in a manner 

analogous to the calculation of friction was termed the 

utilization of friction (Strandberg, 1983). Figure 4.5 was 

achieved with normalizing and averaging the divided value 

of the horizontal force (Fx) by the vertical force (Fy) for 

each experimental condition. Peak 1 in Figure 4.5 is 

usually caused by the impact force of the heel tip against 

the force platform and appears to have a forward direction 

as a result of approach velocity of the heel to the ground. 

Some authors (Perkins, 1978; Perkins and Wilson, 1983; 

Strandberg, 1983; Tisserand, 1985) suggest that the 

magnitude of the force which produces the first peak is 

dependent on the hardness of the heel material. That is. 
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the hardness of the material might affect the reaction 

force to the floor and, consequently, a change of Fx/Fy 

would result. The short duration of the peak suggests that 

the natural frequency of the force platform might influence 

its magnitude. This peak was found to be very inconsistent 

in its appearance; although, it is by no means clear if 

this inconsistency is due to variations in gait or 

equipment limitations (Perkins, 1978). Peak 2 indicates 

backward slip/fall possibility. In the condition of the 

slow:low friction, people have a relatively long time 

duration of heel contact compared with the fast walking. 

Therefore, during this time duration, if people had a 

forward slip/fall possibility at peak 1, they try to 

transfer the center of gravity forward in order to 

compensate for the forward slip/fall possibility. 

Peaks 3 and 4 are both in a forward direction, being 

caused by the main forward force which accelerates the 

motion of the body and leg. In the current study, peaks 3 

and 4 were sometimes merged. Although still less than 0.1 

second after heel contact, and with only the back of the 

heel in contact with the ground, the vertical force rose 

and a significant proportion of the body weight was applied 

through the heel tip. 
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In the present experiment, the relationship shown in 

Figure 4.5 essentially follows that of previous 

experimenters from Perkins onward. However, it was 

verified that in all cases the ratios in the present case 

were lower. In the slippery condition, the highest peak in 

each case occurred later in the cycle than for the non-

slippery condition. This fact supports that, in a slippery 

condition, a slip/fall possibility exists a few 

milliseconds after heel contact, while, in a non-slippery 

condition, a slide potential is higher just after heel 

contact. 

Furthermore, the result of the current experiment 

indicated that, in slow walking, there is a backward 

slip/fall possibility, which was not found in the fast 

walking treatment. However, the absence of the backward 

slipping in fast walking is considered due to the short 

duration of the heel contact time. 

Validity of Fx/Fv as slip/fall index. Although 

Strandberg (1983) and others have pointed out that this 

peak value of Fx/Fy indicates the point at which a slide 

may most likely occur, it is clear that the ratio does not, 

in fact, identify the amount of friction which is available 

at that time. This would require the calculation of 

friction between the specific floor:shoe conditions at that 
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particular velocity and Fy. That is, it is not possible to 

derive from such a ratio whether the reduction in ratio 

achieved by a subject approaching a slippery surface, in 

fact, is sufficient to reduce the risk of slipping to that 

of the non-slippery condition. 

Evidently, it appears that Fx and Fy are related. 

This relationship can be examined in Figure 4.6 and shows 

one example of Fx and Fy. In this figure, three distinct 

patterns can be distinguished. At first stage, there is 

the approximately linear relationship between Fx and Fy. 

This occurs in the interval from the heel contact to the 

complete touchdown of the foot. Once the foot touches 

down, Fx is changed from forward to backward while Fy 

remains constant. And forms can be charged with the second 

stage of the relationship. Finally, the Fx and Fy again 

have a linear relationship, which might be due to the 

leaving stage of the foot. Thus, as it can be seen in this 

figure, both parameters appear to have some relationship, 

even if the exact type of relationship is hard to find. 

Hence, it is hard to draw a conclusion from such a ratio 

whether the change in this value affects the slip/fall 

severity. That is, Fx/Fy can not be the absolute index for 

the slip/fall possibility. 
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Figure 4.6: Example of Fx versus Fy 
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Movement of the Total Body Secrment 

Movement of center of gravity. In this experiment, 

the parameter chosen to represent the movement of the 

center of gravity is "hip forward velocity." The reason 

for choosing this term is that the hip is considered the 

closest point to the center of gravity, and this fact was 

verified by many authors (Morton and Fuller, 1952; Carlsoo, 

1966; Cooper and Glassow, 1968; Basmajian, 1976; Broer and 

Zernicke, 1979). Current experiment results (Figure 4.7) 

indicate that the maximum velocity in all cases occurred a 

few milliseconds after heel contact. This fact supports 

that the body weight transfer point is located between heel 

contact and the complete touchdown of the foot. This 

finding coincides with the previous discussions (Carlsoo, 

1966; Broer and Zernicke, 1979) that, in regard to the 

carriage of body weight, indications show that the body 

weight transfer point is located about midway between the 

instant of heel contact of the advanced foot, and when the 

leg is stabilized by full foot contact for the reception of 

that weight. It also noted that, before the body weight 

transfers rapidly to the opposite leg, the path of the body 

center of gravity is stable and the amount of lift is 

small. In the results, there is a little flatness in the 

hip forward velocity around the frame numbers 1 to 6 for 
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Figure 4.7: Normalized and averaged hip forward velocity 
in four experimental conditions 
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all conditions. Furthermore, this peculiarity is more 

evident in the slippery condition than in the non-

slippery condition. Thus, in the slippery condition, the 

center of gravity is expected to transfer smoothly. 

In most instances, the value in the fast:high friction 

is larger than that of the other conditions. Moreover, the 

point of maximum velocity (around frame 2) for a slippery 

condition occurs a little faster than for the non-slippery 

condition (around frame 8). This fact suggests that 

subjects attempt a quicker forward movement of body weight 

in a slippery condition in order to stabilize the body 

position. 

Variation of stride length. When the slipperiness of 

the floor increases, several adjustments occur. The length 

of the stride, at first, will decrease (Cooper and Glassow, 

1963; Wells, 1971; Steindler, 1977). This decrease gives a 

smaller angle to the driving leg and, hence, a small 

forward component. At the same time, the trunk might be 

forward a little to keep the support leg balanced, and 

foot contact will be flat as much as possible (Cooper and 

Glassow, 1963; Scott, 1963; Wells, 1971). Predictably, as 

slipperiness increases, the subject attempts to keep the 

center of gravity over his support leg until he perceives a 

perfect stability of the contact leg. Here, one difference 

\\Q\ 
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in postural changes occurs between fast walking and 

slippery condition. Even with body instability due to the 

fast walking, balance can be recovered after only a short 

period of instability. While, with slippery floor 

conditions, balance is lost, resulting in a direct fall 

accident. 

"Leg angle" is one index of the stride length; the 

larger the stride, the larger the leg angle. Conversely, 

with a small stride length, there is a small leg angle. 

Figure 2.6 shows the leg angle is the angle of the 

hip:heel line to the vertical. The reason for choosing the 

hip:heel line rather than the knee:heel line is that the 

knee:heel .line has too much variation in the forward 

direction rather than the hip:heel direction. That is, 

when one fixes the hip joint as a pivot for the moving leg, 

the knee:heel line has another variation due to the knee 

joint which acts as a pivot. Thus, it seems that the 

hip:heel line is more dependable, that is, there is less 

variation than in the knee:heel line. 

Figure 4.8 shows the leading leg angle to the vertical 

for all conditions around the heel contact point. As 

discussed before, each graph was attempted by normalizing 

and averaging the value of all subjects. As expected, the 
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leg angle is larger for the non-slippery condition than for 

the slippery condition. Furthermore, there is some kind of 

discrepancy in the maximum leg angle between the slippery 

condition and the non-slippery condition. This discrepancy 

probably is due to the floor condition. Namely, the leg 

should straighten a little faster in a slippery condition 

than in a non-slippery condition in order to provide 

stability in a shorter time. One reason for this kind of 

body response might be that, generally in a slippery 

condition, people are susceptible to a high horizontal 

force (slipping force). It also can be seen that, in the 

slippery condition, the maximum leg angle occurred at the 

point of contact. However, in the non-slippery condition, 

the maximum leg angle occurred at a few milliseconds before 

heel contact. 

The action of lower limbs. Cooper and Glassow (1968), 

Wells (1971), and Steindler (1977) indicated that, at the 

moment of contact, the leg is reaching slightly forward. 

At this time, the heel makes contact first, and then the 

weight moves forward very rapidly. Also, there is a very 

slight flexion at the knee at the moment of contact. The 

hip and knee then start into extension and so continue 

throughout the drive. 
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In the current experiment, the variable selected to 

describe the action of the lower limbs is "knee forward 

velocity." The result of our experiment (Figure 4.9) 

indicated that, in all cases, maximum velocity occurred a 

few milliseconds after heel contact. This finding supports 

the previous discussion that the knee and hip move together 

at the transfer of body weight (Carlsoo, 1966; Jensen and 

Schultz, 1970; Wells, 1971). Predictably, the hip and knee 

move together and wait until we perceive a perfect 

stability. 

From Figure 4.9, it can be seen that around frame -10 

to frame 10, there is a big discrepancy between minimum 

velocity and maximum velocity in a non-slippery condition. 

On the other hand, a relatively small difference was found 

in the slippery condition. That is, the variation of 

velocity in the slippery condition is less than that of the 

non-slippery condition. It is also noted that the maximum 

forward velocity is larger for the non-slippery condition 

than for the slippery condition. This variation probably 

is due to the fact that, in the slippery condition, most 

subjects worry about the quick movement of the lower limbs. 

Hence, they attempt a smooth transfer of limbs. 

Cooper and Glassow (1963), Wells (1971), and Steindler 

(1977) showed that when the body center moves from one 
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support to another, instead of an immediate and abrupt 

transfer of body weight, the transfer is retarded by a 

flexion of the knee. Thus, this knee flexion contributes 

to a shock-absorbing function in the transfer of body 

weight. This discussion also corresponds to current data 

which shows that, around frame 10 just before maximum knee 

velocity, there is some kind of flatness in all conditions; 

although, the amount of flatness depends on each 

experimental condition. 

The action of trunk. The body is normally inclined 

forward slightly, particularly as the speed of the walk 

increases. This inclination makes the forward force more 

effective and, therefore, more effective in controlling 

body stability (Cooper and Glassow, 1963; Scott, 1963; 

Wells, 1971). 

Lee (1982) and Chaffin and Andersson (1984) noted that 

the body posture assumed in a standing position is directly 

dependent on the coefficient of friction of the shoe:floor 

interface. If a low coefficient of friction exists, then 

presumably the person would stand more erect to minimize 

the required coefficient of friction. 

Perkins (1978) suggested one reason for a slip 

stopping is that the body may travel faster than the foot 

during slipping; the foot is then overtaken by the body as 
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the center of gravity of the body moves faster than the 

heel of the front foot. The trunk inclination to the 

vertical, thus, might increase during the transfer of body 

weight. 

This result (Figure 4.10) for "trunk inclination," 

i.e., the angle of the hip and the shoulder to the 

vertical, indicated that, at the point of contact, it was 

9.5 degrees for the fast:high friction, 10 degrees for the 

slow:high friction and slow:low friction, and 11.5 degrees 

for the fast:low friction. However, this result is a 

little in contrast with the case of standing posture in 

which presumably the person would stand more erect to 

minimize the required coefficient of friction at the low 

coefficient of friction. In most cases, the maximum 

inclination occurred a few milliseconds after heel contact. 

This fact might be related to the transfer of body weight. 

After the transfer of the center of gravity, subjects 

correct the trunk inclination, and this action corresponds 

to the decrease in the trunk inclination shown in frame 16 

in Figure 4.10. It also can be seen that, at the instant 

of heel contact, the trunk inclination was larger than that 

of other conditions. The reason might be that, in the 

fast:low friction, if people are inclined forward, they can 
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shift the center of gravity forward. Therefore, they 

reduce the distance between the center of gravity and the 

heel, consequently, they have more stability. 

Description ojf arm swing. Arm swing varies 

considerably with variations in walking speed (Cooper and 

Glassow, 1963; Wells, 1971; Steindler, 1977). Usually, the 

arm swings forward from the shoulder with the arm hanging 

more or less relaxed. During walking, the arms swing 

alternatively as do the feet. 

The oscillations of the shoulders or upper trunk are 

even more passive and dependent upon the arm swing than are 

those of the hip. In a faster walk, the arm actually 

assists in the oscillation of the hip by reaction on the 

trunk (Cooper and Glassow, 1963; Jensen and Schultz, 1970; 

Wells, 1971; Steindler, 1977). 

In this experiment, the variable chosen to describe 

the arm movement is "elbow forward velocity." At the point 

of contact this value was 120-140 cm/sec, as shown in 

Figure 4.11. In all conditions, this change occurs with 

essentially the same slope. 'What is significant, however, 

is the difference between the slippery and non-slippery 

condition at heel contact. At the instant of heel contact, 

the value of the slippery condition is larger than that of 
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the non-slippery condition. Consequently,' the movement of 

the arm is supposed to have an important role in a slippery 

condition. With a slippery floor, arm swing can compensate 

for other kinds of body unstability. In this analysis, the 

author has only considered one direction, i.e., forward 

direction. The arm can move in all three planes, thus, the 

elbow forward velocity used can not be the absolute index 

for the airm movement. However, this consideration will be 

left for later study. 

Analysis for Experiment Outcomes 

The objective of this section is to examine how the 

experimental condition affects the accident outcomes. That 

is, having classified the outcomes, one can examine the 

treatments leading to such outcomes, then, estimate various 

biomechanical parameters for each level of outcome. 

With the slip distance determined for each trial, the 

author classified each trial into one of four outcomes 

(including "no-slip"). The boundary value was chosen as 

suggested in the literatures (Perkins, 1978; Perkins and 

Wilson, 1983; Strandberg, 1983; Tisserand, 1985), but also 

to avoid heavy clustering of values where possible. The 

criteria used for categorization were as follows: 
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No-slip : no horizontal movement in X for changing Y 

Microslip : slip distance < 2 cm 

Slip : 2 cm < slip distance < 8 cm 

Slide : 8 cm < slip distance. 

The result of this categorization is shown in Table 

4.5. The 12 cases of a slip were found in 32 treatments: 

forward sliding of the shoe was detected shortly after 

heel-strike. Three cases of a slide were detected, the 

slide ended in a fall (stopped by the safety harness). The 

remaining 17 cases became no-slips (7 cases) or microslips 

(10 cases) where the subject either was unaware of the 

sliding motion or regained balance without apparent gait 

pattern disturbances. Though quite a few backward sliding 

motions (3 cases) were observed just before toe-off, they 

never resulted in falls. 

Table 4.6 shows the foot parameter estimation for each 

outcome. In most of the no-slip and microslips, the forward 

velocity of the heel at contact remained below 50 cm/sec 

and, in the case of a slip and slide, the velocity was 

below 190 cm/sec. Strandberg (1983) suggests that static 

friction properties are important to fall prevention at 

sliding velocities well below 160 cm/sec. This fact 

suggests that although most current research emphasizes the 

importance of the dynamic friction, the static friction 



Table 4.5: Number of each outcome 
for each experiment condition 
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no-slip microslip slip slide 

Slow 
High friction 

Fast 
High friction 

Slow 
Low friction 

Fast 
Low friction 

3(1) 4(1) 

5(1) 

Total 10 12 

* Number in brackets indicates the number of backward-
slips. 



Table 4.6: Parameter estimation for each outcome 
averaged over the number of outcomes 
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Foot angle 
at contact 
(Degree) 

Mean Std 

Time for complete 
touch-down of foot 

(Frame) 

Mean Std 

No-slip 

Microslip 

Slip 

Slide 

22.16 

21.84 

20.12 

19.02 

3.76 

5.08 

5.13 

0.51 

5 . 8 5 

1 0 . 2 2 

1 3 . 1 6 

2 8 . 3 3 

1 .34 

2 . 6 9 

2 . 4 4 

1 6 . 4 4 

No-slip 

Microslip 

Slip 

Slide 

Max 
at 3/4 

Mean 

0.121 

0.133 

0.144 

0.168 

Fx/Fy 
maxima 

Std. 

0.01 

0.017 

0.025 

0.034 

Heel vel 
at contact 

Mean 

56.37 

61.31 

165.36 

187.94 

ocity 
(cm/sec) 

Std. 

19.63 

15.99 

57.49 

74.16 
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still might play some role at the start of slipping. Most 

of the heel forward velocities in the current experiment 

were around or below 160 cm/sec. This fact suggests the 

importance of the static friction in the fall accident. 

Table 4.7 also shows that a strong effect of classification 

exists in the heel forward velocity at contact. 

The so-called "friction use (forward force divided by 

downward force) at peak 3/4" for all outcomes stayed 

usually within the interval 0.1-0.2 during a slip. Table 

4.6 shows that the value of maximum Fx/Fy at 3/4 increases 

in relation to the outcomes of no-slip, microslip, slip, 

and slide. Table 4.7 indicates that there is a significant 

effect of classification in the maximum Fx/Fy at 3/4. 

The time intervals between the heel contact and the 

complete contact of the foot with the surface were five 

frames for a no-slip, 10 frames for a microslip, 13 frames 

for a slip, and 28 frames for a slide. Hence, this value is 

going to increase with the classification of a no-slip, a 

microslip, a slip, and a slide. However, in a slide, there 

is a sharp increase in this value, consequently, a longer 

time for the complete touchdown of the foot than is 

required, in the case of no-slip and microslip. Thus, as 

Strandberg (1983) pointed out, the walking surface must be 
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Table 4.7: ANOVA result for the effect of categorization 

Parameters ANOVA P Value 

Foot angle at contact P = o.63 

Time for complete touchdown P = 0.01 

Max Fx/Fy at 3/4 maxima P = 0.01 

Heel velocity at contact P = 0.01 
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capable of quickly penetrating any lubricant patches. 

Table 4.7 indicates that classification has a significant 

effect on this value. 

The foot:floor angles at contact, in a no-slip, 

microslip, slip and slide, are 22.16, 21.84, 20.12, and 

19.02, respectively. Presumably, there is no sharp 

distinction between each outcome for this angle. The fact 

that there is no significant effect of classification was 

also supported by the ANOVA test (Table 4.7). However, 

there is some degree of smooth decrease in this value along 

with the classification. Supposedly, in most slippery 

conditions, the subject attempts to reduce this angle. 

Thus, his foot can quickly touch down in the case of 

slipping. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Summary of Results 

The following points were summarized from the results. 

1. A previous finding which suggested that a slip of 

or more than 10 cm might result in a falling accident 

roughly coincided with the current result. Moreover, the 

slip distance was dependent on the floor condition and 

walking speed; the slip distance was increased with an 

increase of the walking speed as well as the floor 

slipperiness. Up to now, many authors ignored the lateral 

effect of the slip distance and foot force. Current 

findings suggest a possible consideration of the resultant 

direction instead of the forward direction makes more 

significance in the slip distance. 

2. There is a similarity between the rate of change of 

foot:floor angle, measured against the normalized time for 

all conditions. This similarity would suggest that the 

subject is not attempting to deal with the reduced friction 

by lowering the foot more quickly in order to make floor 

contact. 

3. The heel forward velocity varied between slippery 

and non-slippery conditions. The reason for this variation 

107 
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can be considered to be the change of the swinging time 

and the double-support time of the leg. m other words, in 

the case of a slippery floor, postural instability causes a 

subject to increase the double-support time, by reducing 

the swinging time. That is, around the moment of heel 

contact in a slippery condition, most subjects attempt to 

make foot:floor contact as quickly as possible in order to 

cover body unstability due to the slippery floor, because, 

in a slippery floor, we have a smaller resistance force. 

4. The ratio of Fx/Fy followed the findings of 

previous experimenters. However, it was verified that in 

all cases the ratios in the present case were lower. In 

the slippery condition, the highest peak occurred later in 

the cycle than in the non-slippery condition. This means 

that, in a slippery condition, a slip/fall possibility 

occurs a few milliseconds after heel contact. While, in a 

non-slippery condition, a slip/fall possibility occurred 

less than milliseconds after heel contact. Furthermore, 

our result suggested that, in slow walking, there is a 

backward slip/fall possibility, which is not seen in fast 

walking. Although many authors have pointed out that the 

peak value of Fx/Fy shows the point at which a slip/fall 

may most likely occur, it is clear that the ratio does not, 

in fact, identify the amount of friction which is available 
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at that time. This would require the calculation of 

friction between the specific floor:shoe conditions at that 

particular velocity and Fy. In other words, it is not 

possible to derive from such a ratio whether the reduction 

in such a value achieved by subject strategy in approaching 

a slippery surface is, in fact, sufficient to reduce the 

risk of slipping to that of the non-slippery condition. 

5. In the current experiment, the parameter chosen to 

represent the movement of the center of gravity is hip 

forward velocity. Current results show that the maximum 

velocity in all cases occurred a few milliseconds after 

heel contact. 

6. Leg angle might be one index of the stride length. 

As expected, the leg angle was larger for the non-slippery 

condition than for the slippery condition. However, the 

slip/fall possibility is related to the horizontal force of 

the leg and the reaction force of the floor. Therefore, 

without information about the floor reaction force, the 

information about the leg angle (the horizontal force of 

the leg) itself is meaningless. 

7. Measurement of the trunk inclination indicated 

that, at the point of contact, trunk inclination to the 

vertical was larger for the slippery condition than for the 
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non-slippery condition. These results are in contrast with 

the standing posture, during which the person would stand 

erect to minimize the required coefficient of friction. 

Another thing which was found is that, in most cases, the 

maximum inclination occurred a few milliseconds after heel 

contact. This fact is related to the transfer of body 

weight. 

8. The parameter chosen to describe the arm movement 

was elbow forward velocity. In the current experiment, 

this value was 12 0-14 0 cm/sec at the point of contact. 

However, the discrepancy between the slippery and non-

slippery condition at heel contact is significant. 

Practical Implications of Results 

1. The specific effects of the materials used in 

walkway surfaces and footwear can be controlled and 

carefully selected to reduce slippage. Environmental 

factors can also be controlled in order to avoid conditions 

which may cause people to slip. 

2. From a study of normal walking, it has been 

possible to predict when slipping is most likely to occur 

and actual slip experiments have confirmed that forward 

slip at heel contact is common. This work has demonstrated 
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that friction and slip behavior are much more complex than 

the classical laws of friction would lead us to believe. 

3. Standardization of test methods for measurements of 

coefficient of friction under both laboratory and field 

conditions is a prerequisite for the determination of the 

relationship between coefficient of friction and pedestrian 

gait. Standardized measurement methods must be established 

before coefficient of friction levels are included as a 

part of safety standards. 

4. A standardized slip, trip and fall accident 

investigation methodology which gives due consideration to 

all related disciplines should be developed. A standard 

format for data collection and accumulation is required 

which will permit epidemiological studies of slip, trip and 

fall accidents. 

Significances of This Study 

1. So far, many investigators of slipping accidents 

have not considered slips and falls to be complicated 

phenomena from both tribological and biomechanical aspects. 

Therefore, the literature exhibits quite a few slip-

resistance measurement methods which demonstrate how an 

existing and original approach can be invalidated or 

seriously damaged by inattention to basic principles of 
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research methodology. Furthermore, tribometric research on 

rubber-like materials confirms the need for dynamic data 

from humans and slipping. Unfortunately, this problem has 

been underestimated. Table 5.1 shows the comparison of the 

various biomechanical parameter estimations by many 

authors. However, most of the work concentrated on the 

foot portion and did not validate the parameters used. It 

is the main purpose of this study to validate the 

parameters used as a slip/fall index and expand the 

parameters to the other body segments such as lower and 

upper extremities, the arms, etc. 

2. Investigations of actual falling behavior are very 

rare with the possible exception of case studies and 

epidemiological studies involving follow-ups and 

accidents. Consequently, the Fall Prevention Rig was 

developed which is intended to allow the study of falls, 

while preventing contact between the human being and the 

environment in an uncontrolled manner. So far, some 

authors have developed a sort of support system in 

slip/fall study. All these systems appear to have 

satisfactorily removed the normal consequence of a severe 

slip. It is clear that these designs produce an extremely 

artificial environment for the subject. A more serious 

effect may also result from these designs; for example. 
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Table 5.1: Comparison among various works 
in slip/fall accident study 

Slip start time x x x 
Heel vel. at touchdown x x 
Heel vel. at slip start x x 
Foot angle at touchdown x x x 
Foot angle at slip start x x x 
Max rate of contact angle x 
Peak Fx/Fy x x x 
Location of peak Fx/Fy x 
Fx/Fy at sole contact x 
Fx/Fy at-start time x 
Forward slip distance x x 
Resultant slip distance x 
Validity of slip distance x 
Validity of Fx/Fy x 
Hip velocity x 
Knee velocity x 
Leg angle x 
Trunk inclination x 
Elbow velocity x 

1 
2 
3 
4 
5 

Leamon/Son (Leamon, 1988: Leamon and Son, 1989) 
Strandberg (Strandberg, 1983) 
Tisserand (Tisserand, 1985) 
Perkins (Perkins, 1978: Perkins and Wilson, 1983) 
Stevenson (Stevenson et al., 1988) 
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some authors used a linear track in which the subject must 

start, slip, and stop in a short pre-identified interval. 

In all cases, slipping behavior was produced by providing 

abnormally slippery surfaces. The rig at Texas Tech 

provides the capability of adjusting the speed of the rig 

to the speed of the subject. It can operate continuously, 

providing long exposures, for example, requiring the 

subject to walk around the track for periods of up to one 

or two hours. This exposure is intended to allow the use 

of surfaces with the coefficients of friction more often 

met in practice. 

3. Other studies which will focus on other 

environmental conditions such as the load carrying 

condition, the perception of slipperiness study, and the 

dynamic friction measurement, using a novel friction rig 

are being done, or will be done. The biomechanical data 

collected in this study will be a basis for further 

understanding when one interprets the other kinds of 

research. 

Future Research 

1. According to many authors, when carrying a load, 

the various biomechanical parameters were changed compared 

with the normal condition. The following points are some 
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examples considered by many authors when a load is being 

carried: 

(a) Unladen, shorter people are a little more stable 

than taller subjects, and males have slightly greater 

stability than females. 

(b) When laden, the stability decreases when loads are 

held at or above waist level, the higher the load the less 

the stability, and the greater the load the less the 

stability, and the stability of the female is always less 

than that of the male. 

The first stage of this study was done by Li. 

However, this study will estimate the effect of carrying a 

load on slip/fall accidents by verifying the biomechanical 

parameters. 

2. It is not known whether people's own reports of 

those factors they consider important in making visual 

determinants of floor slipperiness are the actual facts 

that they process subconsciously prior to walking on a 

given floor type. It is, therefore, the purpose of future 

investigation to determine if the self-reported decision

making process correlates well with the actual decision

making process. Should a strong relationship be found to 

exist between the two, then this finding would validate the 

use of the self-report technique in further studies. The 
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investigation consists of three parts. In part 1, we ask 

people to report those factors they consider when 

determining the degree of floor slipperiness. It is 

expected that common factors that are considered to be 

important will be revealed among people. In part 2, we 

ask people to compare and make relative judgments about the 

degree of slipperiness in a pair of floor types. These 

floor types are chosen according to the factors revealed to 

be important in part 1. In part 3, we ask people to make 

absolute judgments about each of the floor types according 

to the factors revealed to be important in part 1. 

Preliminary study is now being done by Mark. However, we 

are, in essence, seeking to determine whether people 

actually process information about floor slipperiness just 

as they say they do based upon a certain number of factors. 

3. The Simulated Stepping Dynamic Frictional Device 

(SSDFD) (Figure 5.1) will provide a means of investigating 

undeveloped areas in slips and falls research. The results 

will clarify the existing standards for determining the 

coefficient of friction between a surface and a shoe. 

The primary points of investigation are: 

(a) Develop a standard and accurate means of measuring 

the coefficient of friction. 
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Data 
Acquisition 

System 

Friction Surfcce 

Figure 5.1: Proposed SSDFD system 
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(b) Define trends such as the effect of the vertical 
» 

force on the coefficient of friction. 

(c) Simulate and determine the effects of different 

surface conditions. 

(d) Develop a standard procedure for using the device 

at any location. 

(e) Determine the time dependency of the coefficient of 

friction. 

Most of the mechanical and control design is now being 

done with the Mechanical Engineering Department, Texas Tech 

University. This research will either disprove or advance 

the accepted criteria on slips and falls. Furthermore, a 

time-dependent coefficient of friction may be anticipated 

for situations where the forces vary with time. Designing 

the rig to be portable will make it appealing to companies 

that may want to use it in the development of new floor 

surfaces or shoes. It could even prove useful in lawsuits 

where a slip has caused a personal injury. The project 

will most importantly develop a definite standard in 

measuring the coefficient of friction. 
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APPENDIX A 

FALL PREVENTION RIG 

Abstraction 

A major inhibition of past work has been due to the 

lack of a facility and a methodology to experimentally 

investigate such behavior without exposing human subjects 

to the natural danger of injury resulting from a fall. In 

order to carry out this research, a unique facility must be 

created specially to investigate falling and slipping 

behavior. One component of this facility will be used to 

focus research towards experimental investigations of the 

basic mechanisms involved in falls. Especially, this 

component must be designed, developed, and fabricated to 

provide passive, reactive support at the point of loss of 

balance. This component must allow both normal and reduced 

friction surfaces to be designated to investigate human 

falling in the experimental conditions. 

Fall Arresting System 

The system to be utilized will be an overhead active 

suspension and the subjects will be connected to this 

suspension via lanyards (Refer to Figures A.l and A.2). 

The system must withstand static and dynamic loading 

conditions, since a sudden impact loading will be present 
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Figure A.l: Tower design 
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when a fall is initiated. Decelerating forces on the 

subject must be minimized through the suspension system. 

The overall function of the system will be to allow a 

subject, wearing a full-body harness, to walk in the 

experimental situation with little or no restriction. This 

lack of friction will be achieved by the fully automated 

overhead suspension that uses low force actuators to ensure 

that the suspension is largely imperceptible. Whenever an 

imbalance is detected, the system will immediately arrest 

the subject and discontinue its motion. 

The machine is essentially a simple robot. It will be 

stationary with an arm that rotates about an axis at an 

elevation above the test subject. On this arm will be a 

sled that can traverse along the length. The sled will 

house the fall-arresting device; thus, the arrester may be 

positioned anywhere in a plane above the test subject 

between two concentric circles that are the inner and outer 

radii of the arm. The sled will retract and extend as the 

arm rotates; the result of which is to create a pre

determined path that the test subject will follow. On the 

experimental test facility floor a marked path will serve 

as the test track, and the arrester will be able to match 

itself with the position of the subject throughout the 

testing. This pre-determined track is necessary in order 
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for the fall-arresting system to be virtually over the 

subject's head at all times in anticipation of an 

arbitrarily induced fall in the subject. 

Design Criteria 

Initially, several specific points of the design had 

to be considered and compiled to create the design 

criteria. Among these criteria are 

1. A passive system. 

2. Minimum contact with the test subject. 

3. Dampening of an induced fall. 

4. The immediate motion area free of obstructions. 

5. Especially allowing data collection through video 

cameras. 

6. Adaptability to different test situations. 

7. Necessity of the subject to follow a defined path. 

With these parameters in effect, it was best decided 

to custom-tailor the system and to design the system from 

inside out. The foundation of the system is the full-body 

harness. 

Subject Harness 

It is of the nature of a parachute harness with 

supports on both legs near the groin, both arms at the 
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shoulders, a waist and chest strap. All of the above 

mentioned supports are fully adjustable to accommodate any 

size subject. The harness also has two attachments at the 

top of the shoulders. These attachments are where the 

lanyard will be connected to the damping system. 

Furthermore, from a previous study, for a statistical 

sample of subjects, it was found that the closest 

approximation to a stationary node on a moving person is 

approximately along the spine between the shoulder blades. 

Thus, a provision is made on the harness for the connection 

to a lever-arm of the rotational potentiometer. This 

stationary node is desirable, since perturbations caused by 

the body movement will cause the boom to respond 

undesirably by advancing forward then stopping in a 

repetitive cycle causing a jerky boom motion. 

To avoid obstructing the data collection equipment, it 

is necessary to support the harness from overhead and allow 

the free movement of the body from head to toes to be 

recorded. To allow the subject to experience as little 

impact as possible during an induced fall, the harness will 

not be connected to a rigid structure, but to a spring 

dashpot assembly. The assembly will absorb the impact and 

allow a gradual dissipation of the energy of the fall. 
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Since humans are involved in this testing, there will 

no doubt be some fear of falling, and consequently, an 

inhibition towards it. This fear could possibly lead to an 

unnatural gait situation that would subsequently hinder the 

authenticity of the data collection. Thus, it was decided 

that a continuous motion must be implemented. By using 

continuous motion, the test subject can walk through the 

path for a length of time to become accustomed to the 

system, and possibly feel more at ease, without having 

apprehensions of falling. 

The continuous motion is most easily accommodated by 

rotating about a central pivot point. However, for testing 

purposes, it is desirable to have a straight line of 

motion. Thus, the device needs to be rotary in nature but 

have the ability to allow straight line motion. A central 

pivot with an arm that extends some distance out is 

therefore implemented, and mounted on the arm is a 

retractable assembly to which the spring dashpot is 

mounted; thus the support for the harness. 

Lastly, now that the path has been chosen, the subject 

must not be disturbed during the testing, including 

disturbance from the arresting system. The only way to 

create this environment is to fully automate the system so 

that the only interaction with the subject is to trigger 
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the motion and to physically make a connection to arrest 

the fall. The automation is possible through the use of 

several sensors to report the machine's current status and 

using two motors to position it as demanded. 

Mechanical Design Overview 

The location of the proposed test facility is the 

Industrial Engineering Ergonomics Laboratory. The fall-

arresting system and the associated data collection system 

are to be located here; thus, the room's physical 

dimensions are the limiting values of the size of the 

system. It is desirable to have the spring dashpot as far 

above the test subject as possible so that no unwanted 

distractions are present. Furthermore, as large a path as 

possible is necessary so that a long straight line is 

achievable, and the test subject is not constantly changing 

direction. 

To obtain the maximum space usage, the axis of 

rotation is defined, and it is placed near the center of 

the room at a straight of approximately 9 ft above the 

floor. Allowing acceptable clearance between the wall and 

fall-arresting system, an arm of 10 ft length may be used. 

The next matter to be addressed is the suspension. 

Since permission to modify the building's structure is 
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difficult to obtain, and it would be a semipermanent 

modification, the suspension system is a floor mount as 

opposed to a ceiling mounted type. The design used is of a 

standard tower type design that has proven reliable and 

strong through years of usage. This tower is to be the 

support for the arm to rotate about. The tower has four 

sides that are all identical in design. The quadrilateral 

pyramid that these sides form has its vertex cut off to 

form a top plane. To this plane a tablebearing-gear is 

attached. The bearing is actually two concentric rings of 

different diameters. The inner ring is vertically offset 

from the outer ring. This offset allows the boom to be 

mounted on. top of the bearing and a motor gear reduction 

assembly attached to the boom. 

A pinion is fastened on the reduced output shaft and 

mated with the rigidly fastened gear. As the motor 

rotates, the arm is forced to rotate about the Z axis. On 

the opposing side of the bearing, another motor is mounted 

on the boom to position the sled (Refer to Figure A.3). 

This positioning is done through a pulley and cable 

linkage. A pulley has several wraps of thin cable around 

it to provide a friction coupling to a cable. The cable is 

attached to one end of the sled, then routed through the 
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Figure A.3: Boom rotation in space 
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friction pulley, then taken to the far end of the boom, 

around a directional pulley, and then taken to the far end 

of the boom, around a directional pulley and back to the 

other end of the sled. This configuration allows a pulling 

force to be applied to either end of the sled allowing 

movement in both directions. 

Attached to the sled is a spring dashpot assembly that 

will provide passive restraint to the test subject 

preventing the person from displacing vertically a fixed 

distance (Refer to Figures A. 4 and A.5). The damper is of 

a fluid displacement type that has a flow valve inserted in 

a line between the two fluid chambers. This valve can be 

adjusted to allow no constriction in the line or total 

restriction in the line. In this way, the damping can be 

adjusted to the current demands of the test. The damper is 

initially extended, and when a fall is induced, the damper 

will be compressed. A small spring will reextend the 

damper when the load of the subject is removed. The test 

subject will be physically connected to the system via a 

lanyard and full-body harness. 

Damping Mechanism 

The function of the damping mechanism is to dissipate 

energy imparted to it through a person's imbalance or fall. 
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Figure A.5: A completed spring-dashpot-sled assembly 
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The full-body harness has two lanyards attached to it, and 

the opposite ends of the lanyard will be fixed to the 

damping mechanism. Whenever a person has an imbalance or 

begins to fall, at a fixed vertical drop the kinetic energy 

of the person will be absorbed by the spring dashpot 

assembly. Due to the energy design, the materials that 

were selected were of high strength capacity, since the 

physical size of the damper is not critical, the damper may 

be constructed relatively freely. 

It is desirable to have a spring-dashpot assembly with 

the dashpot having a variable damping rate. In this 

manner, the correct damping can be implemented with no fear 

of incorrect sizing. The spring will serve the function of 

re-extending the damper once it has been compressed. The 

easiest method of implementing the spring-dashpot mechanism 

is to have a level arm that pivots on an axis using 

bearings. Then, one may simply put the dashpot on one end 

of the level and the spring across the pivot point. Having 

the dashpot normally extended and compressed during 

damping, allows a simple mechanical configuration. 

The sled spring dashpot system is a relatively 

straightforward means of solving the energy dissipation 

problem, and its construction is based mostly on mechanical 
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intuition rather than strict mathematical and design 

principles. 

Feedback Control LOOPS 

The importance of automation cannot be overemphasized 

in this testing environment. In order to obtain an 

accurate data collection of the person's body mechanics 

during the testing period, it is imperative that the 

subject feels comfortable, and more importantly, unhindered 

both physically and mentally during the complete testing 

time frame. Thus, the system needs to operate in a quiet 

manner and interact minimally with the subject. For these 

reasons, it is necessary to create a fully automated 

machine, meaning that the machine will function solely 

through a central controller with no subject or operator 

responsibilities during the testing procedure. The only 

external parameter to the automation process will be a 

trigger governed in a passive manner by the test subject. 

. The system will consist of five feedback loops and two 

outputs. The outputs are motor rotations, which will 

position the boom and sled at the correct points relative 

to the subject. Coupled directly to the motors will be two 

feedback tachometers. These tachometers will provide an 

immediate indication of the present motor rpm; thus, the 
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tachometers will serve the function of error comparison of 

actual versus desired rpm. The other three feedback loops 

will contain an optical encoder, a position transmitter, 

and a rotational potentiometer. These instruments will 

give an indication of the fall-arresting system's position 

relative to the subject. For example, if the person is one 

distance away from the boom, then the rotational 

potentiometer will provide a signal such that the boom 

motor will rotate the boom toward the test subject. Since 

the signal will constantly change as the boom advances 

directly over the subject's vertical axis; theoretically, 

the boom will never advance fully over the subject's 

vertical axis. However, it should be noted that this 

scenario would be true in a situation where step movements 

are involved. During the test procedure, the subject will 

be continually moving forward relative to the boom and at a 

somewhat relative speed; hence, there will be a somewhat 

constant force to the present on a level arm connected to 

the rotational potentiometer. Consequently, a somewhat 

constant displacement will be present, resulting in a 

continual advancement of the boom towards the subject's 

vertical axis. Since any track configuration besides a 

circular, this configuration of demand and supply will 

accommodate the variable velocity in a satisfactory manner. 
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Automatic Control System 

In order to fully automate this system, it is 

necessary to use a control system. The basics of any 

control system are a central processor, interpreting 

devices to allow the central processor to communicate with 

external devices, and the feedback sensors. The sensors 

give pertinent information as to a system's current status 

and outputs. 

The system requires movement of two components and 

that movement is related, but uncoupled. The boom must be 

rotated, and the sled must be traversed. These movements 

are accomplished through the use of two electric motors. 

After reviewing many systems and individual components, it 

was decided that the best results in an experimental setup 

would be derived from the use of a uniform control system, 

or one that all components will be compatible, and some 

sort of continuity in thinking and subsequent understanding 

for usability purposes will be presented. Since the 

control would be a major portion of the project, it was 

additionally decided that several companies should be 

consulted in the decision making. Through numerous 

discussions with and proposals submitted by the companies, 

an automatic control system manufactured by Allen Baldly 
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was selected. The automatic control system has two main 

sections of components within it, a programmable controller 

system and a motor drive system (Refer to Figures A.6 and 

A.7) . 

Programmable Control System 

All of the components of the programmable controller 

system are housed within a rack. This rack is mounted 

within an enclosure for protection. The rack has a printed 

circuit board forming its back wall, which is referred to 

as the backplane. Provisions are made for various types of 

modules to connect to this circuit board via eight separate 

pin connectors. Furthermore, the rack has equally spaced 

grooves for the modules to be inserted in for coupling to 

the backplane. The processor occupies the leftmost groove; 

thus, it may communicate with the other components through 

the backplane. As a matter of convenience, and not out of 

necessity, the analog input card occupies the slot 

immediately to the right of the processor. The next slot 

contains the analog output card. Lastly, the 

encoder/counter module is in the third and fourth slots. 

Consequently the rack has four slots without a module in 

them. These empty slots are acceptable because if no 
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Figure A.6: DC motor drive 
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Figure A.7: Completed programmable controller, rack 
and modules 
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device is inserted into the slots, then the processor 

simply does not communicate with that address. 

Each module has its external connections with the 

other equipment through a swingarm arrangement. The 

swingarm is a terminal block where the wires are attached 

to screw-plate assemblies. The plates are arranged 

vertically and insulated from one another. On the back 

side of the swingarm is a different type of connector that 

mates with the actual strips on the respective cards. The 

swingarm is attached via a plastic clip onto a horizontal 

bar in a fashion that allows it to pivot vertically, hence 

the name swingarm. The swingarm serves the purpose of 

allowing a damaged or ill-configuration module to be easily 

replaced without wasting time in removing the wiring, and 

later rewiring the module. Each module has keying bands 

that are placed in particular positions dependent on the 

module type. These keying bands serve the purpose of not 

allowing the wrong module to be inserted into a slot, i.e., 

the analog output card cannot be placed in the analog input 

card's slot. 

The final component of the system is the cathode ray 

tube (CRT) terminal. The CRT acts as the interface between 

the engineer and the processor. The CRT has the 

programming language configured into it and a keyboard that 
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supports the language. This availability is useful in that 

the language is somewhat graphic in nature; thus, the CRT, 

as opposed to a microcomputer, is prepared to display the 

program easily. 



APPENDIX B 

"EXPERTVISION" MOTION ANALYSIS SYSTEM 

The Expertvision Motion Analysis System provides an 

integrated method for analyzing uniform and random motion 

of single or multiple images. The system features real

time data acquisition with rapid data analysis and high 

resolution graphics. 

The Expertvision system consists of eight subsystems 

(Refer to Figure B.l). Following are procedures for data 

collection (Refer to Figure B.2). 

1. Objects in motion are recorded with a video camera. 

2. Video data are directly input to the video 

processor,, or recorded on the video tape recorder for later 

processing. 

3. The video processor converts video images to 

digital outlines. Processing the video image to form an 

outline reduces the amount of data to be handled by the 

computer. 

4. The video processor allows monitoring of both the 

raw video and the digitized image. 

- The video image is monitored to obtain proper 

illumination and image clarity. 
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- The digitized image is monitored so that proper 

threshold and filter setting can be obtained. 

5. The Expertvision software enables the operator to 

use workstation commands to process and to analyze files. 

- Some simple keyboard commands are: 

"cent" = calculates centroids from the video edge 

images for each video frame. 

"path" = connects the centroids through time to 

create paths. 

"speed" = calculates speeds from path data, 

"avel" = calculates angular velocities from path 

data. 

- Data files are plotted, edited, and processed using 

these commands to calculate motion parameters of 

images. 

- Mathematical and statistical operations are 

performed on the data. 

A video signal has two components: 

"sync" -synchronization for frame dimension 

information, 

"video" - the picture information from the 

camera's scan mechanism that sweeps 

left to right in vertical increments 

from top to bottom. 
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The typical video image has gray levels ranging from 

white to black. The video processor contains a gray scale 

"threshold detector" that reduces the picture component to 

only two gray levels. The user sets the gray level 

threshold; gray scale values above the threshold are 

registered as "white." Gray scale values below the 

threshold are registered as "black." Transitions from 

white to black and vice versa define the edges of the 

objects being viewed. The video processor sends only the X 

and Y locations of these edges to the host computer for 

subsequent processing. The detected screen position X-Y 

coordinates are expressed in units of "picture elements" or 

"pixels." 

The normal video image contains sufficient gray scale 

differences for the system to detect image edges for 

further processing. A good video image free of background 

clutter provides clean data which will require a minimum of 

post-processing. 

For optimizing the video image for further computer 

processing, the Expertvision video processor provides Video 

Masking to limit the image area processed. Background 

Masking for subtraction of unwanted stationary images, and 

Filtering for edge quality selection. 
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3-D Data Collectinn Procedures 

To analyze the motion of objects or targets in three 

dimensions using multiple cameras, two criteria must be met 

in collecting the original video data: 1) The cameras and 

VCRs must be synchronized so that they all see and record 

their respective images at the same time, and 2) There 

needs to be a common event available to all recorded images 

which is used to "time-match" the three recorded images. 

"Time-matching" refers to establishing a common time origin 

(t=0) and ensures that there is no skew or misalignment of 

images in time when the multiple 2-D images are folded into 

a single set of x,y, and z coordinates. 

The Expertvision 3-D system uses a "sync" signal from 

the video processor to synchronize all of the cameras and 

recorders. Time-matching is accomplished by using an Event 

Marker Tone which originates in the video processor and is 

recorded simultaneously on the audio track of each VCR when 

the original video data is recorded. The Event Marker 

Tone is used to initiate the data transfer when the video 

tapes are played back one at a time for digitization and 

storage on the host computer. This ensures that the time-

matching criterion was met. And since a common clock 

(the sync cable signal) was used to record the original 
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video data onto the video tape, the synchronization 

criterion was ensured at the time the video was recorded on 

the video tape. 

The method of collecting and analyzing motion involves 

two distinct steps: 

1. Recording and analyzing the calibration 

information. 

2. Recording and analyzing the objects that you wish 

to track. 

For a given calibration setup, many scenes, or takes, 

may be recorded on the VCRs. The steps (1 and 2 above) are 

similar in that the cameras must be set up and adjusted to 

encompass the object-space, and the scenes must then be 

recorded on video tape. In the case of the calibration 

data (step 1 above) the objects' locations are known 

precisely in 3-D space. These data are used to establish 

mathematical coefficients for the technique (called the 

"Direct Linear Transformation" technique) of folding the 2-

D data into 3-D data. In the case of tracking objects 

through this calibrated object space, the recording, 

playback, and digitization procedures are the same as for 

recording and analyzing calibration data, but in analyzing 

the objects we wish to track, the EV software is used to 
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compute the motions of these objects or tracking using the 

coefficients obtained in the calibration procedure. 

Camera Positioning and the Field of view 

Before recording any moving objects for analysis, it 

is best to be sure that not only the calibration targets, 

but also the entire object's space to be calibrated is 

viewable in the video cameras that are to be used. This 

setup procedure is the same regardless of the number of 

camera/VCR pairs to be used (an example of three cameras 

and three VCRs is used in this document) . Also, it is not 

necessary for all of the calibration targets to be viewable 

in all cameras, but, where possible, it is a good idea. 

The cameras are placed on three sides of the 

calibration framework which defines the required 3-D object 

space. For optimum results, the cameras are placed as 

closely to 90 degrees from each other as available space 

allows. 

The height of the cameras lens is set to be 

approximately half way between the upper and lower 

calibration control points. The cameralens focal length 

and the camera positioning are selected so that one can 

view the entire calibrated object-space from a reasonable 

distance within the space available. 



APPENDIX C 

"ARIEL" DATA ACQUISITION SYSTEM 

The Ariel Performance Analysis System is the 

computerized system for biomechanical analysis and the 

study of human motion. Areas of application for the Ariel 

system include sports and athletic performance, injury and 

rehabilitation assessment, quantification of loss for 

compensation claims, equipment and product testing and 

development, determination of potential or actual risks for 

products and activities in liability litigation, as well as 

applied research in the areas of orthopedic medicine, 

therapeutics, and physical training. 

The system integrates state-of-the art computer and 

video processing hardware with specialized software modules 

that perform data collection, analysis, and presentation. 

The major components of the system are illustrated in 

Figure C.l. The organization of the major software 

modules in the system is illustrated in Figure C.2. An 

inverted "tree" structure is used to show how these modules 

are selected from a series of "menus." A brief functional 

description of each of these modules as they apply to the 

process of biomechanical analysis follows. 
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The DIGITIZING module is always used as the first step 

in performing an analysis. This module allows film or 

video images to be converted to body joint location 

coordinates in the computer memory through a process called 

digitizing. In this process the individual frames in a 

film or video recording are displayed one at a time on 

either a rear-projection digitizer for film or on the video 

monitor for videotape. The user then enters the location 

of each of the body joints and any other points of interest 

in the frame using a digitizing stylus or the joystick 

cursor. These screen or digitizer locations are saved by 

the computer for subsequent conversion to true image space 

locations. 

The TRANSFORMATION module is used as the second step 

in the analysis process. This module converts digitized 

film or video data into true 2- or 3-D image data. The 

transformation process consists of two distinct phases -

(1) time synchronization of all simultaneous camera views 

used to record the activity (from one to nine cameras with 

varying frame rates may be used), and (2) computation of 

the true image coordinates for the body joints in each 

frame from the multiple sets of digitized coordinates. If 

two or more cameras views have been used, the resulting 
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image is 3D. If only a single camera view has been used, 

the resulting image is 2D. 

The SMOOTHING module is used as the third step in the 

analysis process. This module removes small random 

digitizing errors or "noise" from the computed image 

coordinates. At the same time, it computes body joint 

velocities and accelerations from the smoothed joint 

coordinates. The user may choose between three different 

types of smoothing functions: cubic spline, digital filter, 

and polynomial smoothing. In addition, the user may 

control the amount of smoothing applied to each joint to 

insure that smoothing does not distort the digitized data. 

The next three modules are used in the presentation of 

the image motion data computed by the previous three 

modules. Any or all of them may be used in a typical 

analysis in any order that the user may choose. The 

purpose of these modules is to allow examination of the 

results of analysis in various forms. They do not change 

or transform the data in any way and, thus, differ from the 

modules discussed above. 

The VIEWING module is used to examine image data in 

"stick figure" format on the high-resolution color graphic 

display. Stick figures are generated by connecting the 

body joints with lines corresponding to the body segments. 
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Viewing potions include single frame, multiple frame, and 

animated images. if 3-D images have been computed, the 

image may be rotated to allow viewing from any chosen 

direction. Images from as many as four separate sequences 

may be displayed at the same time for comparison purposes 

and image size and location may be changed in any desired 

way. Text labels can be added to the display to allow the 

generation of complete illustrations for use in 

publications and reports. 

The GRAPHING module is used to draw graphs of image 

motion data on the high-resolution color graphic display. 

Displacement, velocity, and acceleration curves may be 

graphed for any number of individual body joints or 

segments. Joint motion may be presented in either linear 

coordinates (absolute motion of a joint) or in angular 

coordinates (relative motion of segments intersecting at a 

joint), while segment motion is presented in angular 

coordinates about a single segment endpoint. Text labels 

may be added to enhance the graphs, and stick figure images 

may also be drawn to illustrate the body position at 

specific points along motion curves. Tables of numeric 

values corresponding to the graphed data may be printed or 

saved in data files. 
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The PRINTING module is used to produce printed reports 

of the image motion data. Displacement, velocity, and 

acceleration values may be printed for any number of 

individual body joints or segments. Joint and segment 

motion may be printed in linear or angular coordinates as 

described above for the graphing module. Reports may be 

generated by individual joint or segment for all motion 

parameters, or by individual motion parameters for all 

joints or segments. Reports may be viewed on the 

monochrome display before printing or instead of printing. 

In addition, reports may be saved in data files for later 

printing or written to ascii file or binary files for 

transfer to other systems such as spreadsheets or data base 

programs. 

The ANALOG module is that performs generalized 

laboratory data measurement and analysis on as many as 16 

simultaneous channels of analog input. Specialized 

features of this module support the use of biomechanics 

force platforms and motion sensors. This allows the direct 

measurement of human performance parameters either 

independently or in conjunction with film or video-based 

performance analysis. In addition, the analog module 

includes specialized support for electromyogram (EMG) 

measurement and analysis. EMG processing options (which 
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may also be applied to other types of data) include spike 

analysis, envelope processing, signal integration, waveform 

analysis, and power spectrum analysis. The analog module 

option includes a hardware analog interface and sampling 

unit. This unit features programming gain on input signals 

and aggregate sampling rate of up to 40,000 measurements 

per second at a resolution of 0.025% of full scale. Analog 

measurements may also be saved in data files for later 

analysis or written to ascii file or binary files for 

transfer to spreadsheet or database systems. 

HERE IN OUR STUDY ONLY ANALOG MODULE WILL BE USED FOR 

DATA COLLECTION OF FOOT FORCE. 



APPENDIX D 

NORMALIZATION PROGRAM 

/*********** NORMALIZING THE DATA IN A FILE ***********/ 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <alloc.h> 
#include <string.h> 

/** The output normalized value array pointer **/ 
float * out; 
/** The input values array pointer */ 
float in[200][6] ; 
float ino[200][6]; 
float ooo[2 00][6]; 
/* Maximum number of rows in the input file */ 
int max_rows; 
int out_rows; 
int offset=0; 
int length=0; 
/* The input and output FILE pointers */ 
FILE * inp,* outp; 
float scale,current_scale; 

void open_files(void); 
void check_number_of_rows(void); 
void normalize(void); 
char * rfgets(void); 

main() 
{ 
open_files(); 

check_number_of_rows(); 
normalize 0; 
fflush(outp); 
system("r o"); 
getch(); 

} 
/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / 

void normalize(void) 
{ 

161 
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int i,j,index,low,high,how_much=0; 
float percentage, out_value, out_valu5, out_valu6; 
char buf[20]; 

printf(" NUMBER OF UNITS 
IN THE INPUT FILE IS %d \n\n",max_rows); 

printf(" ENTER DESIRED 
NUMBER OF RECORDS IN OUTPUT FILE : \n"); 

gets(buf); out_rows = atoi(buf); 
printf(" The out_rows = %d \n",out_rows); 

printf(" ENTER DESIRED NUMBER OFFSET RECORDS : \n"); 
gets(buf); offset = atoi(buf); 
printf(" The offset = %d \n",offset); 

get_data(); 

current_scale = scale = (float) 
(max_rows - offset) / (float) out_rows ; 

/*fprintf(outp,"l %f %f %f \n", 
in[0][3],in[0][4],in[0][5]);*/ 

for(i=l,high=l; i<= offset-1 && high <= offset-1 ; i++) 
( 

index = (int) current_scale; 

low = index; 
high =index+l; 

percentage = fmod( current_scale * 100.0,100.0)/100.0; 

/* printf("the[%d] value is %d\n",i,in[i][4]); 
printf(" percentage is %f \n",percentage);getch(); 
printf("in[low%d][4] <%d>+<in[high%d]%d - in[low%d] %d>* 
per %f\n",low,in[low][4],high,in[high][4],low,in[low][4], 
percentage); */ 

out_value = ino[low][3] + ( ino[high][3] - ino[low][3] )* 
percentage; 
out_valu5 = ino[low][4] + ( ino[high][4] - ino[low][4] )* 
percentage; 
out_valu6 = ino[low][5] + ( ino[high][5] - ino[low][5] )* 
percentage; 
printf("out_value = %f low= %d high=%d i=%d\n",out_value, 
low,high,i); 
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current_scale += scale; 
ooo[i][0] = i+1; 
ooo[i][l] = out_value; 
ooo[i][2] = out_valu5; 
ooo[i][3] = out_valu6; 
how_much++; 
/*fprintf(outp,"%d %f %f %f\n",i+l,out_value,out_valu5, 
out_valu6);*/ 

} 
for(j=l,i=how_much; i>0; i—,j++) 
fprintf(outp,"%d %f %f %f\n",j,ooo[i][1],ooo[i][2], 
ooo[i][3]); 
/* fprintf(outp,"********************************\n"); */ 
in[0][0] = ino[0][0] 
in[0][l] = ino[0][l] 
in[0][2] = ino[0][2] 
in[0][3] = ino[0][3] 
in[0][4] = ino[0][4] 
in[0][5] = ino[0][5] 

fprintf(outp,"%d %f %f %f \n",0,in[0][3],in[0][4], 
in[0][5]); 

current_scale = scale; 
/* = (float) (max_rows-offset) / (float) out_rows ;*/ 

for(i=0; i<= out_rows-2; i++) 
{ 
index = (int) current_scale; 

low = index; 
high =index+l; 

percentage = fmod( current_scale * 100.0,100.0)/100.0; 

/* printf("the[%d] value is %d\n",i,in[i][4]); 
printf(" percentage is %f \n",percentage);getch(); 
printf("in[low%d][4] <%d>+<in[high%d]%d - in[low%d] %d>* 
per %f\n",low,in[low][4],high,in[high][4],low,in[low][4], 
percentage); */ 

out_value = in[low][3] + ( in[high][3] - in[low][3] )* 
percentage; 
out_valu5 = in[low][4] + ( in[high][4] - in[low][4] )* 
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percentage; 
out_valu6 = in[low][5] + ( in[high][5] - in[low][5] )* 
percentage; 

printf("%d %d out_value = %f \n",low, 
high,out_value); 

current_scale += scale; 
fprintf(outp,"%d %f %f %f\n",i+l,out_value,out_valu5, 
out_valu6); 
/* printf("%d %f\n",i,out_value); */ 

) 

printf("low = %d high=%d in[low][3]=%f in[high][3]=%f\n" 
,low,high,in[low][3],in[high][3]) ; 
getch(); 

} 

void check_number_of_rows(void) 
{ 
char buf[100] ; 

max_rows = 1; 

while( (fgets(buf,80,inp)) != NULL ) 
{ 

printf("%s\n",buf); 

sscanf(buf,"%d %d %f %f %f %f",&qq,&ww,&e,&r,&t,&y); 
sscanf(buf,"%f %f %f %f %f %f",(&in[i])[0],(&in[i])[1], 
(&in 
in[i 
in[i 
in[i 
in[i 
in[i 
in[i 

i])[2],(&in[i])[3],(&in[i])[4],(&in[i])[5]); 
[0] = qq; 
[1] = ww; 
12] = e; 
[3] = r; 
[4] = t; 
[5] = y; 

max_rows++; 
} 

printf("max_rows = %d \n",max_rows); 

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / 



•^rr 

165 

void open_files(void) 
{ 
char name[30]; 

printf("ENTER THE INPUT FILE NAME \n") ; 
gets(name); 

if( (inp = fopen(name,"r") ) == NULL ) 
{ 
printf(" FILE < %s > CAN NOT BE OPENED \n",name); 
exit(O); 
} 

printf ("ENTER THE OUTPUT FILE NAME TO CREATE \n"); 
gets(name); 

if( (outp = fopen(name,"w")) == NULL ) 
{ 
printf(" FILE < %s > CAN NOT BE OPENED \n",name); 
exit(O) ; 
} 
} 

char * rfgets(void) 
( 

char out[100] ; 
char * p; 
int i=0; 
int ch; 

while( (ch= fgetc(inp)) != EOF ) 
( 

if( ch == '\n' II ch == '\r' ) 
(out[i] = '\0'; 
p = out; 
return p;) 
else 
out[i++] = ch; 
) 

if(ch == EOF) 
return NULL; 
else 
out[++i] = '\0'; 
p = out; 
return p; 
} 
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/***ie***-k******ic***it**ie*****ic**-k-k-k*-kicit**-kie*'k-k**-k*-k*'k**ic/ 
int get_data(void) 
{ 
char buf[81]; 
int i=l,ii=0,a,b; 
int j=offset-l; 
float c,d,e,f; 
rewind(inp); 
while( fgets(buf,80,inp) 1= NULL ) 
{ 
printf("%s\n",buf); 
if( ii < offset ) 
{ 
sscanf(buf,"%d %d %f %f %f %f",&a,&b,&c,&d,&e,&f); 

ino[j][0] = a; 
ino[j][l] = b; 
ino[j][2] = c; 
ino[j][3] = d; 
ino[j][4] = e; 
ino[j][5] = f; 
• 

D — ; 
} 
else 
{ 
sscanf(buf,"%d %d %f %f %f %f",&a,&b,&c,&d,&e,&f); 
in[i][0] = a; 
in[i][l] = b; 
in[i][2] = c; 
in[i][3] = d; 
in [ i ] [ 4 ] = e; 
in[i][5] = f; 

i++; 
} 

ii++; 
} 
length = i; 

) 




