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ABSTRACT 

The slipping behaviors of ten male subjects imder load carrying conditions were 

studied. The subjects carried 0, 10%, 20%, 30%, and 40% of body weight during 

different trials while walking on greasy steel plate with the speed of 6.4 km/hr (or 4 

mph). The three-dimensional coordinates of the anatomical joints and the ground 

reaction forces of the subjects were measured and analyzed. 

The non-parametric Friedman test showed that the subjects were in a more 

dangerous situation when extra loads were carried. The heavier the load carried, the 

more severe the slip was. This implies that manual load carriage should be avoided 

whenever possible if there is any chance of slipping accidents. Both biomechanical 

and tribological effects were significant on the severity of slipping incidents. The 

biomechanical effects were the results of the changes of the gait parameters such as 

heel sliding velocity, stance time, time to slip-start, and so on. The tribological effects 

were inferred from the alterations of the relative change of the rate of increase of 

horizontal force versus vertical force and forward impulse. 

By comparing the time to slip-start and the time to the peak of friction use, it was 

concluded that friction use did not necessarily indicate the location that slips were 

most likely to start. The Index for Pedestrian Safety (IPS), or Mction use/dynamic 

coefficient of friction, may be more appropriate than friction use alone to explain the 

occurrence of slipping since IPS identifies not only the fiiction demand but also the 

friction available during the stance phase of gait. 

Some parameters, based on human sliding patterns, were recommended as the 

set-up values for dynamic friction measurement devices. It is believed that a good 

VI 



friction measurement device should be able to increase the vertical force from zero to 

up to 10 KN in a very short period - less dian 0.5 second. A tester that applies 

constant force on the floor is not recommended to be used for dynamic friction 

measurements. 
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CHAPTER I 

INTRODUCTION 

General 

Falling is a major accident type that causes fatalities in the U.S. According to 

the Accident Facts, published by National Safety Coimcil, every year more than 10,000 

people are killed because of falling from one level to another or on the same level. 

The number of injuries caused by falling is much greater than this number. Not aU of 

the falls reported were the direct result of slips, however, slips are believed to be the 

most common cause of falls. 

In Great Britain, Manning et al. (1988) reported 823 underfoot accidents from a 

working population of 10,000 in 1985. Among the 823 accidents, 511 were caused 

by slipping. It is estimated that more than one million injuries, caused by slipping, are 

treated aimually by United Kingdom hospitals. In Finland, around 100,000 out of 4.9 

million people were injured because of slipping annually. This number represents about 

12% of aU disabling injuries in the country (Gronqvist et al., 1989). 

Since slipping has been identified as a major hazard, it is important to develop 

techniques and criteria to prevent its happening. Many friction measurement devices 

and testing methods have been developed to fulfill this demand, but none of them are 

universally accepted (Strandberg and Lanshammar, 1981, 1985; Buntemgchit, 1990). 

One of the reasons that many test meters failed to predict reasonable biomechanical 

skidding data was that the parameters related to human slips were not considered 

carefully by the designers. It was, therefore, recommended that a slipping testing device 

should not be used imless appropriate gait parameters and ground reaction force 



characteristics of human subjects were established. The simulation of slipping accidents 

on od-contaminanted floors is particularly important because most of the slipping 

accidents occurred on surfaces covered by grease or other liquids (Maiming and 

Shannon, 1981; Gronqvist et al., 1989; Tisserand, 1985; Proctor and Coleman, 1988). 

There are many friction measurement devices available. Most of them, however, 

lack repeatability and accuracy, or are too clumsy to set up and operate (Ertas et al., 

1990). Gronqvist and his associates (1989) introduced a device that overcame some 

of the imperfections mentioned above, but lacked portability, and therefore can not be 

used for field measurement. The slip prevention research group of Texas Tech 

University is currently developing a reliable portable slip resistance testing apparatus 

called the Automated Simulated Stepping Dynamic Coefficient of Frictional 

Measurement Device. This device will need appropriate parameters, observed from 

human skidding during gait to simulate slipping accidents. 

The parameters of gait and ground reaction forces of walking without load cartiage 

have been studied by many researchers, such as Perkins (1978), Strandberg and 

Lanshammar (1981), Strandberg (1983a, 1983b), and Son (1990). The slipping behavior 

of a very common activity in industry — walking with load, has not been not 

investigated, however. This research was plaimed to investigate the slipping accidents 

under load carriage conditions. 

Objectives 

The objectives of this research were to: 

1. investigate the effects of load carrying on the variables related to sHpping 

accidents. These variables include slip distance, stride length, stance time, time from 



heel-on to sHp-start, heel angle, toe angular velocity, heel sliding velocity, body 

segments orientations, ground reaction force, rate of increase of vertical and horizontal 

forces, forward impulse, and friction use. These variables are described in detail in 

the next chapter. 

2. determine the relationships between the severity of a slip and the biomechanical 

parameters such as heel angle, foot angle, orientations of body segments, friction use. 

Slip distance was recognized as an important factor that affects the severity of a slip 

by many investigators (Perkins, 1978; Leamon and Son, 1989; Son, 1990). Perkins 

(1978) introduced the term "microslip" to describe the short slips that were normally 

not identified by the subject. Leamon and Li (1990) verified that the subjects could not 

reliably identify the slips less than 3 cm. The 3 cm sUp can, then, be adopted as the 

upper boundary of microslip. Any slip of more than 10 cm normally causes loss of 

balance or even falling and can be termed a "slide" (Leamon and Son, 1989). The 

"slip," with the slip distance from 3 to 10 cm, may be used to represent the sliding 

movements that are perceived and brought under control by the subjects. The severity 

of a slipping movement can be assessed by its classification. The variables collected 

fi-om the current study, such as heel sliding velocity, heel angle, ground reaction force, 

were discussed and compared under the three categories of microslip, slip, and slide. 

3. validate that the peak of the friction use, defined by Strandberg (1983a) as the 

ratio of forward force/downward force, as the point that slips are most likely to start. 

Perkins (1978) and Strandberg (1983a) suggested the peak of the friction use is the 

location where slips are most likely to begin. This, however, was not confirmed by 

the previous investigators. This study will compare the locations of the friction peak 

and the slip-start on a time basis. 



4. ascertain the gait parameters to be used for a Mction measurement device in 

simulating human gait under loaded conditions. Strandberg (1983b) suggested that a 

reliable friction measurement device should be able to reproduce the following variables 

from crucial gait phase: vertical force, rate of change of vertical force, heel angle, 

contact force appHcation point at the shoe, and the sliding velocity of the foot. These 

variables wiU be reported under different load cartiage conditions. These parameters 

wdl represent the biomechanical background for the slip simulator. 

Significance of Study 

There have been many investigations devoted to the study of slipping accidents; 

however, the slipping accidents during load cartiage have been ignored. There is 

threefold significance in the curtent study. First of all, the information contained is 

applicable to the design and/or selection of proper footwear and floors, wherever 

slipping accident is a inherent danger for people who need to carry loads frequendy. 

Secondly, the guidelines provided may be used to predict and control the severity of 

slipping accidents. Thirdly, the set-up values will be recommended for the Automated 

Simulated Stepping Dynamic Coefficient of Friction Measurement Device to provide 

biomechanical background for the device so that precise results can be obtained from 

this friction measurement machine. 



CHAPTER n 

LITERATURE REVIEW 

Slipping accidents are one of the major concerns of occupational safety authorities 

in many countries (Andres and Chaffin, 1985). Foot slipping occurs when people walk 

on a level surface, lean over or climb on an elevated surface, or perform manual 

materials handling tasks (like pushing, pulling, and lifting). The result of a serious slip 

is a fall. Slipping may also cause overexertion muscular injuries due to the unexpected 

action necessary to catch a slip (Chaffin and Andersson, 1984; Colling, 1990). For this 

reason, the statistics of injury reports may not identify slipping as a major cause of the 

injury. Manning and Shannon (1981) indicated that slipping was a major cause of low-

back pain in the Ford Motor Company Gearbox factory in Liverpool, England. They 

stated that "It is surprising that slipping is so infi-equendy mentioned as a cause of low-

back pain. The explanation may lie in the confusion between the succession of events 

and the contributory factors in an accident. For example, lifting is a movement of the 

victim, slipping is the first event, and a fall is a second or later event." The 

lumbosacral injury of the victim might be attributed to lifting instead of slipping. Even 

so, around 20% of workers' compensation is paid every year because of faU and slip 

related injuries in the U.S.A. (Szymusiac and Ryan, 1982). 

Approaches to Studv Slipping Accidents 

Four approaches to study slipping accidents are the epidemiological, tribological, 

biomechanical, and psychophysical approaches. They are discussed in the following 

sections. 



Epidemiological Approach 

Epidemiology is concerned with the identification of the incidence, distribution, 

and potential controls for dlness and injuries in a work population. The epidemiological 

study of slipping accidents has been reported by many investigators (Manning and 

Shannon, 1981; Manning, 1983; Manning et al., 1988; Proctor and Coleman, 1988; 

Buck and Coleman, 1985). 

In their study of the causes of low-back pain in a gearbox factory. Manning and 

Shaimon (1981) found 99 lumbosacral injuries in a labor force of 2,000 workers. Fifty-

four of the lumbosacral injuries led to an absence of one or more days. Twenty of the 

54 were initiated by slipping. A review of all patients who were absent following a 

slipping accidents disclosed that the lumbosacral region was the most common part of 

body injury. 

In a study of underfoot accidents in a work population of 10,000 in 1985, 

Maiming et al. (1988) found 511 slipping accidents out of 823 underfoot accidents. 

Among the 511 slipping accidents, 108 were caused by objects on the floor, 231 were 

attributed to floor contamination by liquids, and 70 were caused by ice or snow. The 

authors, again, indicated that slipping was a major cause of injury to the lumbar spine. 

Buck and Coleman (1985) analyzed the nature of injuries caused by slips and 

falls. They found that 17% of all slip/fall injuries were fractures, which contradicted 

the widely held view that the outcomes of this type of accidents were usually trivial. 

They also found that the incident rate of slip/fall accidents was highly cortelated 

(r=0.97) with the age of the victims. An explanation might be that the persons were 

more likely to suffer slip/fall accidents as they get older or conversely older persons 

were more likely to suffer injuries that caused the accidents to be notifiable. 



Tribological Approach 

Walking is made possible by the beneficial effects of friction. Friction always 

resists motion between two surfaces. Some investigators (Wilson and Perkins, 1985; 

Proctor and Coleman, 1988; Irvine, 1976), for this reason, termed die friction between 

the shoe and floor as slip resistance. Slip resistance includes the opposite, horizontal 

ground reaction force of both static and dynamic phases of interaction (Rhoades and 

Miller, 1988). Static and dynamic phases are differentiated by whether or not there is 

relative motion between the shoe and the floor. The tribological approach deals with 

the study of slip resistance under various contact surface conditions. The fundamental 

idea of slip resistance, related to safety, is that a slip occurs or continues whenever 

the slip resistance is smaller than the pushing force of the foot on the floor. 

Coefficient of Friction 

The coefficient of fi-iction (COF) is defined as the ratio of the frictional force, 

required to start or support a sliding motion, to the magnitude of the normal force. It 

is an experimentally determined constant which depends on the materials from which 

the contact bodies are made. Sherman (1986) has shown that the COF between the 

shoe and floor of a walker cortesponds to the tangent of the angle between the leg and 

a vertical line. This may be explained by Figure 2.1. The rod in Figure 2.1 represents 

the leading leg of a walker. A force F2 is applied when the foot lands on the floor. 

F2 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*cos6. F3 is the 

horizontal force and is equal to F2*sin0. By definition, the COF between two objects 
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Figure 2.1 Calculation of COF, Sherman (1986) 
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is the horizontal force required to cause motion divided by the vertical force, or 

mathematically 

Fl = F2*cose 

F3 = F2*sine 

COF = F3/F1 = F2*sine / F2*cose = tanG. 

The angle 8 is determined by the length of the leg and the stride length. A walker may 

reduce the required COF if he/she decreases the stride length since the leg length is 

constant. 

Static Versus Dynamics COF 

The COF can be studied by static and dynamic measurements. Many researchers 

(Chaffin and Andersson, 1984, Rhoades and Miller, 1988, Redfem and Adams, 1988) 

suggested that static COF should be adopted for the studies of slips. The main reason 

for this is that static measurement determines whether a slip will be initiated or not. 

Irvine (1976) suggested that good static slip-resistant qualities are the most important 

prerequisite for sole and floor materials. The ease of static measurement is also an 

advantage while the dynamic measurement has not yet been standardized. A traditional 

static COF value of 0.5 has been used as a safety limit for walking on a level surface 

without extra load (Chaffin and Andersson, 1984). 

Although static COF has been used for many years, its utility is still doubted by 

many researchers. Rabinowicz (1956) advocated that "there is really no such thing as 

a static coefficient of friction for most materials." Perkins (1978) concluded from his 

experiments that static COF is more relevant to pedestrian friction; however, he 

believed that there may be litde difference between static and dynamic COFs measured 
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under realistic conditions because the contact times were so short between the shoe and 

the floor. Tisserand (1985) suggested that the static COF is not significant at all widi 

regard to safety because of the lack of cortelation with the subjective slipperiness 

ranking made by the subjects. Strandberg (1983a) proposed that the dynamic slip-

resistance for the rear-edge of the shoe heel is most important for fall prevention. The 

idea of using dynamic COF is diat it determines whether a slip will continue or not. 

If a slip is stopped right after it has started, it probably would not cause any problem. 

The static COF seemed to be an irrelevant quantity, since the cortelations with walking 

data is distinctiy small for comparative methods with small or non-observed sliding 

motion (Strandberg and Lanshammar, 1985). Gronqvist et al. (1989) emphasized the 

importance of dynamic COF on slip prevention. They proposed, based on Strandberg's 

data, a five-category slip resistance classification of shoe-lubricant-floor conditions 

according to the measured dynamic COF. The classification is shown in Table 2.1. 

Slip-Resistance Measurement 

To study the COF, many slip-resistance measurement devices have been developed. 

Up to now, more than 70 different friction measurement devices have been designed 

(Strandberg and Lanshammar, 1985), but none of them are universally accepted because 

of the lack of cortelation between the measurement devices and human slipping 

behaviors. Some of the devices measure only the static COF while others measure 

dynamic COF or both COFs. Among the existing devices, four classes of test apparatus 

have been identified by the principle of operation, namely, the articulated strut, the 

swinging pendulum, die moving sled, and the inclined platform (Pooley, 1978; Wilson 

and Perkins, 1985). Some well-known devices are discussed in the following sections. 
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Table 2.1 Slip Resistance Classification Based on 
Dynamic COF (Gronqvist et al., 1989) 

dynamic COF slip resistance class 

>= 0.30 very slip resistant 

0.20- 0.29 slip resistant 

0.15- 0.19 unsure 

0.05- 0.14 slippery 

< 0.05 very slippery 
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They are die James Machine, British Portable Skid Tester, SATRA Slip Tester, SATRA 

Ramp, INRS Device, TORTUS, and Finnish Device. In addition, a dynamic COF 

measurement device called the Automated Simulated Stepping Dynamic Coefficient of 

Friction Measurement Device the developed by die Departments of Industrial and 

Mechanical Engineering at Texas Tech University is also addressed. 

James Machine 

James Machine, invented by Sidney James in 1945, is the most weU-known strut 

type machine in the United States (Pooley, 1978). It measures static coefficient of 

friction between various materials of the soles of shoes and floors. To test the static 

friction of coefficient between the soling material and the specific type of floor, a 

7.62 X 7.62 cm specimen is mounted on the bottom of a test plate (see Figure 2.2). A 

predetermined load is applied through a pivoted vertical strut to this test plate. The 

specimen rests on the test floor surface. The test floor in turn rests on a flat horizontal 

plate. This plate is provided with means to move it at a predetermined velocity in a 

horizontal direction. As this motion takes place, the position of the vertical stmt 

deviates from perpendicular through a constantiy increasing arc untd the specimen slips 

suddenly. The point of slip can be read precisely by a recorded chart. 

British Portable Skid Tester 

The British Portable Skid Tester (BPST) is a dynamic COF measuring Device. 

It is a portable pendulum instrument patterned after the Sigler Device (Pooley, 1978; 

Buntemgchit, 1990). In the test, a sample material (2.5x7.6 cm) is fixed on the bottom 

of a mechanical foot which is impacted onto and swept over the tested floor surface 
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Figure 2.2 James Machine, Pooley (1978) 
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widi a contact length of 12.7 cm. The work done in die sliding of the tester can be 

computed as the difference between the potential energy of the pendulum at the 

beginning of its swing and the residual energy at the end of the swing (Andres and 

Chaffm, 1985; Buntemgchit, 1990). 

SATRA Slip Tester 

The SATRA Slip Tester, developed by the Shoe and Allied Trades Research 

Association (SATRA) of England, measures both static and dynamic COF. This device 

is a modified sled that has a mechanical foot which is stationary while the test surface 

slips undemeath at a controlled speed. The vertical and horizontal forces, both applied 

pneumatically, are measured by strain gauge load cells. The COF is then calculated 

(Perkins and Wilson, 1983; Wilson and Perkins, 1985). 

SATRA Ramp 

The ramp reported by SATRA is simply an inclined platform. During the test, the 

subject walks up and down the ramp at increasing angles. The angles of the ramp 

recorded when slips observed in both directions is a measure of the slip resistance. The 

ramp test does not measure the coefficient of friction. It gives relative wear assessment 

of the shoes and the floor surface (Wilson and Perkins, 1985). 

INRS Device 

The INRS device, developed by the Institute National de Recherche et de Securite 

of France, measures the dynamic slippiness of the floor. This device does not give 

good measurement of COF. Its results of relative slippiness measurement, however, are 
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highly cortelated with die ranking made by human subjects. To test the slippiness of 

a shoe-floor condition, the tested shoe is placed flat on the test surface. The test floor 

is, then, oscillated horizontally at 20 cm/s to produce slips. A vertical force of 600 

Newtons is applied evenly on die forefoot and the heel. This device is also a modified 

moving sled. It is not capable of simulating the human gait (Tisserand, 1985). 

TORTUS 

TORTUS is also a dynamic COF measurement device which was developed by 

the British Ceramic Research Association. The sled of this device moves at a constant 

velocity of 17 mm/s on mbber wheels. During the test, the frictional drag on the slider 

deflects springs on the measuring assembly which in turn displace a probe on a linear 

voltage displacement transducer. An electrical signal proportional to the COF is 

produced and can be read from a VU meter or a strip-chart recorder (Andres and 

Chaffin, 1985). 

UNSW Device 

The UNSW device was developed by a research group at the University of New 

South Wales in Ausrtalia (Buntemgchit, 1990). This device consists of an hydraulic-

powered pendulum unit, a Kisder dynamometer, a personal computer, and a plotter. 

Two hydraulic cylinders are used to control the movement of the pendulum. The first 

cylinder pushes the pendulum forward and the second cylinder applies a vertical force 

to control the downward movement. To use this device, a test shoe is mounted to the 

lower end of the pendulum. The two cylinders then control the movement of the shoe 

on the surface of die Kistier dynamometer. The computer collects die data from the 
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dynamometer and then calculates the dynamic coefficient of friction and the slipping 

speed. 

Finnish Device 

The Finnish device, designed and constructed by Gronqvist and his colleagues in 

1989, is a pendulum machine. It measures dynamic coefficient of friction. This device 

embodies a movable artificial leg which is controlled by a micro-computer through 

three hydraulic cylinders (Gronqvist et al., 1989). A two-way force platform is 

installed so that the frictional force and the normal force can be measured. To test 

the sole material, the shoe is mounted on the artificial foot. The computer starts and 

controls the movement of the foot automatically for the operation cycle. The frictional 

force and the normal force are recorded when the foot slides along the surface of the 

force platform. After each operation cycle, the computer reads the measurement results 

from a waveform analyzer for numerical output for the frictional force, normal force, 

velocity of the shoe, and the dynamic coefficient of friction. 

Automated Simulated Stepping Dynamic 
Coefficient of Friction Measurement Device 

The Automated Simulated Stepping Dynamic Coefficient of Friction Measurement 

Device (ASSDCOFMD) (see Figm-e 2.3) is capable of testing the dynamic COF under 

various shoe/floor conditions (Ertas et al., 1990). It was developed by die Department 

of Industrial Engineering at Texas Tech University, in association with the Mechanical 

Engineering Department. This device consists of a metal frame mounted on castor 

wheels. Inside the frame is an artificial leg which simulates a human leg, from the 
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Figure 2.3 The Automated Simulated Stepping Dynamic 
Coefficient of Friction Measurement Device 
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knee joint down. The vertical and horizontal forces are generated by two constant 

torque DC motors. The reaction forces on die test shoe are measured by two PCB force 

transducers. The angular displacement of die leg can be measured by a Honeywell 

Optical Incremental Shaft Encoder. There is also a PCB accelerometer attached to the 

shoe to measure die sliding velocity. The dynamic COF is calculated as the ratio of 

horizontal and vertical forces, which are measured in real time. 

ASSDCOFMD is designed to operate without the interference from the operator. 

An Allen-Bradley PLC2/16 Programmable Controller is installed for this purpose. The 

system increases the load automatically according to the feedback from last trial. The 

control algorithm also uses the feedback to determine whether a pre-determined safety 

limit has been violated. 

The design and the operation principle of ASSDCOFMD are very similar to that 

of the Finnish device. The former is, however, superior to die latter since the latter 

lacks of portability and can not be used for field measurement. 

Biomechanical Approach 

The need of a slip-resistance measurement device has been confirmed by many 

scientists. Up to now, many friction measurement devices have been designed 

(Strandberg and Lanshammar, 1981, 1985), but none of them has been widely accepted. 

The performance capability of most of the devices can be improved by modifications 

in design and alteration of more suitable parts. But in order to improve the validity, 

the mechanism of human slips and the forces involved must be investigated thoroughly 

(Perkins, 1978; Stt-andberg and Lanshammar, 1981). 
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In INRS tests, Tisserand (1969) discovered that the rank order cortelation between 

INRS results and subjective judgments of slip-resistance was very low for static 

measurements and very high for dynamic measurements. This and reports from others 

(Carlsoo, 1962; Perkins, 1978; Perkins and Wilson, 1983; Strandberg and Lanshammar, 

1981, 1985; Tisserand, 1985; Harrison and Malkin, 1983) strengthen the need for 

dynamic data from human gait and slipping. The biomechanical approach to sUpping 

accidents describes the gait parameters and the ground reaction forces involved in 

human walking under normal and abnormal conditions. The advantage of the 

biomechanical approach over the tribological approach is that the former allows not 

only the study of foot-floor relationships but also the descriptions of die motions of 

the body segments during a slip. 

What Parameters To Study? 

The need for dynamic data of human walking and slipping has been proven to 

be essential in studying slipping accidents (Strandberg, 1983a, 1983b). The problem is 

what parameters should be investigated in the biomechanical smdies. Strandberg (1983) 

suggested that a good slip-resistance measurement apparatus should be able to 

reproduce the following variables from stance phase of human gait: 

1. vertical force, 

2. rate of change of vertical force, 

3. heel angle, 

4. contact force application point at the shoe, and 

5. sliding velocity. 
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Buntemgchit (1990) suggested that odier variables, such as foot angle, were important 

and should also be studied for pedestrian safety. Table 2.2 summarized the important 

variables in studying slipping accidents. The definitions of the variables will be given 

in the following discussions. 

Ground Reaction Forces 

When a walker steps on the ground, his/her foot is resisted by three components 

of ground reaction force; i.e., antero-posterior force, medio-lateral force, and vertical 

force. 

Antero-Posterior Force 

When an individual steps forward, there is a forward component of force in the 

thrust of the leading foot against the ground. This results in a backward horizontal 

force (Fx) of the ground against the foot. The magnitude of Fx was affected by 

walking speed, which is the product of cadence and step length (Jansen and Jansen, 

1978). Fx increased with increasing step length and cadence. The effects of increasing 

cadence were more pronoimced than that of increasing step length (Soames and 

Richardson, 1985). Figure 2.4 shows typical antero-posterior force of normal walking. 

Medio-Lateral Force 

The medio-lateral component of ground reaction force (or Fz, see Figure 2.4) on 

the foot is caused by the lateral momentum during die gait. The lateral momentum 

exists because many people present an out-toeing walking pattern (Broer and Zemicke, 

1979). Soames and Richardson (1985) found that bodi stride length and cadence 
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Table 2.2 The Important Biomechanical Parameters 
in the Study of Slipping Accidents 
(Strandberg, 1983; Buntemgchit, 1990) 

ground reaction forces gait parameters 

horizontal force heel angle, foot angle 

vertical force heel velocity, stride length 

friction use slip distance/direction 

vertical load stance time 

rate of increase 
of vertical load 

orientation- shank, thigh,tmnk 
upper arm, lower arm 

toe angidar velocity 
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significantiy influenced Fz. Jansen and Jansen (1978), however, reported that no 

significant relationship between walking speed and Fz was detected. The horizontal 

force (Fxz) is die resultant of Fx and Fz. It reflects how hard the foot hits die ground 

in horizontal direction. 

Vertical Force 

Vertical forces (see Figure 2.4) play an important role in the smdies of slip 

prevention. When the heel strikes the ground, a component of the body weight is 

supported by the contact point. The weight and the downward momentum 

(F=M*Av/AT) constitute a downward force against the ground (Fz) (Broer and 

Zemicke, 1979). (Strandberg (1983b) had shown that the vertical force at the foot 

on average rises from zero to 64% of die body weight in 50 ms after heel contact 

the ground.) This force results in a vertical reactive force and horizontal friction force 

from the ground to the foot. According to the theory of mechanics, friction equals the 

product of normal force and COF, which means friction is proportionate to the vertical 

force. 

The vertical force is affected by walking speed (Jansen and Jansen, 1978; 

Buntemgchit, 1990). The maximum vertical force increases with increasing cadence and 

step length. Cadence has, however, a more obvious effect on vertical force than step 

length (Soames and Richardson, 1985). Buntemgchit (1990) reported diat gender had 

significant effects on the vertical load observed. Females had around 25% higher 

vertical load in terms of percentage of body weight as compared to males. The effects 

were, however, not significant when absolute body weight was used. 
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Friction Use 

Friction use is defined as the ratio of forward horizontal force to vertical force 

or Fx/Fy. It was found that friction use may be used to explain the occurtence of 

slipping (Perkins, 1978, Perkins and Wilson, 1983, Strandberg, 1983a, Sttandberg and 

Lanshammar, 1983). Figure 2.5 shows friction use (Fx/Fy) for a normal gait. The slip 

starts when Fx/Fy exceeds the frictional coefficient. (Notice that die frictional 

coefficient is variant under various floor/shoe couplings and walking conditions.) In 

Figure 2.5, a slip is most likely to occur at the peaks. Peak 5 has die highest level. 

However, it is unlikely to be dangerous as most of the body weight has been 

transferted forward to the front leg and balance can easily be regained. It is possible 

that backward slip occurs at peak 2. However, it is unlikely to be dangerous as the 

force direction reverses instantaneously to give the sustained forward force at peak 3 

and 4 which is likely to stop the backward sUp and start forward slip if the Fx/Fy ratio 

is high enough. The slip at peaks 3 and 4 may be dangerous because the CG of the 

body is moving toward the slipping foot. The forward momentum of the body makes 

it difficult to remove the body weight from that foot to regain balance. As the Fx/Fy 

level at peak 3 is higher, peak 3 seems to be the critical point that caused a slip and 

was called "friction peak" (Buntemgchit, 1990). 

Slipping stops when the body travels faster than the foot during slipping. The 

ground reaction force attenuates (or balances) the forward thmst (lower the friction 

use) and stops the slip. 

Love and Bloswick (1988) defined the peak value of Fx/Fy for a 25 millisecond 

period during the heel-strike as slip tendency. They believed that slip tendency and slip 
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resistance of the shoe/floor combination are the two key factors that determine the sUp 

potential. 

Most authors (Perkins, 1978; Perkins and Wilson, 1983; Stt-andberg and 

Lanshammar, 1981; Stt-andberg, 1983a; Love and Bloswick, 1988) did not consider Fz 

when discussing friction use. Son (1990) and Buntemgchit (1990) suggested that Fz 

should also be included when computing friction use. That is, friction use can be 

defined as: 

u = Fxz / Fy 

where u = friction use 

Fxz = horizontal force = ( Fx^ + Fẑ  f^. 

The sign of friction use is taken as the sign of Fx. The direction of horizontal force 

is simply a = arc tan (Fx/Fz). It is the actual direction of friction use measured from 

the walking direction. Figure 2.6 shows an example of friction use taken from 

Buntemgchit (1990). 

Rate of Increase of Vertical Load 

The rate of increase of vertical load is the first-order vertical ground reaction 

force time derivative. It is an essential parameter in simulating the foot of human gait 

at friction peak. Sttandberg (1983b) suggested that a skid tester should be able to 

reproduce a rate of increase of vertical load of 10 KN/sec according to his 

biomechanical studies. Buntemgchit (1990) reported the rate of increase of vertical load 

of 8.8 KN/sec for males and 6.6 for females. 
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Gait Parameters 

The gait parameters include slip distance, slip direction, stance time, foot angle, 

toe angular velocity (toe A.V.), heel angle, stride length, and orientations and velocities 

of joints of body segments. 

Slip Distance/Direction 

A sUp is the unexpected horizontal movement of the foot on the floor during a 

step. Slip distance (SD) is the distance ttaveled by the foot during slipping. It can be 

determined by observing the path of the heel of a gait. Figure 2.7 shows the path of 

the heel, from a pilot study of the author, in the sagittal plane. It is believed that the 

heel contacts the ground at X=89 and stops for a very short period then moves to the 

right, it stops again at X=91 then leaves the ground. The 2 cm interval is then the 

slip distance in the X (forward) direction. The slip distance in the lateral direction can 

also be determined by the same way. Mathematically, SD can be defined (Leamon and 

Son, 1989; Son, 1990) as 

SD = ( SDx' + SDz' )"^ 

where SDx and SDz are the SDs in X and Z coordinates, respectively. 

People slip laterally because of the instability of gait and the out-going pattem 

of the lower exttemity, which causes the thmst force in lateral direction. Lateral slip 

distances are normally much shorter dian die slip distances in the forward direction, 

they are important, however, in some cases. In studying the effect of floor sUppiness 

on slip distance, Son (1990) found that the floor slippiness did not affect slip distance 

in the forward direction. The resultant slip distances of the forward and die lateral slips 
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were, however, affected by floor slippiness significantiy. The more slippery the floor, 

the longer the resultant slip distance. 

The slip direction is die arc tangent of the ratio of lateral slip distance to the 

forward slip distance. It reflects die percentage of the slip in die two directions. In his 

smdies, Buntemgchit (1990) found that die slip direction for slips widiout falls was 3 

(± 5) degrees outward. For slides, die slip direction was 2 (± 6) degrees outward for 

males. 

Heel Velocity 

Many investigators (Perkins, 1978; Sttandberg and Lanshammar, 1981; Leamon 

and Son, 1988; Son, 1990) have confirmed that heel velocity is one of the essential 

parameters to be studied for slipping accidents. Heel velocity can be defined as 

Vheel = ( Vx' + Vz' f^ 

P = arc tan (Vx/Vz) 

where Vx and Vz are the velocities of heel in X and Z direction, respectively. 

When a person walks, there is usually some slipping of the heel immediately 

after contact with the floor, even when no loss of balance was noticed by the person 

(Leamon and Son, 1989). If the heel sliding velocity after heel contact did not decrease 

to a limit, loss of balance or even a faU might occur. Sttandberg (discussed by Proctor 

and Coleman, 1988) reported that the average heel velocity for slips and microslips 

were 78 and 28 cm/sec at slip-start point, respectively. The variations among the 

subjects were, however, high. Buntemgchit (1990) concluded that the average maximum 

heel velocity was 90 cm/sec for both males and females when slips were observed. For 

slides, the heel velocity was 190 cm/sec for males and 150 cm/sec for females. Son 
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(1990) suggested that heel velocity was affected by floor slippiness. He showed a heel 

velocity, at heel-sttike, of 70 cm/sec for slippery floor and 150 cm/sec for non-sHppery 

floor. The heel velocities when the slip started were from 76 to 104 cm/sec under four 

floor slippiness and walking speed combinations. The slippery conditions, basically, 

showed higher heel velocity at slip-start. 

Heel Angle/Toe A.V. 

The heel angle is defined as the angle between the shoe and the floor surface 

after the shoe contacts the ground (see Figure 2.8). Heel angle is important because 

it affects the contact area of the sole of the shoe on the floor (Perkins, 1978; 

Strandberg, 1983b). Sttandberg (1983b) concluded from his research diat the heel angle 

was 22 degrees at heel-strike and 5.5 degrees when slip started, both angles were 

measured under normal gait conditions on slippery and non-slippery floor surfaces. 

Buntemgchit (1990) reported the heel angle of 5.9° for male and 0.5° for female at 

friction peak. Son (1990) proposed the heel angle of 13 to 19 degrees under 

combinations of walking speed and floor slippiness at heel-strike and 7 to 10 degrees 

when slip started. He found that floor slippiness had a higher influence over heel angle 

than walking speed. 

The toe angular velocity with respect to the heel (toe A.V.) is the first order time 

derivative of heel angle (see Figure 2.8). It represents how fast the foot touches down 

after the heel strike the floor. The literature provides little information about toe 

angular velocity of normal gait. 



32 

Wiilkinc 
dircclion 

1 / / / / / / / / / / / 

(a). Heel angle 

(b). Foot angle 

Figure 2.8 Heel Angle, Foot Angle, and 
Toe Angular Velocity. Tlie toe 
angular velocity is the time 
derivative of heel angle. 



33 

Foot Angle 

The foot angle is defined as die angle between a line connecting the mid-point of 

the back edge of die shoe to the mid-point of the widest portion of die shoe and a 

line perpendicular to the direction of progression (see Figure 2.8). It indicates die 

amount of out-toeing of the foot during gait. Buntemgchit (1990) reported the foot 

angle of 84.4 degrees outward for male and female subjects. The foot angle has been 

neglected by other investigators such as Perkins (1978), Strandberg (1983a). 

Stride Length 

Stride length is the linear distance in the direction of progression between 

successive points of foot-to-floor contact of the same foot (Murtay et al., 1966). 

Ohmichi and Miyashita (1983) advocated that stride length was one of the most 

essential determinants in gait analysis. They reported that stride length was highly 

cortelated (positively) with pelvic rotation and ground resistance forces on the foot. 

It has been suggested that human subjects tended to shorten their stride length 

when they walked on slippery floors (Cooper and Glassow, 1963; Wells, 1971; 

Steindler,1977). The reason for shorter stride length was to keep the body center of 

gravity within a smaller region so that a greater stability coidd be achieved. The 

forward thmst of the leading foot may also be smaller with shorter stride length. Some 

researchers suggested that load cartiage also affected stride length. Martin and Nelson 

(1986) found that female subjects reduced their stride length when they carried the 

loads of 17 kg or more. Male subjects, on the other hand, were affected only slighdy 

by the extta load they carried. Kinoshita and Bates (1983) reported no variation on 

stride length was observed for load cartiage. He believed that load carriage did affect 
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sttide length if the subjects could adjust their walking speed freely. The variation of 

sttide length should not be observed when die walking speed was conttolled. 

Stance Time 

Stance time is the time from heel sttike until the foot leaves the floor. Stance 

time and leg swing time constitute the cycle time of one sttide. When walking speed 

is conttolled, stance time is negatively cortelated to leg swing time. Buntemgchit 

(1990) reported a stance time of 0.7 second for both men and women under normal 

walking speed. 

Orientations of Body Segments 

The motions of the body segments are of value in smdying the slipping accidents 

of human walking. Around a century ago, Braune and Fischer found that the sequence 

and the type of movements of different parts of the body were, under normal 

conditions, essentially the same in all individuals (Steindler, 1977). All individuals carry 

out similar linear and angular displacements of the body. There were quantitative but 

little qualitative differences making up the individual pattems of the gait. The 

quantitative characteristics of the body segments could be studied by examining the 

linear and angular velocities and angles of the segments (see Figure 2.9). 

Upon the landing of the heel on the floor, the leg rotates against the foot. The 

motion of the leg can be studied by checking the linear velocities of the knee, and 

the orientations and angular velocities of the shank and the thigh. Steindler (1977) 

indicated that the shank and the thigh flexed after the heel touched the ground until 

the tmnk passed over the supporting foot. Kinoshita (1985) reported that load cartiage 
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Figure 2.9 Body Segments Orientations 
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had significant differences upon both shank and thigh orientations. Upon heel-sttike, 

smaller thigh orientations were observed for loaded conditions. The shank orientations 

were larger, however, for the same conditions. 

One of the characteristics of human walking is that a double knee-lock pattem 

must be employed, that is, the knee extends at heel strike, flexes slightiy as the body 

moves forward over the supporting leg, then extends again at foot push-off (Haywood, 

1986). The knee movement pattem can be explained by knee velocity. Son (1990) 

reported that the maximum velocity of the knee occurted a few milliseconds after heel-

strike. The high velocity of the knee after heel contact with the floor was to facilitate 

the ttansfer of body weight. 

The hip joint is the anatomical joint that is close to the human body center of 

gravity. Some authors (Cooper and Glassow, 1968; Broer and Zemicke, 1979) suggested 

that the hip joint could be used to designate the center of gravity of body. Hip velocity 

was, therefore, adequate to describe the motion of the center of gravity of body. 

However, it should be noticed that the walker tended to incline his body forward 

during a gait. The actual position of the center of gravity should be slighdy forward 

of that of the hip joint. Son (1990) fovmd that the maximum hip velocity occurted a 

few milliseconds after the heel stmck the floor. The motion coincided with the knee 

movement that facilitated the body weight ttansfer from the supporting leg. 

The trunk of a walker is normally inclined slightly forward, especially when one 

walks fast and/or carries loads on the back (Cooper and Glassow, 1963; Weber and 

Karpovish, 1964). In the sagittal plane, the tmnk was maximally inclined forward just 

before the touching down of the leg (Steindler, 1977). Kinoshita (1985) found that the 

tmnk orientation increased not only because the heavy load cartied but also because 
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of die carriage system. Backpacking resulted in larger forward orientation of die tt^nk 

than other load cartiage system. 

In walking, the arms swing oppositely to the leg movement to balance the trunk 

motion (Jannsen and Schultz, 1970; Haywood, 1986). Arm swings can be described by 

the velocities of the elbows and wrists, as well as the orientations of both the upper 

and lower arms with respect to the proximal joints (see Figure 2.8). 

In studying the action of upper limbs during gait, Murtay et al. (1967) noted the 

flexion and extension of the shoulder and elbow. They reported that although the extent 

of the arm swing varied considerably from one subject to another, each individual had 

a similar pattem in all ttials, even at high speeds. The observation that the increased 

arm swing was accompanied by the faster walking speeds was mainly due to increased 

shoulder hyper-extension in the backward swing and increased elbow flexion in the 

forward swing. Maximum flexion of both the shoulder and elbow joints occmred when 

the heel of the opposite foot landed on the ground and maximum extension at the 

moment of the heel-strike of the foot of the same side. 

Psychophysical Approach 

The psychophysical approach explains the slips by human information processing 

theories and other psychological laws. 

Information Processing System 

Lishman's (1981) optic flow field theorem gives an explanation of how people 

judge die velocity and the displacement of surtounding objects when they walk. When 

a subject is moving with respect to an object, the size of the image of the object in 
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die retina is also changed. The subject's brain estimates die displacement and the 

velocity of die object by calculating die size differences of the object and the 

cortesponding time intervals. The walker is at a disadvantage if walking along an 

infinitely long hallway with no finite objects from which to judge displacement and 

velocity. 

A subject estimates the friction limits of the floor when walking and stores this 

information in memoiy (Tisserand, 1985). This information is updated whenever the 

subject feels the floor conditions are different from expected. The subject controls the 

forces exerted on the ground by the foot so as not to exceed the friction limit. A slip 

or fall may happen when the information in the subject's memory is different from the 

real conditions; i.e., the failure of the subject's evaluation system or unexpectedness. 

During the stance phase of a gait, a slip can be treated as a signal to the subject. 

The relative movement between the shoe and the foot and the random neural activities 

of the subject, on the other hand, play the role of noise. Using these ideas. Signal 

Detection Theory (SDT) was applied to examine the capability of male subjects to 

detect slips while walking on clean and oil-contaminated floor (Leamon and Li, 1990). 

The subjects, wearing a whole body harness for safety purposes, were requested to 

walk along both a clean and a greased steel plate during the experiment. Before the 

test, the subject was instmcted to pay attention to whether his left foot slipped or not 

on the specific step on the steel plate. The following question was asked after each 

ttial: 
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Did you slip or not? 

( ) 1. Slip - Definitely 
( ) 2. Slip - Probably 
( ) 3. Uncertain Either Way 
( ) 4. No Slip - Probably 
( ) 5. No Slip - Definitely. 

Using the rating scale mediod, according to McNicol (1972), the Receiver Operating 

Characteristics (or ROC) curves were calculated for the slip distances from 1 to 5 cm 

(see Appendix A). Figure 2.10 shows an example of the ROC curve for slip detection. 

By definition, the area under the ROC curve is P(A) and is a measure of the sensitivity 

of the detectors. A P(A) versus slip distance chart was made. Figure 2.11 shows that 

the capabilities of the subjects to discriminate any slip of less than 3 cm are 

insufficient. The highest P(A) is 0.82. The sensitivities of the subjects to detect a slip 

in their daily life may be lower than the P(A)s in Figure 2.11 since they do not always 

pay attention to whether they slip or not as required by this study unless extteme 

conditions exist. This study also suggested that any combination of walking speed and 

dynamic coefficient of friction which would produce a slip distance of more than 3 cm 

could be perceived as a slippery condition. 

Summary 

The need for research concerning slipping accidents has been confirmed by many 

scientists (Perkins, 1978; Sttandberg and Lanshammar, 1981; Tisserand, 1985; 

Manning and Shannon, 1981; Manning et al, 1988; Leamon, 1988, Proctor and 

Coleman, 1988). The researchers utilized four approaches to study slipping accidents; 

namely, epidemiological, psychophysical, tribological, and biomechanical approaches. 
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The epidemiological approach is die science concemed with the identification of 

incidence, distribution, and potential controls for slipping accidents in a population. The 

psychophysical approach explains the slipping accidents by human information 

processing theories and other related laws. The ttibological approach studies the sUding 

motion between two contacted surfaces. The biomechanical approach analyzes the 

kinematic and kinetic characteristics related to slipping accidents. 

Many sUp measurement devices have been designed for the tribological studies 

of human gait, but none have been accepted universally because of the lack of 

cortelations to human slipping behavior. The lack of cortelation between the testers 

and human slipping is probably because the testers do not reflect human slipping 

pattems which may be atttibuted to the shortage of the biomechanical information of 

human slipping movement. Many authors suggested that any slip measurement device 

should not be used unless appropriate biomechanical parameters are thoroughly 

investigated. The essential biomechanical parameters are summarized in Table 2.2. 

The biomechanical studies of slipping accidents for natural walking have been 

done by several investigators (Perkins, 1978; Strandberg and Lanshammar, 1981, 1985; 

Leamon, 1988; Leamon and Son, 1989; Son, 1990; Buntemgchit, 1990). However, diere 

are still many questions that remain unanswered. For example, many people carry loads 

in work places; do they suffer higher risk of slipping accidents than those who do not 

carry loads? Perkins (1978) suggested that the peak of friction use was the point that 

slips were most likely to occur. Does friction use really explain fully about the 

happening of slipping accidents? This study will be focused to answer these questions. 



CHAPTER n i 

PROCEDURE AND METHODS 

Objectives 

Since slip distance is the important factor that determines the severity of a slip. 

This research emphasizes die study of the relationship between sUp distance and other 

variables. There were four objectives for this research. The first one was to study the 

load carrying effects on the locomotion pattems of human gait. The changes of gait 

pattem were examined by the studies of the alterations of the gait parameters such as 

heel angle, heel velocity, foot angle, stance time, toe angular velocity, and orientations 

of body segments. The variations associated with the ground reaction forces were also 

discussed for this purpose. The second objective of this study was to discuss the gait 

parameters and ground reaction forces of the subjects according to the slip classification 

advocated by Leamon and Son (1989). The third objective was to validate that slips 

were most likely to start at the peak of friction use, which was advocated by Perkins 

(1978) and Sttandberg (1983). The last objective was to determine the appropriate 

set-up values that will be used in the friction measurement device in simulating the 

slipping accidents under load carriage conditions. 

Subjects 

Ten male subjects were recmited from the student population of Texas Tech 

University. The mean age, stattu-e, and body weight were 24.1 (±7.8) years old, 174.3 

(±7.5) cm, and 63.8 (±8.6) kg, respectively. The subjects were familiar with carrying 
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a load on dieir back since diey carry backpacks on campus frequendy. Only male 

subjects were used in this study. 

Familization Period 

Before the scheduling of the experiment, the subjects attended a familization 

program. The purposes of die program were (1) to familiarize die subject with the rig 

system and the load carrying conditions and (2) to make sure that the subject could 

carry die load and walk under the specified speed (approximately 4 miles per hour) 

without difficulty. The anthropomettic data (such as stature and body weight) of the 

subjects were measured at this time. 

Apparatus 

1. The three-dimensional (3-D) coordinates of the subjects' anatomical 

landmarks were collected by the Motion Analysis Expert Vision system. The Motion 

Analysis system consisted of three high speed video cameras, one video processor, 

and a SUN HE work station. Figure 3.1 shows the SUN work station and the VP320 

video processor. The software in the SUN work station allows the image data collected 

by the cameras to be tracked, digitized, and smoothed automatically. The data 

smoothing technique used by this system is a cubic spline (Motion Analysis 

ExpertVision User Menu, 1986). This system has been discussed by Leamon (1988) and 

Son (1990). The sampling rate used was 60 frames per second (fps). 

2. The ground reaction forces of the subjects were collected by a Kistier force 

plate that interfaced with the Ariel System. The Ariel system consisted of an 

AST/80286 personal computer, an extta color monitor, a analog/digital converter, two 
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Figure 3.1 SUN Work Station and VP320 
Video Processor 
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printers, and die software "Ariel Biomechanical Analysis System" (see Figure 3.2). 

There are three major functions in this system: collecting ground reaction force from 

the Kisder force plate, sampling EMG data, and loading motion pictures and digitizing 

spatial data. This system has been described by Son (1990). The sampling rate to 

collect ground reaction forces was 300 Hz. 

3. In order to synchronize data collection, both the high speed cameras and the 

Kistier force plate were activated by a photo-electtic switch (see Figure 3.3). 

4. A safety support (rig) system was used to prevent the subject from falling 

(see Figure 3.4). The rig consists of a whole body hamess and a rotational suspension 

system. The speed of the suspension arm can be conttolled by the Alan-Bradley 

programmable conttoUer from an industrial terminal (Ertas et al., 1990) to allow the 

walking speed in the range of 3.2 to 8 km/hr (or 2 to 5 miles per hour) which was 

enough to accommodate the subjects' walking speed. 

5. Two rigid containers (29.2 x 22.2 x 7.7 cm' or 11.5 x 8.75 x 3 in'), in 

which irtegular lead weights could be placed, were prepared for the load carrying tests 

(see Figure 3.5). Shoulder hamesses were attached to the containers to allow the 

subjects to carry the loads. 

6. A steel plate (4.19 m x 1.22 m) was placed on the test area. 

The field layout and the spatial coordinates of the experiment is shown in Figure 3.6. 
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Figure 3.2 Ariel System and the Control Unit 
of Kisder Force Plate 
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Figure 3.3 Tlie Photo-Electric Switch diat Signal 
the High Speed Cameras and Ariel System 
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Figure 3.5 The Containers for Load Cartiage 
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Figure 3.6 Field Layout of the Experiment 
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Experimental Variables 

The experimental variables that affected die results of this smdy were as foUows: 

Independent Variables 

The weight of load carried - The subjects cartied 0, 10%, 20%, 30%, and 40% 

of their body weight during the tests. 

Dependent Variables 

The dependent variables are summarized in Table 3.1. The definitions of diese 

variables were given in Chapter H. They are summarized in the following. The spatial 

coordinate were designated as Y, the vertical, X, the horizontal in the line of travel and 

Z, in the horizontal plane, normal to X. 

1. slip distance - the horizontal distance (measured in x-z plane) travelled by the 

foot after the heel strikes the floor. The slip distances can be calculated by checking 

the trajectories of the heels. This, however, involves subjective judgement when the 

beginning and the end points of the sliding motion are not immediately recognizable 

due to the measurement noise. To minimize the subjective judgement, a computer 

program, using Basic language, was written to calculate slip distances (see Appendix 

C). The slip distance was assumed to be the distance between the slip-start and slip-

stop points. The criteria used to determine the slip-start and slip-stop points were: 

slip-start: the first minimum of the vertical velocity of the heel after the heel 

strikes the floor. Theoretically, this value was zero and a close-to-zero number 

should be obtained. 



Table 3.1 Dependent Variables of the Experiment 
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slip distance 

slip direction 

heel angle 

toe angular velocity 

foot angle 

heel velocity 

stance time 

time to friction peak 

shank orientation 

thigh orientation 

trunk orientation 

upper arm orientation 

lower arm orientation 

friction use 

horizontal force 

vertical force 

time to fiiction peak 

rate of increase of vertical force 

rate of increase of horizontal force 

forward impulse 
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slip-stop: the first minimum of the horizontal velocity of the heel after slip-

start point. This number was also expected to be small. 

2. slip direction - the angle between z axis and the stick connecting the beginning 

and the ending point of slips. 

3. heel angle - the angle between the floor surface and the line connecting the 

toe and the heel targets. 

4. toe angular velocity - the angular velocity of the toe target with respect to the 

heel, it is the first order time derivative of heel angle. 

5. foot angle - the angle between z axis and the center line of the shoe. 

6. heel velocity - the horizontal velocity of the heel after the landing of the heel 

on the floor. 

7. stance time - the time between the landing of the heel and the departing of 

the toe of the same foot. 

8. Time to slip-start - the time from heel-on to sUp-start. 

9. orientations of the shank, thigh, trunk, upper arm, and lower arm - the angle 

between a horizontal line and the cortesponding body segments (see Figure 2.9). 

10. friction use - the ratio between the horizontal and the vertical ground reaction 

force. This variable was analyzed with and without the consideration of lateral ground 

reaction force. 

11. horizontal and vertical ground reaction forces - the ground reaction forces 

measured by the Kistier force plate. The normalized force is the force divided by the 

system weight (body weight plus extta load). 

12. time to friction peak - the time from heel-strike to the friction peak discussed 

by Perkins (1978). 
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13. rate of increase of vertical and horizontal forces - the vertical and horizontal 

ground reaction forces at the peak of Fx/Fy divided by the time to friction peak. 

14. forward impulse - jFx*dt, where Fx is the forward ground reaction force. 

The displacements of different anatomical joints were calculated from the measured 

coordinate data. The velocities were calculated by numerical differentiation of the 

displacement data. Angles and angular velocities were obtained by the application of 

ttigonometric relations. A spread sheet was used to calculate the dependent variables. 

Conttolled Variables 

1. Population - coUege students. 

2. Sex - male. 

3. Footwear - lab shoes, the soling material was PVC (see Figure 3.7). 

4. Walking speed - 6.4 (±0.3) km/hr (or 4 (±0.2) mph). 

5. Floor condition - greased steel plate (including the force plate area). The 

steel plate was greased by applying vegetable oil evenly on the plate by a paint roller. 

The subject walked from a clean floor to the greased steel plate and then to the clean 

area. The changes of floor conditions are very common in our daily life. Many 

industtial workers encounter similar experiences as they walk from a dry, clean surface 

to an oil-contaminated area or vice versa. 

6. Force platform location - in the center of the steel plate. This location is 

approximately three steps from both sides of the steel plate. The pilot study showed 

that the gait sttategies of the subjects in this location were more consistent than in 

other positions since the former involved less abmpt postural changes. 
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Figure 3.7 Lab Shoes 



57 

Experimental Procedure 

Before the data collection, the subjects had the opportunity to become familiar 

with the speed and die experimental apparatus. Retto-reflective targets were attached 

to wrist, elbow, shoulder, hip, knee, ankle, heel and toe of the left side of the subject. 

The heel target was placed on the outer-edge of the shoe. The exact location was 2.5 

cm from both the rear-edge and the bottom of the shoe. The target representing the toe 

was placed, 2.5 cm above the sole, on the outer-edge. The accurate position was above 

the third toe of the left foot of the subject. The heel and toe targets were placed 2.5 

cm above the sole of the shoe because this would prevent the targets from dropping 

when the foot hit the ground. Figure 3.8 shows the locations of the targets for heel and 

toe on the shoe. The targets representing the ankle and the wrist were placed 10 cm 

above the ankle and the wrist, respectively, so that the Motion Analysis ExpertVision 

system could identify these targets without difficulty. The coordinates of the wrist and 

the ankle could be calculated using the spatial relationships of the cortesponding 

targets. The targets of knee, hip, shoulder, and elbow were placed on the cortesponding 

anthropometric joints given by Webb Associates (Chaffin and Andersson, 1984; Winter, 

1979). During the experiment, each subject was asked to walk on the specific path on 

a steel plate with the safety support hamess. Figure 3.9 and Figure 3.10 show the 

subject, with the safety support hamess, walking widi and without load carriage on the 

greasy steel plate. Trials were accepted only if the subject contacted the force plate 

with his left foot. The high speed cameras and the Kistier force plate were activated 

without the awareness of the subject by a photo-electtic switch. The data collected by 

the two systems were used to calculate the dependent variables. 
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Figure 3.8 Locations of the Heel and Toe Targets 
on the Shoe 
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Figure 3.9 Subject Walking with Loads on 
Slippery Steel Plate. The rectangle 
area under his left foot is the 
Kistier force plate 
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Figure 3.10 Subjects Walking Without Load 
on Slippery Steel Plate 
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Experiment Design and 
Statistical Analysis 

The coordinates of the anatomical landmarks and the ground reaction forces were 

collected for the following conditions: (1) normal gait without extra load, (2) walking 

widi 10% body weight, (3) walking with 20% body weight, (4) walking with 30% body 

weight and (5) walking widi 40% body weight. The loads were evenly disttibuted in 

the sagittal plane, that is, half in the front and half on the back of the subject. 

The experiment was performed following a randomized complete block design. 

There were ten sessions for the experiment. Each session was scheduled for only one 

subject and lasted between two to three hours. The sessions were therefore the 

replications or blocks. The five experimental conditions were randomized within each 

block. Two samples were collected for each tteatment per subject. The order of the 

replication was determined by the availability of the subject. 

The analysis of variance (ANOVA) for randomized complete block design was 

first conducted to test the dependent variables. This test is based on the assumption that 

the ertor of the variable is normally distributed (Hicks, 1982; Montgomery, 1984). The 

normality of the residuals was, however, found to be inappropriate because of the high 

variance of some variables such as heel velocity and toe angular velocity. Kenny 

(1987) indicated that the p values obtained from analysis of variance were not cortect 

and were usually too liberal, resulting in too many type I ertors, if the classical 

assumptions of normality and homogeneity of residuals did not hold. It was for this 

reason that the non-paramettic or disttibution-free test was used instead of the ANOVA 

test. 
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The non-paramettic test for randomized block design, developed by Milton 

Friedman (1937), was adopted for this study. The Friedman test, an extension of the 

sign test, compares the sum of the ranks, assigned to each observation within each 

block, imder the experimental conditions. This test make no assumptions concerning the 

distribution of any of the variables, they can be used with even highly skewed 

disttibutions (Conover, 1982; Kenny, 1987). A BASIC computer program was written 

to perform the Friedman test for the curtent study (see Appendix D). 

Besides the Friedman test, univariate analysis and cortelation analysis were also 

conducted for the dependent variables (SAS, Version 5). 



CHAPTER rV 

RESULTS AND DISCUSSION 

The results of this research will be presented and discussed in the following order. 

1. Load carrying effects on the variables related to human gait and ground reaction 

force. 

2. The relationships between the severity of slips and the associated biomechanical 

parameters. The related parameters are discussed according to the classification 

advocated by Leamon and Son (1989), i.e., microslip, slip, and slide. 

3. Validity of the peak of Fx/Fy as the point that slips are most likely to occur. 

Perkins (1978) and Sttandberg (1983a) suggested that the peak of fiiction use was the 

place where sHp was most likely to occur. The actual time of the fiiction peak and 

slip-start are measured and compared. 

4. Recommended set-up values for the fiiction measurement device in simulating 

human gait under load carriage conditions. 

Load Carrying Effects on the Variables 
Related to Human Gait and 

Ground Reaction Forces 

The parameters related to the gait pattems and ground reaction forces will be 

reported in this section. 
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Gait Parameters 

The slip distance, slip direction, stance time, time to slip-start, stride lengdi, heel 

velocity, toe angular velocity, foot angle, heel angle, and the orientations of the body 

segments were the dependent variables. 

Slip Distance 

The slip distance (SDxz) for each trial was calculated from the heel coordinates 

by the Basic computer program which was discussed in Chapter m. The means and 

the standard deviations of SDxz are shown in Table 4.1. The Friedman test indicated 

that SDxz was significantly different (p=0.037) from each other under the experimental 

conditions. The conttast tests showed that the sHp distance of the no load condition 

was significantiy lower, at 0.05 level, than that of the carrying 30%, and 40% of body 

weight conditions. Table 4.1 shows that longer slip distance was observed with heavier 

load carriage. The slip distance increased with the extta load carried. It, however, 

decreased at the heaviest load carriage condition. This anomaly was caused by the 

shorter stride length when the subjects carried 40% of body weight which will be 

discussed later. 

When people carry loads, the ground reaction forces change (this wiU be discussed 

later) which results in different potentials of slipping. Love and Bloswick (1988) 

suggested that carrying loads in front of the body tended to decrease the "slip 

tendency" which means front loading should result in shorter slip distance. The term 

slip tendency, which is equivalent to the "friction use" suggested by Sttandberg (1983), 

was measured by the ground reaction forces and hence may be not equivalent to the 

slip distance involved. Classical tribology also suggests diat larger normal forces result 



Table 4.1 Means and Standard Deviations of 
Slip Distance (SDxz) (cm) 

load carriage (% of body weight) 
0 10 20 30 40 

mean 3.42 6.10 9.15 12.74 9.75 

std 3.59 6.26 14.70 12.77 10.72 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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in larger frictional forces in die horizontal plane which reduce die chance to slip. The 

slip distance of die front loading condition has been found to be not significantiy 

different from die backpacking condition in a prior investigation (Leamon and Li, 

1991). Love and Bloswick did not measure the actual slip involved in their study to 

support their results. The gait pattems of die subjects (which were not measured) in 

their study, might have been modified because the subjects were required to support 

the loads by the hands. 

The curtent study indicated that people were more prone to slipping accidents, 

when they carried heavy loads. The reasons that load cartiage resulted in a higher risk 

of slip/faU might be attributed to either a perceptual cause or a biomechanical cause. 

It was important during gait that the subject be comfortable with the load. The 

disturbance by the load carried might reduce the capability of the subject to perceive 

a slip since part of the effort had to be paid to load manipulation. The subject's ability 

to detect a slip might also be reduced by the additional load carried, which might result 

in late responsive action for the sliding motion. The biomechanical cause might be 

explained as the change of segmental kinematics due to the extta loads carried such 

as higher heel velocity at slip-start (wdl be discussed later). 

Slip Direction 

The slip directions for the experimental conditions are shown in Table 4.2. The 

Friedman test showed that the slip directions were highly significantiy different 

(p=0.014) under the five tteatments. The conttast tests disclosed that the slip direction 

of the no load condition was significantiy lower, at 0.05 level, than those of the 

carrying 20% and 40% of body weight conditions. The slip direction of carrying 30% 



Table 4.2 Means and Standard Deviations of 
Slip Direction (degree) 

load carriage (% of body weight) 
0 10 20 30 40 

* * * * * * 

mean 79.98 89.56 98.88 81.94 104.31 

std 73.09 30.33 31.84 33.99 47.91 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 

67 



68 

of body weight condition was also significantly lower than that of the carrying 20% 

and 40% of body weight conditions. The higher slip directions of die 20% and 40% 

load carrying conditions indicated that the slips observed for these two conditions were 

more inward dian odier three conditions. Table 4.2 shows that the subjects tended to 

slip more outward in the unloaded condition dian in die loaded conditions. 

Heel Velocity 

The means and standard deviations of heel velocity (Vheel) at slip-start were 

calculated (see Table 4.3). The Friedman test showed that Vheel was significantly 

different (p=0.049) under load carrying conditions. The conttast tests showed that the 

heel velocity of the unloaded condition was significantiy lower, at 0.05 level, than 

those of the carrying 20%, 30%, and 40% body weight conditions. No significant 

difference was observed for the conttast of other combinations. Table 4.3 shows that 

higher heel velocities were observed when heavier loads were carried, with the 

exception that the mean of the 40% case was between that of the 10% and 20%'s. This 

exception was also found in slip distance. 

The higher heel velocities of the loaded conditions might be explained as human 

responsive actions to the instability caused by the loads carried. When the subjects 

carried loads during gait, their capabilities of balancing the body were reduced because 

more work was required to shift the centers of gravity to keep balance. The subjects 

were required to move their body weight, plus the extta load instead of just their body 

weight. To compensate for the reduction in stability, the subjects tended to land their 

feet faster which resulted in higher heel velocities. This effect was, however, attenuated 



Table 4.3 Means and Standard Deviations of Heel 
Velocity (Vheel) When Slips Started 
(cm/sec) 

load cartiage (% of body weight) 
0 10 20 30 40 

:|«:|( Utilf Hfidis 3|(:j( 

mean 87.73 152.68 179.04 221.44 165.14 

std 80.74 114.33 127.86 201.72 131.97 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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by die shorter sttide length when 40% of body weight was carried (will be discussed 

later). This may explain the exception found for die 40% load carrying condition. 

Sttandberg (1983a) reported that diere was always some slipping of die heel 

immediately after contact with the floor even if no loss of balance was detected by 

the walker. He reported that when die heel velocity reached 78 cm/sec a loss of 

balance followed for unloaded condition. Son (1990) reported heel velocities at slip-

start of 104 cm/sec under slippery and fast walking condition. The heel velocity of the 

unloaded condition of the curtent study, 88 cm/sec, was very close to the number given 

by the two authors. The heel velocities of the other four load carrying conditions were 

higher, in the range of 150 to 220 cm/sec. High heel velocities of die loaded conditions 

might be a direct cause of longer slip distance. 

Stance Time 

The stance time (ST) is the time from the landing of the heel to toe-off. Table 

4.4 shows that the STs were in 0.6 second level, which were close to the number 

given by Buntemgchit (1990). Buntemgchit reported the ST for normal gait was in 

the range of 0.55 to 0.7 seconds. Martin and Nelson (1986) reported the stance time 

of 0.58 seconds for male subjects, walking at 6.4 km/hr, carrying variety of items of 

mditary equipment. The ST of this study was significantiy different for load carriage 

conditions (p=0.047). The ST of the unloaded condition was significantiy higher, at 

0.05 level, than the conditions of carrying 30%, and 40% of body weight conditions. 

Other conttast tests did not show any significance. The high stance time of the 20% 

condition may be attributed to the high standard deviation associated with it. It was, 

therefore, suggested that load carriage resulted in shorter stance time. Similar results 
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Table 4.4 Means and Standard Deviations of 
Stance Time (ST) (second) 

load carriage (% of body weight) 
0 10 20 30 40 

mean 0.62 0.58 0.60 0.57 0.58 

std 0.06 0.05 0.08 0.04 0.06 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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were reported by Kinoshita (1985). Martin and Nelson (1986) explained diat there was 

a tendency for human subjects to decrease the time to complete each sttide when the 

load cartied was increased. The subjects tried to reduce the stride time in order to 

maximize the time that both feet were on the floor, or double-support time, so as to 

gain stability. The reduction of the stance time with increased loads carried in this 

study might be explained as part of the reduction in stride time. 

Stride Length 

The stride length (SL), or twice the step length, is an essential parameter to 

describe human gait (Ohmichi and Miyashita, 1983). The results of stride length under 

the experimental conditions are shown in Table 4.5. No significance was detected 

among the first four experimental conditions at the 0.05 level. Martin and Nelson 

(1986) also reported that little change was found in stride length with increased loads. 

All the stride lengths for the tteatments, in the cmrent smdy, were in the range of 132 

to 138 cm except the 40% condition which was 125 cm. The conttast tests showed 

that the SL of the 40% condition was significantly lower than the unloaded, 10%, 20%, 

and 30% conditions at 0.05 level. The walking speed of the experiment was conttolled, 

however, minor changes (±5%) in walking speed were allowed by the acceleration or 

deceleration of the moving arm of the safety protection rig when leading or lagging of 

the subject was detected by a sensor in the rig. The subjects were encouraged to keep 

the same speed during the tests. Hardin and Kelly (1975) reported that physically fit 

individuals could handle the sttess imposed by the loads of approximately 30% of body 

weight without much difficulty. The 40% of the body weight was too heavy for the 

subjects to keep the same stride length. This might explain the exceptions for slip 



Table 4.5 Means and Standard Deviations of 
Stride Lengdi (SL) (cm) 

load carriage (% of body weight) 
0 10 20 30 40 

* * 

mean 132.85 138.04 135.38 133.19 125.02 

std 21.80 12.50 11.54 17.23 22.96 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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distance and other dependent variables observed for die 40% condition since a shorter 

stride length resulted in a smaller component of forward thmst which reduced die 

potential of slipping. Gronqvist et al. (1989) pointed out that shorter sttide lengdi also 

reduced the required friction coefficient which made walking safer. 

Time to Slip-Start 

The time from heel-strike to slip-start (TS) was found to be significantly different 

(p=0.018) under load carriage conditions (see Table 4.6). The TS of the unloaded 

condition was significantiy longer, at 0.05 level, than that of the conditions of carrying 

20%, 30%, and 40% of body weight. The contrast tests for other combinations were 

not significant. Sttandberg (1983a) reported that the 'skids' started approximately 50 

milli-seconds after the heel touched the floor. Buntemgchit (1990) indicated the time 

from heel striking to slips starting was 60 milli seconds for both men and women. The 

TS of the curtent study under no load condition was 59 milli seconds, which was close 

to the number given by Sttandberg and Buntemgchit. The TS was reduced when the 

subjects carried loads. The heavier the loads cartied, the shorter the TS became. There 

was an exception, with the 40% condition being longer than the 30% condition. There 

was no reason for this irtegularity except the shorter stride length observed for the 40% 

load carrying condition. The time delay from heel-on to slip-start has been reported by 

other authors (Sttandberg, 1983a; Buntemgchit, 1990; Son, 1990). The reason of the 

delay might be explained by the gap between the shoe and the foot. There was always 

some space between the shoe and the foot. When the subjects swung their legs, their 

heels were not in contact with the shoes. At the moment when the heel of the shoes 

touched the floor, the heel of the subjects' foot was not on the bottom of the shoes 



Table 4.6 Means and Standard Deviations of the 
Time from Heel Strike to Slips Started 
(TS) (milli-second) 

load cartiage (% of body weight) 
0 10 20 30 40 

* * * * * * * * 

mean 59.15 34.15 28.40 19.10 25.70 

std 51.44 23.74 23.54 19.62 20.52 

Note: No significant difference was detected, at 0.05 level, 
for the experimental conditions with same mark 
(* or **) 
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yet. The forward pushing forces were not initiated until the heel of die subjects' foot 

touched die bottom of die shoes. Slip started when the heel of die subjects' foot hit 

die bottom of die shoes. When the subjects carried loads, die larger momenttim (mass 

times velocity) might reduce die time from the shoes touch down to die heels of die 

subjects' foot touch down. This resulted in shorter time to slip-start for die loaded 

conditions. The exception found for the 40% load carrying condition was due to the 

shorter stride length which attenuated the effect of the momentum change by the 

extemal load carried. 

Toe Angular Velocity 

The toe angular velocities (TAV) were not significantiy different under load 

carriage conditions at the 5% level. Table 4.7 shows that the toe angular velocity, when 

slip started, for the unloaded condition was -134 degree/sec. The TAV for the four load 

carrying conditions were in the range of -50 to -80 degree/sec. The minus sign 

indicates that the toe was moving downward. The mean of the unloaded condition was 

higher (in absolute sense) than other conditions which implied that the touching down 

velocities of the toes with respect to the heels of the subjects were higher for the 

unloaded condition than other conditions. The high p-value may be caused by those 

slides observed. When slides occmred, the toes of the subjects did not move downward 

when slips started. This resulted in high variations among die data which reduce the 

level of significance. 



77 

Table 4.7 Means and Standard Deviations of Toe 
Angular Velocity (degree/sec) and 
Heel Angle (degree) at Slip-Start 

load carriage (% of body weight) 
0 10 20 30 40 

toe angular velocity (TAV): 

mean -134.83 -72.86 -49.72 -74.94 -82.19 

std 118.72 164.06 192.16 178.47 190.80 

heel angle (HA): 

mean 22.27 22.03 22.07 22.55 21.91 

std 12.15 10.36 8.99 16.53 9.79 

Note: No significant difference was detected for the 
experimental conditions at 0.05 level 
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Heel Angle 

The heel angle (HA) was also not significant at a=0.05 level (see Table 4.7). The 

HAs were at IT level at slip-start, which are higher dian die number given by 

Sttandberg (1983). Sttandberg reported the heel angle of 5.5 degree at slip-start for 

"skids" (which includes the microslips, slips, and slides suggested by Leamon and Son, 

1989). The discrepancy between the results of this study and Sttandberg's might be 

caused by the different methodology adopted by the two studies. Sttandberg tested four 

subjects by four different shoes on the floor with or without a soap patch. He 

conttolled die walking speeds at 90, 100, 110, and 120 steps/min. The cmrent smdy 

tested 10 subjects using one type of shoe on an oil-contaminated steel plate with 

different levels of load carriage at a walking speed of 6.4 km/hr. The marking of the 

targets on the heel and the toe of the two studies might also be a cause for the 

discrepancy of the results. 

Foot Angle 

The difference among the foot angles (FA) showed no significant difference, at 

0.05 level, against the load carriage conditions. Table 4.8 shows that all the means of 

the loaded conditions are higher than the mean of no load condition. The smaller FAs 

for the unloaded condition indicated the larger extent of out-toeing when no loads were 

carried. 

When the subjects carried loads, they reduced the extent of out-toeing of the feet. 

This indicated a change of the gait pattem with load carriage. When the out-toeing of 

the feet decreased, the bases of the subjects in lateral direction were also reduced. The 

reduction of the out-toeing of the feet might be regarded as a compromise of the 



Table 4.8 Means and Standard Deviations of 
Foot Angle (FA) (degree) 

load carriage (% of body weight) 
0 10 20 30 40 

mean 70.36 76.51 80.96 76.89 74.58 

std 18.87 15.92 15.47 28.34 9.37 

Note: No significant difference was detected for the 
experimental conditions at 0.05 level 
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subject to ttade die stability in the lateral direction for the stability in forward direction. 

The change of die foot angle might also affect die slipping direction because more out-

toeing results in larger horizontal thmst in lateral direction. This can be verified by die 

results in Table 4.2. Table 4.2 shows that die slip direction of the unloaded condition 

was more outward than other conditions, which is consistent widi the results in Table 

4.8. 

Body Segments Orientations 

The defirdtions of the body segment orientations are shown in Figure 4.1. The 

means and standard deviations of shank orientation are shown in Table 4.9. The shank 

orientation (SO) was sigmficandy different (p=0.038) under load cartiage conditions. 

The SO of the unloaded condition and the 10% load carrying condition were 

significantiy lower than the conditions of carrying 20% of body weight at 0.05 level. 

The means of the SO of the four loaded conditions were very close to one another, 

except that the 20% condition was approximately 2 degrees higher than others. The 

subjects showed higher SO when loads were carried. The high SO of the loaded 

conditions might be a residt from the cortesponding earlier slip-start time. 

The thigh orientation (TO) was significantly different (p=0.042) under load 

carriage conditions (see Table 4.9). The TO of the carrying 0, 10%, 20%, and 30% 

of body weight conditions were lower than the TO of the 40% condition at 0.05 level. 

The range of the TO was from 115 to 121 degrees. The trunk orientation (TR) was not 

significantiy different under experimental conditions (see Table 4.9) as had been 

expected since the extta loads were evenly distributed on the sagittal plane with respect 
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upper arm orientation 

lower arm orientation 

Figure 4.1 Definitions of Body Segments 
Orientations 
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Table 4.9 Means and Standard Deviations of Shank, 
Thigh, and Trunk Orientations (degree) 
at Slip-Start 

load cartiage (% of body weight) 
0 10 20 30 40 

shank orientation (SO): 

* * * * * * 

mean 90.02 98.55 102.15 99.74 99.36 

std 18.8 5.34 5.45 7.13 6.83 

thigh orientation (TO): 

mean 115.59 117.05 116.96 117.07 121.06 

std 12.99 6.91 5.47 7.31 7.68 

trunk orientation (TR): 

mean 89.88 87.46 88.38 88.22 88.19 

std 5.40 5.46 6.67 11.88 7.40 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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to the subjects. The TR showed that die subjects tilted dieir bodies forward from 1 to 

3 degree, lower than the 10 to 12 cm reported by Son (1990). 

The upper arm orientation (UA) was significantiy different (p=0.048) under 

different load carrying conditions. The means and standard deviations of the upper arm 

orientations are shown in Table 4.10. Note that the small upper arm orientation 

indicated larger extent that die upper arm swung backward. The no load, 10%, and die 

40% conditions were significantiy lower than both of the 20% and 30% condition at 

the 0.05 level. The lower arm orientation (LA) was significantiy different (p=0.025) 

under different load carrying conditions (see Table 4.10). The unloaded condition was 

significantiy lower than the 20%, 30% and 40% conditions at 0.05 level. The 10% 

condition was significantly lower than the 30% and the 40% conditions at 0.05 level. 

The results from the upper arm and lower arm orientations showed that the arms of 

the subjects were swung in larger extent when no load or light weight of load was 

carried. The subjects might gain balance easier with the larger extent of arm swing 

and catch the slip earlier, in other words, shorten the sliding distance for the foot. 

Variables Related to Ground Reaction Forces 

The grovmd reaction force variables included friction use, vertical force, horizontal 

force, time to friction peak and rate of increase of vertical and horizontal force from 

heel-on to fiiction peak for the time period from heel-on to the peak of FX/Fy. 

Friction Use 

The peak of fiiction use (Fx/Fy) was suggested by Perkins (1978) to be the point 

at which slips were most likely to occur, where Fx and Fy are the groimd reaction 



Table 4.10 Means and Standard Deviations of Upper 
and Lower Arm Orientations (degree) 

load cartiage (% of body weight) 
0 10 20 30 40 

upper arm orientation (UA): 

* * * * 

mean 61.69 62.74 65.86 68.49 60.57 

std 12.26 9.86 9.86 12.81 8.70 

lower arm orientation (LA): 

:)(:|<:)( ^ : i < ^ 

mean 79.44 79.93 83.18 95.25 90.70 

std 19.38 12.06 15.55 24.97 25.53 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
the same mark (* or ** or ***) 
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forces in die posterior-anterior and vertical direction, respectively. Figure 4.2 shows 

an example of Fx/Fy. Point PI in Figure 4.2, caused by die backward force of die heel 

on die floor, occmred a few milli-seconds after the heel touched die floor. It 

represented the possibility of backward slipping. PI did not cause any problem to the 

subjects because that die backward force decreased sharply after the peak. P2, which 

occmred immediately after PI, was caused by the forward thmst of the foot. It was the 

point, suggested by Perkins (1978), as the location where slips were most likely to 

start. P3 in Figure 4.2 represents die backward pushing of the foot before the foot take 

off. P3 resulted in some backward slipping, however, the subjects could recover from 

slipping easily. Table 4.11 shows that the peaks of Fx/Fy were at die level of 0.11, 

which was in the range of 0.1 to 0.2, given by Sttandberg (1983b). Son (1990) also 

reported the peak of Fx/Fy in the range of 0.1 to 0.15. No significance was detected 

for different levels of load cartiage. There was litde evidence showing that the peak 

fiiction use value was related to the slip distance observed since the slip distance has 

been shown to vary with the extta load carried. 

Buntemgchit (1990) suggested that the lateral force shoidd not be neglected in 

determining friction use. The friction use considering the lateral force, or Fxz/Fy, was, 

therefore, analyzed, where Fxz was the horizontal force on xz-plane. Figure 4.2 shows 

that Fxz/Fy merged with Fx/Fy in the initial and final stages of the stance phase. The 

initial backward peaks of both the Fx/Fy and Fxz/Fy occmred in almost the same time. 

The forward peaks of Fx/Fy and Fxz/Fy showed, however, different pattems. For Fx/Fy, 

the curve is approaching zero after P2. For Fxz/Fy, the curve decreases slightiy after 

P2, then increases and keeps in almost a constant level. A second peak, P4, was found 

after P2. The P4 was adopted as the forward fiiction peak in the Fxz/Fy curve. Table 
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and Fxz to show the direction of 
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Table 4.11 Means and Standard Deviations of 
Peak Fx/Fy and Fxz/Fy 

load cartiage (% of body weight) 
0 10 20 30 40 

Fx/Fy: 

mean 0.11 0.10 0.11 0.12 0.11 

std 0.04 0.04 0.03 0.05 0.05 

Fxz/Fy: 

mean 0.14 0.15 0.15 0.16 0.16 

std 0.04 0.05 0.04 0.04 0.06 

Note: No significance was found for both Fx/Fy and 
Fxz/Fy at 0.05 level 
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4.11 shows diat the peak Fxz/Fy ratios were in the range of 0.14 to 0.16. No 

sigruficance for the experimental conditions was detected by die Friedman test. 

Buntemgchit (1990) tested human subjects under different weights of load carried on 

a normal floor surface without the conttol of walking speed. He reported that the peak 

of Fxz/Fy of all the loaded conditions was slightly lower than the urdoaded condition. 

No significance was detected among the loaded conditions. 

The idea that sliding motion was easier to initiate in high friction peaks value 

has been advocated by several audiors (Sttandberg, 1983a; Love and Bloswick, 1988). 

The results of the cmrent study seem to not sttongly support this idea. Some sUding 

movements were observed even when the peak of Fx/Fy were in as low as 0.01 level. 

On the other hand, the slip distance of load carriage conditions was found to be highly 

significant different under various load carrying conditions in the cmrent study. The 

friction use, however, did not show a cortesponding changes under the different levels 

of load carrying conditions. 

Time to Friction Peak 

The time to fiiction peak was the time from heel-on to the peak of fiiction use. 

Since both Fx/Fy and Fxz/Fy were analyzed, the time to fiiction peak was also studied 

considering both Fx/Fy and Fxz/Fy. The times to friction peaks referring to Fx/Fy and 

Fxz/Fy were termed TPl and TP2, respectively. Bodi TPl and TP2 were not 

significantiy different under various load carrying conditions. The range for TPl was 

from 0.09 to 0.14 seconds (see Table 4.12). The range for TP2 was from 0.14 to 0.2 

seconds. The TP2 was higher dian TPl for all experimental conditions (p=0.0001). 

Buntemgchit (1990) also reported that TP2 occmred later than TPl. TPl occmred, most 
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Table 4.12 Means and Standard Deviations of 
Time to Friction Peak (second) 

load carriage (% of body weight) 
0 10 20 30 40 

TPl: 

mean 0.12 0.12 0.11 0.09 0.14 

std 0.08 0.06 0.09 0.05 0.08 

TP2: 

mean 0.14 0.16 0.20 0.14 0.17 

std 0.07 0.09 0.12 0.10 0.11 

Note: No significance was found for both TPl and 
TP2 at 0.05 level 
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of die time, at die beginning of the landing phase. TP2 occmred, on die other hand, 

at either die middle or die end of the landing phase. 

Ground Reaction Force 

The vertical ground reaction force at the stance phase is particularly important 

in studying sHp resistance because it is directiy related to die frictional force on the 

foot. The normalization of the vertical force by body weight (or system weight if extta 

loads were carried) was one way to average out the direct effect caused by the 

variabdity of the weight of the subjects so that conclusions could be made for general 

population. Sttandberg (1983a) reported that the subject started to sHp when the vertical 

ground reaction force reached 64% of the subject's body weight. He did not consider 

any load carriage condition in his experiment. The cmrent study showed that the 

subjects started to slip when the vertical force was 67% (see Table 4.13) of the 

subject's body weight if no extta load was carried, which was very close to 

Sttandberg's data. The normalized vertical force when slips started was decreased by 

almost 50% as compared to the unloaded condition when the subjects carried extta 

loads. The normalized vertical force for the 10%, 20%, 30%, and 40% conditions were 

38%, 34%, 28%, and 34%, respectively. The normalized vertical force for overall 

conditions was 41% of body weight plus extta load when slip started. The conttast tests 

showed that the no load condition was significantiy higher than aU the four loaded 

conditions at 0.05 level. The sliding motion seemed to start earlier when extta loads 

were cartied. This was consistent with the findings in time to slip-start. The reason that 

slips started earlier when extta loads were carried might be related to the relative 



Table 4.13 Means and Standard Deviations of Vertical 
Ground Reaction Force When Slips Started 

load cartiage (% of body weight) 
0 10 20 30 40 total 

vertical 431.84 275.39 233.77 228.44 303.33 294.55 
force (N) 

(250.23) (286.34) (231.06) (201.33) (267.14)(254.95) 

nonnalized 0.67 0.38 0.34 0.28 0.34 0.41 
vertical 
force (0.37) (0.39) (0.38) (0.24) (0.31) (0.36) 

Note: No significant difference was detected, at 0.05 level, 
for the experimental conditions with same mark 
(* or **) 
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change in the rate of increase of vertical and horizontal force among the experimental 

conditions. This will be discussed later. 

The vertical and horizontal ground reaction forces are shown in Figure 4.3. Table 

4.14 shows the means and standard deviations of vertical force, normalized vertical 

force, and horizontal force measured at the peak of Fx/Fy (or P2 in Figure 4.2). As 

expected that the vertical ground reaction force at the peak of Fx/Fy was significantiy 

different (p=0.0005) under load carriage conditions, which reflected the extta loads 

being carried. The vertical force for the unloaded condition was at the 570 Newtons 

level. The reading for different load carriage conditions ranged from 716 to 782 

Newtons. The heavier the load carried, the higher the vertical force recorded. When the 

vertical forces were normalized by body weight plus the extra loads carried, the 

difference between the experimental conditions was not significant at a;=0.05 level. 

Carrying 10% and 20% of body weight showed slightiy higher normalized vertical 

force, approximately 100% of body weight. The other three conditions presented the 

same level of normalized vertical force, approximately 91% of body weight. The 

forward ground reaction force (Fx) at the peak of Fx/Fy was significantiy different 

(p=0.05) under load carrying conditions. The conttast tests showed that the ratios for 

the 20% and 40% load carrying conditions were significantiy higher than that of the 

unloaded condition at (X;=0.05 level. The range of Fx was from 59 to 113 Newtons. The 

heavier the load carried the higher Fx, except that the 20% condition which showed 

the highest Fx (113 Newtons). 

At the peak of Fxz/Fy, die vertical forces were significantiy different (p=0.0005) 

under the experimental conditions (see Table 4.15). All the loaded conditions were 

significantiy higher than die unloaded condition at ot=0.05 level. Bodi the 30% and 
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Table 4.14 Means and Standard Deviations of 
Ground Reaction Force at the Peak 
of Fx/Fy. (unit: newton for vertical 
and horizontal force) 

load cartiage (% of body weight) 
0 10 20 30 40 

vertical force: 

* * * * * * * * 

mean 568.2 715.9 745.6 732.4 781.9 

std 235.8 158.1 202.7 223.1 223.6 

normalized vertical force: 

mean 0.92 1.05 1 0.91 0.91 

std 0.37 0.25 0.28 0.27 0.27 

horizontal force: 

]|c4e * * * * * * 

mean 59.16 76.37 113.10 78.75 91.25 

std 30.26 39.06 135.90 30.68 61.43 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions widi 
same mark (* or **) 
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Table 4.15 Means and Standard Deviations of 
Ground Reaction Force at the Peak 
of Fxz/Fy. (unit: newton for vertical 
and horizontal force) 

load carriage (% of body weight) 
0 10 20 30 40 

vertical force: 

mean 524.60 635.91 662.40 737.12 771.50 

std 191.40 148.02 176.50 194.04 199.30 

normalized vertical force: 

mean 0.86 0.94 0.89 0.91 0.89 

std 0.34 0.26 0.22 0.25 0.24 

horizontal force: 

* 4 « * * * * * * 

mean 72.17 94.30 96.81 112.80 123.10 

std 32.94 94.30 30.09 36.31 56.68 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or ** or ***) 
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40% load carrying conditions were significantiy higher dian die 10% and 20% 

conditions at die a;=0.05 level. The vertical force for unloaded condition was 525 

Newtons. This parameter for loaded conditions ranged from 636 to 772 Newtons. The 

heavier the loads carried, die higher the vertical force recorded. The normalized vertical 

force was not significant for different load carrying conditions. The range was from 

0.86 to 0.94. The horizontal forces (Fxy) were significant at p=0.0018. The range was 

from 72 to 123 Newtons. The higher the loads carried, the larger the horizontal force 

detected. 

In the cmrent smdy, the stride lengths for aU the conditions were not significantiy 

different except the 40% load carrying condition, which was shorter than all other 

conditions. Since the walking speed was under conttolled, the cadence of the subjects 

might be assumed to be constant, except for the 40% condition. The effects of carrying 

extta loads on the ground reaction forces might be explained by Figure 4.4. In Figme 

4.4, the resultant forces that the subject imposes on the ground are Fl and F2 for 

unloaded and loaded conditions. Assuming that the stride length and the cadence are 

the same for the two conditions, F2 should be greater than Fl. The horizontal 

component of F2, F2*sin(B), should be also greater than the horizontal component of 

Fl, or Fl*sin(A). In other words, the forward thmst force of the load carrying 

condition is higher, which results in higher tendency of slipping. 

The higher F2*cos(B) (the vertical component of F2) may also result in higher 

friction to oppose the forward force, since friction is equal to normal force times 

coefficient of friction. This vertical effect is, however, believed to be minor because 

the dynamic coefficient of friction is not only small (less than 0.1 in the cmrent study) 

but also highly variant under different sliding speeds between the contacted surfaces. 
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F2 > Fl because of the extta load carried 
Both the horizontal and vertical components 
of F2 should be greater than the cortesponding 
components of Fl if A=B 

Figure 4.4 Load Carrying Effect on Ground 
Reaction Forces 
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The gait pattems of the subjects may also affect the outcome of slipping. For 

loaded conditions, for example, the angle B decreases if die subject makes shorter 

steps, which results in smaller forward component of F2 (or F2*sin(B)). In the cmrent 

study, die sttide length of the 40% condition was shorter dian all other conditions. The 

shorter stride length resulted in smaller forward thmst for certain periods of time and 

this will be discussed in the next section. This may explain why anomalous results 

which were found for several variables for the 40% loaded condition. 

Rate of Increase of Vertical Force 

The consideration of the ground reaction force for a certain period may be more 

meaningful than the force at a certain moment because the former presents the 

continuous process of the force on the floor (Sttandberg, 1983a). Sttandberg (1983a) 

suggested that a good friction measurement device should be able to reproduce the rate 

of increase of vertical force at a 10 KN/sec level to simulate human slipping pattems. 

The rate of increase of vertical force for the curtent study, from heel-on to the peak 

of Fx/Fy, was significantiy different under load carrying conditions at p=0.048 (see 

Table 4.16). The rate of increase of vertical force of the unloaded condition was 

significantiy lower than those of the carrying 20% and 30% of body weight at the 0.05 

levels. Other conttasts showed no significant difference at oc=0.05 level. Buntemgchit 

(1990) reported the rate of increase of vertical force of 8.8 KN/sec for male subjects 

without extta load. His number was slightiy higher than the one in the cmrent study 

(6 KN/sec). This may be attributed to the variation in walking speed since he did not 

conttol walking speed in his experiment. The rate of increase of vertical load for the 

cmrent smdy, in the range of 6 to 10 KN/sec, seemed to increase with the increase of 
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Table 4.16 Means and Standard Deviations of 
Rate of Increase of Vertical Force 
(KN/sec) from Heel-Strike to the 
Peak of Fx/Fy 

load cartiage (% of body weight) 
0 10 20 30 40 

mean 6.08 7.33 8.34 9.89 7.39 

std 3.39 3.53 3.33 3.89 3.50 

Note: No significant difference, at 0.05 level, was 
detected for the experimental conditions with 
same mark (* or **) 
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the load carried. An exception was, however, observed: the 40% condition was lower 

than the 30% condition. This exception might be explained by the longer time from 

heel-sttike to friction peak for die 40% condition. Both TPl and TP2 in Table 4.12 for 

the 40% condition were higher than the cortesponding numbers of the 30% loaded 

condition. The longer time to friction peak resulted in the smaller rate of increase of 

vertical force. 

Rate of Increase of Horizontal Force 

The rate of increase of horizontal force (Fy), from heel-on to the peak of Fx/Fy, 

was found to be in the range of 0.67 to 1.27 KN/sec (see Table 4.17). Heavier load 

cartiage conditions showed higher rates of increase of horizontal force, except for the 

40% condition. This, again, may be attributed to the shorter stride length of the 40% 

load carrying condition. The unloaded condition was significantiy lower than the 20% 

and 30% conditions both at the level of 0.05. The 10% condition was lower than the 

30% condition at a=0.05 level. No significant difference was detected for other 

conttasts at ot^0.05 level. 

In walking, as the foot lands on the floor, the vertical and horizontal forces that 

the foot imposes upon the floor play completely different roles in slip resistance. The 

horizontal force tends to create a forward sliding motion. The vertical force, on the 

other hand, results in friction acting against the forward sliding movement. Which 

force dominates depends on the relative magnitude of the rates of increase of the two 

components. It was found that the percentage increase of vertical load from the 

unloaded condition to die 10%, 20%, 30%, and 40% conditions were 20%, 37%, 63%, 

and 21%, respectively. The cortesponding percentage change of die rate of increase of 



Table 4.17 Means and Standard Deviations of 
Rate of Increase of Horizontal 
Force (KN/sec) from Heel-Strike 
to the Peak of Fx/Fy 

load carriage (% of body weight) 
0 10 20 30 40 

^ ^ ^M ^ ^ ^ ^ *J^ ^ ^ 

mean 0.67 0.80 1.27 1.27 0.87 

std 0.50 0.48 1.41 1.08 0.63 

Note: No significant difference was detected, at 
0.05 level, for the experimental conditions 
with same mark (* or ** or ***) 
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horizontal force from the unloaded condition to the odier four conditions were 19%, 

89%, 89%, and 30%, respectively. Figure 4.5 shows the comparison between the 

percentage change of the rate of increase of vertical and horizontal forces from the 

unloaded condition to the other four conditions. The percentage changes of die rate of 

increase of vertical force from the unloaded condition to the four loaded conditions 

were smaller than the horizontal force changes. The difference between the two groups 

were significant (p=0.043). This might be a good reason why load carriage resulted in 

more serious sHpping. 

Forward Impulse 

The forward impulse, defined as the integration of the forward ground reaction 

force over time or simply jFx*dt, on the floor by the leading foot during the stance 

phase was a parameter that has been ignored by previous investigators. It was the 

factor that considered not only the forward thmst of the foot on the floor but also the 

time period associated with it. Figure 4.6 shows an example of forward impidse. The 

forward impulse was highly significant different under the load carrying conditions 

(p=0.002) (see Table 4.18). The conttast tests showed that both the no load and the 

10% loaded conditions were significantiy lower than those of the conditions of carrying 

20%, 30%, and 40% of body weight at ot=0.05 level. Other conttast tests did not show 

any significance. Table 4.18 shows that the forward impulse values are magnified 

nearly in proportion to the increase in the body weight plus the extta loads carried. 

Similar results had been reported by Kinoshita (1985). Kinoshita (1985) suggested that 

the increased forward impulse when extta loads were carried was predominantiy due 

to the static effect of the load rather than the changes in the acceleration of the system 
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Table 4.18 Means and Standard Deviations of 
Forward Impulse (KN-sec) 

load cartiage (% of body weight) 
0 10 20 30 40 

* * * * * * 

mean 10.41 10.32 13.83 14.08 16.30 

std 5.80 5.01 4.95 5.66 10.5 

Note: No significant difference was detected, at 
0.05 level, for the experimental conditions 
with same mark (* or **) 
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(subject's body weight plus extta load). This implies that the walking speed of die 

subjects will not affect the forward impulse when extra loads are carried, which may 

explain why no irtegularity was found for forward impulse for the 40% load carrying 

condition in Table 4.18. 

A larger forward impulse will result in larger momentum in the progression 

direction, which may affect the slipping behavior of the subjects. Both longer slip 

distances and larger forward impulses were discovered in the load carriage conditions, 

it was believed that the forward impulse needed to be larger than a certain threshold 

value to initiate a sliding motion. Either a very large force applied for a very short 

time period or a very small force with a long time period might not cause any slip. 

A reasonable hypothesis could, then, be advocated: a serious slip or slide could not 

happen without a forward impulse that was greater than a certain threshold value. 

Table 4.18 shows that the means of the forward impulse of aU the conditions were 

greater than 10 KN-sec. The 10 KN-sec is, then, proposed as the threshold value. 

Cortelation Analysis 

One way to understand the relationship between different variables is to examine 

the cortelations. To determine the cortelation between the variables related to slipping 

accidents, Pearson's cortelation coefficients were calcidated. Kenny (1987) suggested 

that the cortelation can be regarded as small when cortelation coefficient is at ±0.1 

level. The level of ±0.3 and ±0.5 represent moderate and large cortelations, 

respectively. The cortelation coefficients of the variables related to die slipping 

incidents are shown in Table 4.19. These coefficients were tested under die hypodiesis: 



Table 4.19 Cortelation Coefficients of Some Variables 
Related to the Foot 

107 

variable SDxz Vheel HA FA toe A.V. SL ST SO TO 

heel 0.74* 1 
velocity 

heel 0.22* 0.36* 1 
angle 

foot -0.10 -0.16 -0.73* 1 
angle 

Toe 0.54* 0.81* 0.29* -0.17 1 
angular velocity 

Sttide 0.03 0.20" 0.32* -0.29* 0.16 
length 

stance 0.07 0.00 0.27* -0.2r 0.17 
time 

shank 0.07 0.15 0.14 0.15 0.01 
orientation 

diigh 0.00 0.07 0.06 0.01 0.11 
orientation 

ttiink 0.20'' 0.15 -0.17 0.07 0.07 
orientation 

upper arm 0.12 0.05 -0.15 0.17 0.06 
orientation 

lower ann 0.24" 0.28* 0.21" -0.08 0.28* 
orientation 

Wrist 0.05 -0.12 -0.13 -0.01 -0.16 
velocity 

Fx/Fy 0.29* 0.18 -0.04 0.04 -0.02 

Fxz/Fy 0.18 0.11 -0.02 0.04 -0.08 

Time to* 0.03 -0.10 0.25" -0.16 -0.14 
peak 

Time to** 0.00 -0.12 0.19 -0.13 -0.14 
peak 

Rate of* 0.03 0.07 -0.28* 0.23" -0.01 
increase of vertical load 

Rate of* 0.13 0.17 -0.13 0.13 0.11 
increase of horizontal load 

Forward 0.22" 0.07 0.09 0.06 -0.13 
Impulse 

0.09 1 

0.05 0 

-0.01 0.09 -0.29* 1 

0.00 0.05 0.02 0.04 

-0.04 0.14 0.13 -0.12 

0.03 0.00 0.00 0.00 

-0.06 -0.29* -0.05 -0.10 

0.00 0.07 0.21" -0.30* 

0.10 -0.13 0.26* -0.21" 

-0.15 0.13 0.09 -0.02 

0.05 0.03 0.04 0.13 

0.18 -0.33* 0.07 -0.12 

0.16 0.01 0.09 -0.07 

-0.04 0.08 0.30* -0.29* 
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Table 4.19 (continued) 

variables TR UA LA VW Fx/Fy Fxz/Fy TPl TP2 RIl lOYl 

upper arm 0.16 1 
orientation 

lower arm -0.10 0.30* 1 
orientation 

Wrist 0.19 -0.30* 0.03 1 
velocity 

Fx/Fy 0.24" 0.05 0.18 0.19 1 

Fxz/Fy 0.24" 0.07 0.18 0.22" N.M. 1 

time to* 0.04 0.11 -0.09 -0.13 -0.16 N.M. 1 
peak 

time to** -0.07 -0.06 -0.04 -0.05 N.M. 0.06 N.M. 1 
peak 

rate of* 0.01 -0.04 0.02 0.22" 0.32* N.M. -0.73* N.M. 1 
increase of vertical load 

rate of* 0.08 0.05 0.06 0.27* 0.22" 0.17 -0.45* N.M. 0.62* 1 
increase of horizontal load 

forward 0.13 0.02 0.06 0.00 0.65* 0.55* 0.16 0.14 0.12 0.04 
impulse 

Note: * considering Fx/Fy, ** considering Fxz/Fy, N.M. - Not Meaningful 
RIYl - rate of increase of horizontal force 
" - significant at 0.05 level under the hypodiesis Ho: coefficient=0 
• - significant at 0.01 level under die hypothesis Ho: coefficient=0 
* - significant at 0.001 level under die hypothesis Ho: coefficient=0 
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Ho: coefficient=0. Table 4.19 shows diat a cortelation coefficient of ±0.2 or more was 

significantiy different from zero at (x=0.05. 

It was not surprising that the slip distance was highly cortelated with sliding 

velocity of die heel at slip-start. It was, however, unexpected that the slip distance 

was highly cortelated with toe angular velocity. Since most of the toe angular velocities 

observed were negative, the positive cortelation implied the faster the forepart of the 

foot touched down the shorter the slip distance was. Son (1990) suggested that the 

faster the forepart of the foot touched down, the higher the increase rate of the 

foot/floor contact area, which might resulted in larger fiictional force to resist the 

sliding motion. The result of this might be the shorter slip distance. The slip distance 

was moderately cortelated with the one-dimensional friction use (Fx/Fy). The 

cortelation between slip distance and the two-dimensional fiiction use (Fxz/Fy) was, 

however, small. 

The heel velocity was moderately cortelated with heel angle and highly cortelated 

with toe angular velocity. The implication for the cortelation between heel angle and 

toe angular velocity was that higher heel angle happened with lower toe touching down 

velocity. 

The heel angle was negatively highly cortelated with foot angle. This indicated 

that obvious out-toeing walking pattems usually happened with larger heel contact 

angles. The heel angle was moderately cortelated with stride length. It was believed 

that longer stride length caused larger heel angle. The shank orientation was negatively 

cortelated with diigh orientation and was positively cortelated with the forward impulse 

on the floor by the foot. 
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The Relationships Between the Severity 
of Slips and the Associated 

Biomechanical Parameters 

The microslip, slip, and sUde classification is one way to describe the slipping 

incidents qualitatively (Leamon and Son, 1989). Microslips are the slips where the 

slip distances are less than or equal to 3 cm (Leamon and Li, 1990). Slides are die 

slips with the slip distance of 10 cm or more. The slips, when the classification is 

discussed, are those with the slip distance from 3 to 10 cm. In the cmrent study, 

twenty-five slides were detected. The slides ended with falls which were stopped by 

the safety hamess. Thirty-one slips were observed where the subjects regained balance 

without serious gait disturbance. There were forty-fom microslips recorded where the 

subjects were probably unaware of the slipping motions. The number of outcomes for 

the three categories under the experimental conditions is shown in Table 4.20. It was 

found, in Table 4.20, that the number of slides observed multiplied with the increased 

load carried. When no load was carried, three-fourths (or 14 out of 20) of the outcomes 

were microslips. When the loads carried increased to 40% of body weight, only one 

third (or 6 out of 20) of the aftermaths were microslips, the other two-thirds were 

either slips or slides. Since the consequences of slips and slides are more serious than 

microslips, it was suggested that the subjects were in more risky situations for sHpping 

accidents when heavy loads were cartied. 

Gait Parameters 

The estimated gait parameters for each category of the classification are shown 

in Table 4.21 and 4.22. The mean slip distance for microslips, slips, and slides were 

1.46, 5.87, and 23.08 cm, respectively. The cortesponding slip directions were 9.12 
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Table 4.20 Disttibution of MicrosUp, Slip, and Slide 
Under Experimental Conditions 

load cartiage (% of body weight) 
0 10 20 30 40 total 

microslip 14 10 8 6 6 44 

slip 4 6 7 7 7 31 

slide 2 4 5 7 7 25 

total 20 20 20 20 20 100 
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Table 4.21 Means and Standard Deviations of Slip 
Distance, Slip Direction, Stride Lengdi, 
Time to Slip-Start, Stance Time, and Heel 
Angle for Microslips, Slips, and Slides 

category SD SDIR SL ST TS HA 

microslip 1.46 99.12 133.71 591.10 47.68 19.33 

(0.81) (64.25) (15.43) (54.02) (38.62) (10.96) 

slip 5.87 84.61 131.98 596.69 34.32 22.15 

(1.84) (21.92) (15.80) (65.12) (19.18)(12.43) 

slide 23.08 84.37 132.58 582.31 6.72 27.18 

(12.20) (25.43) (24.40) (63.15) (12.75)(10.43) 

Note: SD - slip distance (cm), SDIR - slip direction (degree) 
SL - stride length (cm), ST - stance time (ms) 
TS - time to slip-start (ms), HA - heel angle (degree) 
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Table 4.22 Means and Standard Deviations of Foot 
Angle, Heel Velocity, Toe Angular Velocity, 
Shank Orientation, Thigh Orientation, and 
Tmnk Orientation for Microslips, Slips, 
and Slides 

category FA Vheel TAV SO TO TR 

microslip 75.84 57.06 -186.11 97.67 117.74 88.03 

(21.33) (38.88) (85.22) (8.06) (7.51) (7.57) 

slip 77.76 159.39 -76.44 98.23 117.81 86.91 

(17.73) (63.44) (122.90) (14.27) (6.29) (7.92) 

slide 73.54 346.75 90.71 100.55 116.88 91.01 

(14.43) (137.20) (190.21) (8.04) (12.13) (6.97) 

Note: FA - foot angle (degree), Vheel - heel velocity (cm/sec) 
TAV - toe angular velocity (degree/sec), 
SO - shank orientation (degree), 
TO - thigh orientation angle (degree), 
TR - trunk orientation (degree) 
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(inward), 6.39 (outward), and 6.63 (outward) degree. Buntemgchit (1990) reported the 

slip direction for slips without falls was 3 degrees (outward). 

The differences between die means of sttide length for die three categories were 

small, although microslips showed die highest differences. The differences between the 

mean stance time were also small (in a few mdli-seconds). The time from heel-on to 

slip-start for die three categories were 47.68, 34.32, and 6.72 milli-seconds, 

respectively. Slides started earlier than slips and microslips obviously. At slip-start, 

microslips showed lowest heel angle (19.33°) and slides showed die highest (27.18°). 

The higher heel angles for slips and slides might be one cause of longer slip distances 

since the cortesponding shoe/floor contact areas were small. Sttandberg (1983) 

suggested that the dynamic slip resistance for the back edge of the shoe heel was most 

important for slip prevention. The results seem to support this argument. The foot 

angle (see Table 4.22) reflected the out-toeing walking pattem of the subjects. In the 

cmrent study, the foot angle of the three categories showed 12° to 15° outward. 

Sttandberg (1983) indicated that the subjects never fell if the sliding velocity of 

the heel remained below 50 cm/sec. This number was close to the mean heel velocity 

at slip-start for microslips given in Table 4.22. The heel velocities at slip-start for 

slips and sHdes were 160, and 347 cm/sec, respectively. The three levels of the sliding 

motion ~ microslip, slip, and slide, reflecting the severity of the slipping movement, 

were differentiated by slip distance. The classification of different levels of sliding 

motion by the heel velocity at slip-start seemed also to be reasonable. For example, a 

microslip would probably follow if the heel velocity were lower than 60 cm/sec. On 

the other hand, a slide was most likely to occm if die heel sliding velocity were 250 

cm/sc or higher. The toe angular velocity, which was the first-order time derivative of 
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heel angle, was also an important variable to study, since it reflected how fast die fore 

part of the foot touched down. The negative sign of die toe angular velocity in Table 

4.22 indicated downward movements. Table 4.22 showed that microslips touched down 

much faster than slips. This is consistent with Son's (1990) results. For slides, however, 

the toes were moving away from the floor at the rate of 90 degree/sec when the sliding 

was initiated. 

The differences for the shank, thigh, and trunk orientations, at slip-start, for the 

three categories were small (less dian 5 degree). However, it should be noted that the 

trunk leaned forward for microslips and slips. For slides, the tmnk leaned backward. 

The backward inclination of the trunk for slides might facilitate the sliding motion and 

reduce the chance to regain balance for the subjects. 

Ground Reaction Force Variables 

The estimated parameters for ground reaction force are shown in Table 4.23. 

Note that these parameters were measmed at the fiiction peak. The vertical ground 

reaction forces, at the peak of Fx/Fy, for the three categories were 714, 735, and 667 

Newtons. The cortesponding normalized vertical forces were 0.98, 0.98, and 0.88, 

respectively. The horizontal force of microslips, slips, and slides, were 68, 105, and 86 

Newtons, respectively. 

The vertical forces at the peak of Fxz/Fy were 655, 681, and 668 Newtons. These 

numbers are lower dian those at the peak of Fx/Fy. The normalized vertical forces were 

at 0.90 level for the three groups. The horizontal force of microslip, 90 Newtons, was 

the lowest, and the horizontal force for a slide, 112 Newtons, was die highest. 
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Table 4.23 Means and Standard Deviations 
of Ground Reaction Force at 
the Peak of Fx/Fy and Fxz/Fy 
for Microslips, Slips, and Slides 

VF NVF HF NHF 

considering Fx/Fy 

microslip 714.12 0.98 67.65 0.09 

(175.71) (0.23) (28.90) (0.04) 

slip 735.13 0.98 104.50 0.14 

(218.32) (0.32) (111.72) (0.14) 

slide 667.21 0.88 86.27 0.11 

(283.30) (0.34) (59.10) (0.07) 

considering Fxz/Fy 

microslip 655.12 0.89 89.82 0.12 

(168.96) (0.19) (32.70) (0.05) 

slip 680.85 0.91 104.31 0.14 

(193.62) (0.29) (39.11) (0.07) 

slide 668.01 0.90 112.10 0.15 

(254.32) (0.34) (59.21) (0.08) 

Note: VF - vertical force (N), HF - horizontal force (N) 
NVF - nonnalized vertical force, 
NHF - normalized horizontal force 
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The peak friction use (see Table 4.24), Fx/Fy, were 0.09, 0.12, and 0.13 for 

microslips, sUps, and slides. Buntemgchit (1990) indicated tiiat die maximum forward 

peak of fiiction use was 0.11 for slips but no falls, which was consistent widi die 

results of the cmrent study. Note diat the higher peak values of Fx/Fy for slips and 

slides indicated the larger fiiction demand required for those two categories. The 

friction demand required for microslips was the lowest of aU the three categories. The 

time from heel-sttike to friction peak ranged from 0.11 to 0.12 seconds. The rate of 

increase of vertical load was in the range of 7 to 8 KN/sec (see Table 4.24). The 

differences among the three categories were small. The cortesponding rates of increase 

of horizontal force were 0.84, 1.07, and 1.11 KN/sec, respectively. Higher rates of 

increase of horizontal force were observed for slips and slides as compared to 

microslips. The percentage change of the rate of vertical force from microslip to slide 

was less than 10%, which was lower than the cortesponding percentage change of the 

rate of increase of horizontal force (32%). This, again, niusttated that the relative 

change of the increase of horizontal force versus vertical force did affect the outcome 

of the slipping movement. The peak values of Fxz/Fy were 0.14, 0.16, and 0.17 for the 

three categories. The time from heel-on to friction peak were at the 0.15 to 0.17 

seconds level. 

The forward impulse (see Table 4.24), which is the integration of the forward 

ground reaction force over time, reflected the severity of the slipping incidents. The 

means of the forward impulse for the three categories were 11.02, 13.54, and 15.78 

KN-sec. Higher forward impulse was, again, found to result in longer slipping distance 

which implied more dangerous situations. Notice that the forward impulse for 

microslips was 11.02 KN-sec, which was higher than the recommended threshold value 
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Table 4.24 Means and Standard Deviations of Peak 
Friction Use, Time to Friction Peak, 
Rate of Increase of Vertical and 
Horizontal Force, and Forward Impulse 
for Microslips, Slips, and Slides 

category peak peak TPl TP2 RV RF Fl 
Fx/Fy Fxz/Fy 

microsUp 0.09 0.14 0.11 0.15 7.97 0.84 11.02 

(0.04) (0.04) (0.06) (0.09) (3.51) (0.62) (5.78) 

slip 0.12 0.16 0.12 0.17 7.38 1.07 13.54 

(0.04) (0.04) (0.07) (0.11) (3.35) (1.17) (4.53) 

slide 0.13 0.17 0.12 0.15 8.04 1.11 15.78 

(0.05) (0.05) (0.09) (0.09) (4.43) (0.99) (9.99) 

Note: TPl - time (sec) to peak of Fx/Fy, TP2 - time (sec) to 
peak of Fxz/Fy, RV - rate of increase of vertical 
force (KN/sec), RF - rate of increase of horizontal 
force (KN/sec), Fl - forward impulse (KN-sec) 
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(10 KN-sec) of a sliding movement suggested by the audior. The microslip, slip, and 

slide was classified by die slip distance. The forward impulse may also be used for the 

classification purposes so diat the severity of a sliding motion may be predicted. For 

example, a high forward impulse value may insinuate a serious slip or slide. A low 

forward impulse value, on the other hand, may imply a microslip. 

Validity of Friction Peak as the Point 
That Slips Are Most Likely to Start 

It has been suggested that the peaks of friction use were the points that slips 

were most likely to start (Perkins, 1978; Sttandberg, 1983). The validity of this 

suggestion has, however, not been discussed. In the cmrent study, the time of slip-

start and the peak of Fx/Fy after heel-on were both measmed. It was discovered that 

most sliding motions started before the Fx/Fy reached the maximum in the forward 

direction. The mean time that slip started, ahead of the peak of Fx/Fy, was 83 mdli-

seconds. This did not support what has been advocated by Perkins and others. The 

mean of Fx/Fy when a slip started was 0.014, which was lower than the mean of the 

peak of Fx/Fy (0.11). Higher friction use values were shown not necessarily to be the 

initiation point of the sliding motions. The explanation of the occmrence of a shding 

motion by fiiction use alone might not be adequate. Buntemgchit (1990) suggested that 

Fxz/Fy should be used instead of Fx/Fy to explain the occurtence of slipping. This 

smdy showed that most of the peak values of Fxz/Fy occmred after die peak of Fx/Fy 

when die foot was almost flat on the floor. Most of die peaks of Fxz/Fy occurted more 

than 100 miUi-seconds after slip started. It was apparentiy not appropriate to use 

Fxz/Fy to explain the initiation of slipping. 
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The term "friction use," which was equivalent to the "slip tendency" advocated 

by Love and Bloswick (1988), only indicated die friction demand during sliding 

motion. It did not, however, reveal the friction that was available to resist die sliding 

motion. To insme die safety of the walker, it was suggested that die friction available 

should be greater than, or at least equal to, the friction demand. In odier words, slip 

resistance should be greater than slip tendency so that a serious slip would not occur. 

Son (1990) reported that an approximately linear relationship existed between Fx and 

Fy. In other words, Fx and Fy were dependent on each other. It was, therefore, difficult 

to draw a conclusion from the Fx/Fy ratio whether the change in this ratio affected the 

slips/falls severity. In order to have a single term as the index that could explain the 

occurtence of a sliding motion (or the severity of a slip), it was recommended that a 

ratio of the friction use to dynamic coefficient of fiiction was one that was more 

appropriate than the friction use alone. The term. Index for Pedestrian Safety (IPS) has 

been recommended to describe the ratio: fiiction use/dynamic COF. When IPS was 

smaller than 1, the horizontal resistance was greater than the forward sliding force and 

the walker was safe. If, on the other hand, IPS were greater than 1, the walker was in 

danger of a slipping accident since the forward thmst force was greater than the sUp 

resistance available. 

The IPS related to pedestrian safety may be explained by the concepts of 

probability. Figme 4.7 shows the slip resistance classifications based on the results of 

Gronqvist et al.(1989). Figmes 4.8 and 4.9 show die cumulative probabilities diat IPS 

is less than or equal to 1 (or P(IPS<=1)), which implies slip resistant condition, under 

different levels of dynamic COF. The P(IPS<=1) was calculated by coimting die 

number of ttials, out of the total trials, that had a friction use smaller than or equal to 
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die selected dynamic coefficient of friction. Figme 4.8 and 4.9 were obtained based on 

die Fx/Fy values at slip-start and the peak of Fx/Fy, respectively. Gronqvist et al. 

(1989) suggested tiiat a very slip resistant condition might be produced if the dynamic 

coefficient of fiiction were 0.3 or higher. This seems to be consistent widi the results 

of die cmrent smdy. When dynamic COF was equal to 0.3, the P(IPS<=1) were 0.98 

and 1 from Figures 4.8 and 4.9, respectively. Figme 4.7 shows a dynamic COF of 0.2 

or higher (up to 0.3) indicates a slip resistant condition. The P(IPS<=1), at the dynamic 

COF of 0.2, from Figures 4.8 and 4.9 were 0.89 and 0.97, respectively. The P(IPS<=1) 

reduced sharply with the decreased dynamic COF starting at the dynamic COF of 0.175 

and 0.15 from Figures 4.8 and 4.9, respectively. The cortesponding dynamic COFs in 

Figme 4.7 were classified as "unsure." Figure 4.7 shows that the dynamic COF of 0.05 

or less creates very slippery conditions. The P(IPS<=1) for dynamic COF of 0.05 or 

lower were 0.2 or less from Figure 4.8 and 0.06 or less from Figure 4.9. 

The peak value of IPS might not be meaningful in assessing the point at which 

slips were most likely to start. A slipping motion was not likely even at the peak of 

IPS if the peak value were smaller than 1. Slipping might occur at any point when 

IPS was greater than 1. The validity of IPS can be tested by measuring dynamic 

coefficients of fiiction imder various shoe/floor couplings and different sliding velocities 

and compare the results to the data from human subjects. 

Recommended Set-Up Parameters for Dynamic 
Friction Measurement Device 

There are three main reasons to measure the dynamic coefficient of fiiction using 

a machine with an artificial leg. The first one is to determine the safety factors 
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associated witii slipping accidents as far as shoe/floor interaction is concemed. The 

second one is to reproduce the dynamic coefficient of fiiction from various 

experimental tteattnents such as different levels of normal force and sliding velocity. 

The diird reason is to determine die slip-resistance characteristics of the foot/floor 

couplings objectively. The tests of human subjects involve more or less subjective 

judgements since the psychological factors are confounded with the biomechanical 

behavior and the tribological characteristics of the slipping accidents. To use a friction 

measmement device, the set-up values for the parameters should reflect the near-real 

human shding motions. 

The forward sliding motion was the dominant activity studied by many researchers 

(Perkins, 1978; Strandberg, 1983a), however, lateral sliding motion was sometimes as 

important as forward sliding motion. In this smdy, seventeen observations, out of one 

hundred, showed longer lateral slip distances than forward slip distances (see Table 

4.25). Among the seventeen observations, there were fourteen microslips, one slip, and 

two slides. There were thirty-six trials, or one-third of the all observations, which 

revealed lateral slip distance of 50% or more of the forward slip distance (or SDz >= 

0.5*SDx). This suggests that the lateral slip distance should not be ignored. Up to now, 

almost all the dynamic friction measurement devices have been designed for anterior-

posterior measmements ordy. The parameters recommended to be used for the set-up 

values of the artificial leg are shown in Table 4.26. These numbers are recommended 

as the input for the dynamic COF machines. The output, including the forward impulse, 

should be in the range of the data shown in Table 4.1 to Table 4.8. All these 

recommendations are based upon the experimental conditions of this study, that is, 
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Table 4.25 Distribution of the Number of 
Lateral Slip Distance that is 
Greater than 50% of the Forward 
Slip Distance 

Note: SDx - forward slip distance 
SDz - lateral slip distance 
total trial number is 100 

microsUp slip sUde total 

0.5 SDx < SDz < SDx 8 8 3 19 

SDx < SDz 14 1 2 17 

total 22 9 5 36 
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Table 4.26 Recommended Set-Up Values for Dynamic 
Friction Measurement Device Under Load 
Carriage Conditions 

load carriage (% of body weight) 
0 10 20 30 40 

foot angle(°) 

heel angle(°) 

rate of increase of 
horizontal force* 
(KN/sec) 

rate of increase of 
vertical force* 
(KN/sec) 

time period* (s) 

rate of increase of 
horizontal force** 
(KN/sec) 

rate of increase of 
vertical force** 
(KN/sec) 

19.64 

22.27 

0.67 

4.71 

0.12 

0.66 

6.08 

13.49 

22.03 

0.80 

5.58 

0.12 

0.87 

7.33 

9.04 

22.07 

1.27 

5.24 

0.11 

0.79 

8.34 

13.11 

22.55 

1.27 

9.07 

0.09 

1.49 

9.89 

15.42 

21.91 

0.87 

7.02 

0.14 

1.10 

7.37 

time period** (s) 0.14 0.16 0.20 0.14 0.17 

Note: * for simulators with lateral movement capability 
** for simulators without lateral movement capability, 
ignore the slip direction and foot angle in this case 
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walking on a greasy steel plate surface at 6.4 km/hr and different load carriage 

situations. 

Up to now, many dynamic coefficient of friction measurement devices have been 

designed and tested (Perkins and Wdson, 1983; Andres and Chaffin, 1985; Gronqvist 

et al., 1989; Redfem et al., 1990; Buntemgchit, 1990). The main conttoUed parameters 

for die testers were the vertical force and sliding velocity. For example, Gronqvist and 

his partners conttolled the vertical force between the shoe and floor at 700 N with the 

relative sliding velocity of 40 cm/sec when testing their hydraulic apparams. Redfem 

and his associates reported the dynamic coefficient of fiction under the vertical forces 

of 49, 98, and 196 N with four different sliding velocities (1, 2, 5, 10 cm/sec). In 

Table 4.26, it was recommended that the rate of increase of the force should be used 

instead of a constant force because the force on the grornid imposed by the foot was 

increased continuously. A constant force was apparentiy not suitable to simulate human 

gait because it did not reflect how the foot landed on the floor. 

When lateral effects are neglected, the rate of increase of vertical force should be 

in the range of 4.5 to 9 KN/sec. The rate of increase of horizontal force should be in 

the range of 0.67 to 1.27 KN/sec. The cortesponding time period should be 0.11 sec. 

If lateral effects are considered, the rate of increase of vertical force should be in the 

range of 6 to 10 KN/sec. The rate of increase of horizontal force shoidd be in the 

range of 0.66 to 1.50 KN/sec. The cortesponding time period should be in the range 

of 0.14 to 0.20 sec. The tangent of the outside of the shoe with respect to the 

progressing direction should be in the range of 0 to 17 degrees outward. 

Most of the sliding velocities reported by the investigators (Gronqvist et al., 1989; 

Redfem et al., 1990) were below 50 cm/sec. The sliding velocity of 50 cm/sec in this 
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smdy, however, did not create serious slips or sUdes. It was suggested diat die sUding 

velocity should be in die range of 50 to 200 cm/sec in order to duplicate aU possible 

simations for microslips, slips, and slides. 

The heel angles in Table 4.26 are at a 22 degree level. However, measmements 

are recommended using other angles also, for example, 15, 10, and 5 degree. Multiple 

levels of heel angle may be required to test because the normal variation of heel angles 

between subjects and from case to case was high in the curtent study. High variations 

of heel angles have also been reported by some other authors such as Strandberg and 

Lanshammar (1981) and Bring (1982). 

Table 4.26 shows the recommended parameters for the friction measurement 

devices based on different load carrying conditions. Some general recommendations for 

natural walking were also obtained from the unloaded condition of the cmrent smdy. 

These values are shown in Table 4.27. The cortesponding values from Gr5nqvist et al. 

(1989) and Buntemgchit (1990) are also presented and discussed. 

The heel angles in the smdy of Gronqvist et al. (1989) were 0 and 5 degrees. The 

5° was based on Strandberg's (1983) results. The 0° was selected because Gronqvist 

and his associates believed that the subjects tended to flatten their foot before landing 

on a slippery floor. Buntemgchit (1990) chose 5.9° as the recommended heel angle for 

his fiiction measurement devices. The 5.9° was the heel angle at the peak of Fxz/Fy 

from his results. As discussed earlier, die appropriateness of choosing die values at the 

peak of fiiction use should be questioned, because the peak of friction use does not 

necessarily indicate the location that slips are most likely to start. The cmrent smdy 

suggests the heel angle of 22°, which was measmed when slips started, to be used for 

slip resistance measurement. This angle, occmred at the early stage of the landing of 
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Table 4.27 Comparison Between the Recommended 
Set-Up Values by Different Authors 

Gronqvist et al. Buntemgchit Li 
(1989) (1990) 

heel angle (°) 0 and 5 

foot angle (°outward) 0 

vertical force (N) 700 

sliding velocity (cm/sec) 40 

rate of increase of 
vertical force (KN/sec) _ 8.8 6.1 

rate of increase of 
horizontal force (KN/sec) _ _ 0.7 

5.9 

7.3 

484 

90 

22 

20 

432 

88 
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die foot on die floor, represents the most critical phase of die gait during normal 

walking. 

Gronqvist et al. (1989) did not consider out-toeing pattem of die foot in dieir 

smdy, in odier words, they used 0° as die foot angle timing testing. Buntemgchit 

(1990) suggested die foot angle of 7.3° (outward) from dieir experiment. The 7.3° was 

the mean value at the peak of Fxz/Fy. The foot angle suggested by the cmrent study 

was 20° (outward). This number was based on the measurement at slip-start for the 

imloaded condition. 

The normal force used by Gronqvist et al. (1989) was 700 Newtons. This number 

was selected to reflect the vertical force exerted by a person weighing 75 kg on the 

floor when this person start to faU during a critical motion. Buntemgchit (1990) 

selected 484 Newtons as the recommended vertical force for friction measmement. This 

number was obtained at the peak of fiiction use for a subject weighing 70 kg. The 

curtent smdy, however, suggests that 432 Newtons to be used as the normal force. This 

number was the mean vertical force when the sliding motions started after the landing 

of the leading foot for ten male subjects. 

The sliding velocity of the tested shoe used by Gronqvist et al. (1989) was 40 

cm/sec. This number was based on Sttandberg's (1983) results. Buntemgchit (1990) 

suggested that 90 cm/sec should be used because this number was observed from 

human subjects at die peak of friction use. The cmrent smdy suggested diat the heel 

sliding velocity of 88 cm/sec should be used. This number was the velocity when die 

sliding motions were initiated under urdoaded condition. 

Both the rates of increase of vertical and horizontal forces were not considered 

by Gronqvist et al. (1989). Buntemgchit (1990) suggested die rate of increase of 
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vertical force of 8.8 KN/sec should be reproduced by the testers. He did not discuss 

die rate of increase of horizontal force in his report. The curtent smdy suggests diat 

die rates of increase of vertical and horizontal forces should be 6.1 and 0.7 KN/sec, 

respectively. These number were based on the statistics of the unloaded condition. 

Summary 

The dependent variables of the curtent smdy were tested by non-paramettic 

Friedman tests. The results showed that many gait parameters and ground reaction force 

variables were affected significantly by the extra loads carried. These variables are 

shown in Table 4.28. 

The slip distance was identified as an important variable that affected the severity 

of slipping accidents (Leamon and Son, 1989). The Friedman test showed that sUp 

distance was affected significantly (p=0.037) by the extta loads carried. Longer slip 

distances were recorded under heavier load carrying conditions. This implies that a 

walker may slip longer, when carrying a heavy load, and may have a higher chance 

of faUing. 

The heel velocity at slip-start was significantiy different under different load 

carrying conditions. The heavier the loads carried, the higher the heel sliding velocity. 

Higher heel sliding velocity might be a direct cause of longer slip distance. 

The stride length of the subjects was expected to be constant since the walking 

speed of the subjects was controUed timing die tests. It was found, however, that the 

stride length of die conditions of carrying 40% of body weight was significantiy (at 5% 

level) lower than aU other experimental conditions. This resulted in irtegular outcomes 

for several variables such as slip distance, heel velocity, and time to slip-start. 
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Table 4.28 The Gait Parameters and Ground Reaction 
Force Variables that were Affected 
Significantiy by the Extra Loads Carried 

slip distance 

slip direction 

heel velocity 

stance time 

stride length 

time to slip-start 

shank orientation 

thigh orientation 

upper arm orientation 

rate of increase of 
vertical force 

lower arm orientation rate of increase of 
horizontal force 

forward impulse 

vertical force* 

horizontal force* 

normalized vertical force** 

Note: * at the peak of Fx/Fy, ** at slip-start 
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The time to slip-start of die unloaded condition was significantiy (p=0.018) higher 

than aU die loaded conditions. This implied diat die subject started to slip earlier in the 

landing phase of the leading foot when extta loads were carried. The reason diat the 

heel started to slip earlier for the loaded conditions might be explained by the higher 

momentum change associated with the extemal loads cartied. 

Both the shank and thigh orientations at slip-start were significantiy different 

under the load carrying conditions at 0.05 level. Higher shank and thigh orientations 

were recorded for heavier load carriage conditions. This implies that the sliding motion 

initiated earlier for the loaded conditions. For the unloaded condition, the sliding 

motion started later (as compared to the loaded conditions) when the whole body 

moved forward and caused the shank and thigh orientations smaUer. 

Both the upper arm and lower arm orientations were significantiy different under 

the experimental conditions at a 0.05 level. The results showed that the arms of the 

subjects were swung in larger extent when no or light weight of load was carried. 

The subjects might gain balance easier with the larger extent of arm swing which 

reduced the sUp distances when no load or light weight of load was carried. 

The normalized vertical ground reaction force at sUp-start for the unloaded 

condition was significantly higher than all other experimental conditions at the 0.05 

significance level. This was consistent with die results of the time to slip-start: the 

sliding motion started earlier when heavier weight of loads were carried. The subjects 

started to slip when the vertical ground reaction force reached 67% of their body 

weight. When extta loads were carried, the range of the normalized vertical force was 

from 28% to 38%. 
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Bodi of die vertical and horizontal force at the peak of Fx/Fy were significantiy 

different under load carrying conditions at 0.05 level. The heavier die extta loads 

cartied, die larger tiie two forces were. The larger horizontal and vertical forces of die 

heavier load carrying conditions reflected die static effect of the extemal loads cartied. 

Same results were obtained for the ground reaction forces at the peak of Fxz/Fy. 

The rate of increase of vertical and horizontal forces were both significantiy 

different under load carrying conditions at the 5% level. Higher rates were observed 

for the heavier loaded conditions. Exceptions for the 40% load carrying condition of 

both of the rate of increase of vertical and horizontal forces were found. These 

exceptions showed that the load carrying effect for the two variables were attenuated 

by the shorter stride length for the 40% load carrying condition. The percentage change 

of the rate of increase of vertical force from the unloaded condition to other fom 

conditions were found to be smaUer than the horizontal counterpart. This might also 

conttibute to the longer slip distance observed for the loaded conditions. 

The forward impulse was affected significantiy (p=0.002) by the extta loads 

carried. Higher forward impulses were observed when heavier loads were carried. The 

range of the forward impulse for the experimental conditions was from 10 to 16 KN-

sec. 

The microslip, slip, and slide classification characterized the outcome of a sliding 

motion of a pedestrian as far as safety is concemed. The cmrent smdy shows that 

more slides, which implied faUs, were found when heavier loads were carried. The 

analysis of the gait parameters showed that the heel started to slip earlier for slides, 

approximately 30 and 40 miUi-seconds sooner than those of slips and microslips, 

respectively. Higher heel velocity and heel angle at slip-start were recorded for slips 
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and slides as compared to microslips. The results of die toe angular velocity showed 

diat die toe of die subjects touched down faster for microslips than slips. The toe of 

the subjects did not touch down at aU for slides since die toe moved away, at slip-

start, from the floor with respect to the heel. 

The rate of increase of vertical force for the tiiree categories of the sliding motion 

was at die 8 KN/sec level. The rate of increase of horizontal force ranged from 0.84 

to 1.11 KN/sec. No obvious ttend was found for the rate of increase of vertical force 

against the three categories. The rate of increase of horizontal force, on the hand, 

increased in relation to microslip, slip, and, slide. 

The forward impulse of microsUps, slips, and slides were 11, 14, and 16 KN-

sec. The author beUeves that a serious slip or slide can not happen without a forward 

impulse that is greater than a threshold value. The lower boundary value of the forward 

impulse for aU the load carrying conditions, or 10 KN-sec, seemed to be a reasonable 

threshold value since it was lower than the mean forward impulse for microslips. The 

forward impulse may also be adopted to categorize the severity of the sliding motions. 

High forward impulses are likely to result in serious slipping. 

The peak of Fx/Fy has been suggested as the location that sUps were most likely 

to occm (Perkins, 1978; Sttandberg, 1983). The results of the cmrent smdy did not 

support this argument. The sliding motions were found to start approximately 80 miUi-

seconds before the Fx/Fy reached the peak value. The use of Fxz/Fy to explain the 

occurtence of the initiation of the sliding motion was neidier recommended. The Fxz/Fy 

reached the peak value approximately 180 miUi-seconds after the sliding motion started. 

The Index for Pedesttian Safety (IPS), or friction use/dynamic COF, reflects not only 

the fiiction demand but also the friction availabdity between the shoe and the floor and 



137 

is recommended to be used for prediction of die sUpping accidents. A pedestrian is safe 

when IPS is smaUer than one. The results of die probabUity that IPS was smaUer than 

or equal to 1, which reflected the degree of slip resistant, were consistent widi the slip 

resistant classifications advocated by Gronqvist et al. (1989). 

Some parameters were recommended for use as the set-up values for fiiction 

measmement devices. These parameters were based on the data from human slipping 

of the cmrent smdy. Discussion and comparisons were made with the results from other 

authors (Gronqvist et al., 1989; Buntemgchit, 1990). A major point of the current smdy 

is the identification of the rate of increase of horizontal force which was not reported 

by the previous authors. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The results of this study were summarized in the foUowing: 

1. Both the non-parametric Friedman test for sUp distance and the numbers of 

outcome for microslip, slip, and slide under the experimental conditions showed 

that load carrying resulted in longer sUp distance. The heavier the loads carried, 

the longer the slip distance were. Since the slip distance affected the severity of the 

sUding motion (Leamon and Son, 1989; Leamon and Li, 1990; Son, 1990), it is 

suggested that load carriage by the workers should be avoid whenever possible if 

there is any chance of slipping accidents in the work environment. The footwear 

and floor surface selected for sUp prevention, based on the unloaded walking data, 

may not be adequate if load carriage is required for the workers. Higher sUp-

resistant materials may be needed to guarantee the safety of the workers. 

2. Many gait parameters and ground reaction force variables of the subjects 

were affected significantly by the extra loads carried. These parameters are shown 

in Table 4.28 in page 131. The slipping behaviors of the subjects were influenced 

by the variations of these parameters. For example, when heavier loads were 

cartied, higher heel sliding velocities at slip-start, forward impulse, and the relative 

changes of the rates of increase of horizontal versus vertical forces were observed, 

which may contribute to the longer sUpping distances. Sherman (1986) and 

Gronqvist et al. (1989) indicated that a pedestt-ian might reduce the required 

138 
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coefficient of friction when die sttide length was shortened. The current study 

showed tiiat shorter stride length attenuated the effects of load carrymg on some 

parameters, such as heel velocity, time to slip-start, and rate of increase of 

horizontal force. The changes of tiiese parameters resulted in shorter slip distances. 

3. Variations for several gait parameters and ground reaction forces variables 

were found for nucroslip, slip, and slide. These parameters include heel velocity, 

toe angular velocity, time to slip-start, heel angle, forward impulse, and so on. The 

three levels of the sliding motion, classified by slip distance, may also be 

characterized by other variables. For example, a microslip wUl probably be occm 

if the heel sliding velocity at slip-start is not more than 60 cm/sec. On the other 

hand, a slide will likely be observed if the heel velocity at sUp-start is 210 cm/sec 

or higher. The forward impulse may also be used to address the severity of the 

sUding motion. A microslip is most likely to occur if the forward impulse is 10 

KN-sec or less. A forward impulse of 16 KN-sec or more wiU usuaUy results in 

a sUde. 

4. The peak of friction use has been proposed as the location that slips were 

most probably to start (Perkins, 1978; Strandberg, 1983a). However, the resuks of 

the curtent smdy did not support this suggestion. It was found that the sliding 

motion started before the Fx/Fy and Fxz/Fy reached their respective peak values. 

Friction use might not be an appropriate item to assess the initiation of slipping. 

The Index for Pedesttian Safety (IPS) (or friction use/dynamic coefficient of 

friction) was more appropriate in assessing the occmrence of sUpping, since IPS 

considered not only the friction demand but also the friction avaUability. The 
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friction available is more tiian tiie fiiction demand when IPS is smaUer than 1. The 

pedesttian is believed to be safe under such circumstances. 

The results, of the curtent smdy, in evaluating sUp resistance by the 

probabUity that IPS is smaller than or equal to 1 (or P(IPS<=1)) is consistent with 

the classifications given by Gronqvist et al. (1989). A very slip resistant condition 

may be produced if the dynamic coefficient of friction is 0.3 or higher. A dynamic 

coefficient of friction of 0.05, on the other hand, results in a very sUppery 

situation. 

5. The essential set-up values, that can be used on the dynamic friction 

measurement device to simulate the sUding motion of human leg, were obtained. 

These set-up values were based upon the characteristics of the slipping behaviors 

of the subjects in the experiment. 

Recommendations for Futme Research 

It is felt that the following topics should be explored in the fumre: 

1. VaUdity of die Index for Pedestrian Safety (IPS) as an indicator to predict 

the possibUity of the incident of slippmg. The dynamic friction measurement device, 

cmrently being developed by the Departments of Industrial and Mechanical 

Engineering at Texas Tech University, may be used to measme the dynamic 

coefficients of friction under various of shoe/floor coupling and sliding velocities 

of the contacted surfaces. The IPS may be estimated for human slipping mcidents 

after a data base of dynamic coefficient of fiiction is established. 
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2. Investigations of sUppmg behaviors of the subjects when carrymg hand held 

loads in front of the body. The most common load carrying condition m mdustrial 

is to carry loads by two hands.The distribution of die extra loads on the subjects 

was symmetric in die sagittal plane for tiie curtent study. It may be desirable to 

test the subjects under non-symmetric load carrying conditions. The sUp/fall 

accidents related to this condition should also be explored. 

3. Study of slipping pattems under load carrying conditions under different 

shoe/floor couplings. The material of the shoes wore by the subjects in the cmrent 

smdy was PVC. Other sole materials such as mbber and leather may also be tested 

under various of floor conditions such as dry, wet, and waxed, and so on. 

4. Investigations of the sUpping accidents for female subjects when extta loads 

are carried. The curtent study tested male subjects only. The results may not be 

used for females because of the biomechanical differences between the two genders. 

It is suggested that similar research should be conducted for female subjects. 

5. The study of slipping behaviors with load cartiage for different age groups. 

The curtent study recmited college students as subjects for experiment. Most of the 

smdents were approximately 20 years of age. The subjects in other age groups, 

such as 30 or 40 years of age, may behave differently from college students under 

the same experimental conditions and are suggested to be tested. 

6. Description of the sliding motion of tiie subjects under load carrying 

conditions by an optimization approach. Lee (1988) utilized optimization approach 

to describe the human liftmg movements. The same methodology may be applied 

in studying the slipping motions of the subjects when extta loads are cartied. 
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APPENDDC A 

PERCEPTION OF SLIP DISTANCE 

FOR MICROSLIPS 

FaUing is a major accident that causes fatalities in die U.S. and many other 

countties (Leamon, 1988; Manning et al., 1988; Gronqvist et al., 1989). Slipping has 

been identified as the main cause of faUing (Manning et al., 1989). Many 

investigations, based on biomechanical approach, have been done. The cortelation 

between the mechanism of a sliding motion and the psychophysical behaviors of the 

victim is, however, vague. From die previous smdies (Perkins, 1978; Leamon, 1988; 

Leamon and Son, 1989), a sliding motion can be classified as either a slide, a slip, or 

a microslip. A slide is a uncontroUed forward movement of the leading foot that lasts 

more than 10 cm and usuaUy results in a fall. A microslip is characterized by the short 

slip distance and is normaUy not recognized by the walker. A slip is any sliding 

motion that can not be classified as either a slide or a microslip. The term "microslip 

is not perceived by the walker" has not been examined by any research yet. 

The objectives of the cmrent smdy are to define microslip more precisely and to 

use Theory of Signal Detection (TSD) to justify the fact that human subjects can not 

detect the existence of a microslip. 

When human subject walks on slippery surface, the sliding motion can be tteated 

as signal to him. The relative movement between the shoe and the foot as weU as the 

random nemal activities play die role of "noise" to die subject. When the sliding 

motion occurs, die subject "hit" die signal if he/she perceive the sliding motion. The 

subject "miss" the signal if he/she does not perceive the sliding motion. If he/she says 
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slip" when there was no one, the subject made a "false alarm". The subject makes 

"cortect rejection" when no sliding motion and he/she says no. The conditional 

probabUities can be presented by a response matrix: 

Response 

yes no 

slip 

Stimulus 

no 

slip 

hit 

P(S/s) 

P(S/n) 

miss 

P(N/s) 

False Alarm Cortection Rejection 

P(N/n) 

An receiver's operation characteristics (ROC) curve is obtained when plotting 

P(S/s) versus P(S/n). The area under the curve represents the capabiUty of the subjects 

to make cortect judgements and avoid incortect ones. 

Whether the stimulus was a signal or a noise can be determined by choosing a 

specific slip distance as the determinant. For example, if 2 cm is chosen, then aU slips 

greater than 2 cm are considered as signal (or stimulus), any slip less than or equal to 

2 cm is considered as noise. 

Five male subjects were recmited for diis smdy. Each subject was tested on both 

clean and greasy steel plate with a whole body hamess for safety purposes. Retto-

reflective targets were attached to the heel and other anatomical landmarks of the 
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subjects. The subjects were notified to pay attention to whether his left foot slip on die 

specific step or not. The subject was asked to choose die most appropriate answer from 

the foUowing question: 

Did you slip or not: 

( ) 1. Slip - Definitely 
( ) 2. Slip - Probably 
( ) 3. Uncertain either way 
( ) 4. No Slip - Probably 
( ) 5. No Slip - Definitely. 

The video images of the targets on the subjects were coUected by three high speed 

cameras which was triggered by a photo-electric switch. The image were then processed 

by a VP320 video processor and analyzed by the Motion Analysis ExpertVision 

System. 

One hundred and eight three trials were coUected for normal walking speed from 

both slippery and non-sUppery steel plate. Seven ROC curve were made. The slip 

distance which was chosen as the upper limits of non-signal were from 1 to 4 cm with 

increment of 0.5 cm. A P(A) versus slip distance figure was made to summarize the 

information from the seven ROC curves. There were empty ceUs except for the case 

of slip distance of 1 and 1.5 cm. Many extta tests were performed on fast walking 

speed to reduce the undesirable effects caused by the empty ceUs. After grouping aU 

the trials, 262 trials were recorded. Eight ROC curves were plotted for the combined 

data. The ROC curves were summarized by a P(A) versus slip distance figure. The 

results from the two P(A) versus slip distance figmes showed that the probabUities 

that the subjects perceive the sliding motion with the slip distance of less than 3 cm 

were low. It is, then, reasonable to define a microslip as any sliding motion with the 

slip distance of 3 cm or less. This definition is weU incorporated with the statement 
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of "microslips are not perceived by human subjects." The subjects were informed to 

pay attention to whether they slip or not before the tests. The probabUity that the 

subjects detect the sliding motion should be lower if they were not informed to do so. 

The ROC curves and the P(A) versus slip distance figures are shown in the foUowing 

pages. 
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< 

Slip Distance (cm) 

Figure A.l P(A) Versus Slip Distance for Non-Slippery 
Surface 



CO 

/ -r-

OJ 

0.7 

0.8 
' 

0.6-\ 

0.4 

OJ-

OJ-

0.1 

0 

P(A)=0.438 

/ 
/ 

. / 

. / 
y 

/ 
/ 

/ 
/ 

/ 

y^ 

0 

t f" 

OJ 0.4 

' / 
/ 

/ 

A 
// 

/ 

/ 
/ 

/ 

/ 

"T r 
OJ OJ 

P(S/n) 

153 

""" "̂  S«.5S;;'?i*— " -



154 

P(A)=0.561 

CO 

a. 

P(S/n) 

Figure A.3 ROC Curve for Slip Distance=1.5 cm for 
Non-Slippery Surface 
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P(A)=0.655 

P(S/n) 

Figure A.4 ROC Curve for Slip Distance=2 cm for 
Non-Slippery Surface 
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P(A)=0.683 

CO 

P(S/n) 

Figure A.5 ROC Curve for Slip Distance=2.5 cm for 
Non-Slippery Surface 
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P(A)=0.774 

CO 

W-

P(S/n) 

Figure A.6 ROC Curve for Slip Distance=3 cm for 
Non-Slippery Surface 
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P(A)=0.687 

CO 

P(S/n) 

Figure A.7 ROC Curve for Slip Distance=3.5 cm for 
Non-Slippeiy Surface 



159 

P(A)=0.689 
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P(S/n) 

Figure A.8 ROC Curve for Slip Distance=4 cm for 
Non-Slippery Surface 
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Slip Distance (cm) 

Figme A.9 P(A) Versus Slip Distance for Slippery 
and Non-Slippery Surfaces 
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P(A>=0.503 

CO 

P(S/n) 

Figme A.IO ROC Curve for Slip Distance=l cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.604 
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Figure A 11 ROC Curve for Slip Distance=1.5 cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.675 

P(S/n) 

Figure A. 12 ROC Curve for Slip Distance=2 cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.733 

P(S/n) 

Figme A. 13 ROC Curve for Slip Distance=2.5 cm for 
Slippery and Non-Slippery Surfaces 
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Figme A. 14 ROC Curve for Slip Distance=3 cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.826 

CO 

P(S/n) 

Figme A. 15 ROC Curve for Slip Distance=3.5 cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.826 

P(S/n) 

Figme A. 16 ROC Curve for Slip Distance=4 cm for 
Slippery and Non-Slippery Surfaces 
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P(A)=0.768 
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P(S/n) 

Figure A. 17 ROC Curve for Slip Distance=4.5 cm for 
Slippery and Non-Slippery Surfaces 



APPENDDC B 

HUMAN SUBJECT CONSENT FORM 

CONSENT FORM 

I hereby give my consent for my participation in die project entitied: A 
Biomechanical Studv of SUpping Accidents. 

I understand that the person responsible for this project is Dr. Tom B. Leamon 
(Faculty). His phone number is 742-3543. 

He has explained that these smdies are parts of the project diat has the foUowing 
objectives: To determine factors which cause a sUp of die foot to lead to a fall. 

He or his authorized representative has (1) explained procedures to be foUowed 
and identified those which are experimental; (2) described the attendant discomforts and 
risks; (3) described appropriate altemative procedures. Briefly, those procedmes are: I 
wUl wear the hamess and then foUow the instmctions to walk along a slippery floor 
with/without an extta load. The hamess wUl protect me from faUing. 

The risks have been explained to me as follows: loss of balance and displacement 
of personal possessions. 

It has further been explained to me that the total dmation of my participation wiU 
be approximately two hours; that ordy members of the research group wUl have access 
to the records and/or data coUected for this smdy; and that aU data associated with this 
smdy wiU be remain stricdy confidential. 

Dr. Leamon has agreed to answer any inquires I may have concerning the 
procedures and informed me that I may contact the Texas Tech University Instimtional 
Review Board for the Protection of Human Subjects by writing them in care of the 
office of Research Services, Texas Tech University, Lubbock, Texas 79409, or by 
caUing 742-3884. 

If this research project causes any physical injury to me in this project, tteatment 
is not necessarily at Texas Tech University or die Smdent Health Center, nor is there 
necessarily any insurance carried by the University or its personnel applicable to cover 
any such injury. Financial compensation for any such injury must be provided by my 
own insurance program. Further information about these matters may be obtained from 
Dr. Robert M. Sweazy, Vice Provost for research, 742-3884, Room 203 Holden HaU, 
Texas Tech University, Lubbock, Texas, 79409-1035. 

I understand that I wUl receive ten doUars for my participation in diis project and 
I may discontinue this smdy at any time I choose without penalty. 
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Signatme of the subject: Date : 

Signature of the project director or his authorized representative: 
date : 

Signature of Witness to oral presentation: 
date : 



APPENDDC C 

COMPUTER PROGRAM TO CALCULATE SLIP 

DISTANCE, SLIP DIRECTION, 

AND HEEL VELOCITY 

10 DIM B(200),C(200),(D200),E(200),G(200),F(200),T(200), 
P(200),YY(200),MM(200),VC(200),VD(200),VE(200),AVC(200), 
AVD(200), AVE(200),VXZ(200) 

20 CLS 
30 KEY OFF 
40 GOSUB 1500 
50 LOCATE 5,15 
60 PRINT " THIS SOFTWARE, WRITTEN BY KAI WAY U, 

CALCULATES SLIP DISTANCE OF THE FOOT ON THE FLOOR" 
70 PRINT " THE COORDINATES IS:" 
80 PRINT " X - VERTICAL" 
90 PRINT " Y - HORIZOTAL" 
100 PRINT "Z - LATERAL" 
110 LOCATE 22,1 
120 INPUT "[ENTER] - TO CONTINUE OR [Q] TO QUIT";EN$ 
130 IF EN$="Q" THEN 1560 
140 GOSUB 1500 
150 LOCATE 8,20 
160 INPUT "FILE NAME ";YY$ 
180 LOCATE 10,20 
200 FPS=60 
220 PRINT "FRAME RATE (FPS) =";FPS 
240 LOCATE 12,20 
260 INPUT "NEED PRINT OUT (Y/N)";POUT$ 
280 OPER YY$ FOR INPUT AS #1 
300 Z=l 
320 WHILE NOT EOF (1) 
330 INPUT #1,P(Z),F(Z),T(Z),C(Z),D(Z),E(Z) 
340 Z=Z+1 
350 WEND 
360 CLOSE #1 
370 CLS 
380 FOR 1=2 TO Z-2 
390 VC(I)=(C(I+l)-Ca-l))*FPS/2 
400 AVC(I)=ABS(VC(I)) 
410 VD(I)=(D(H-l)-D(I-l))*FPS/2 
420 AVD(I)=ABS(VDa)) 
430 VEa)=(E(I+l)-E(I-l))*FPS/2 
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440 AVD(I)=ABS(VE(I)) 
450 NEXT I 
460 FOR 1=2 TO Z-2 
470 B(I)=AVDa) 
480 NEXT I 
490 RR=2 
500 GOSUB 1370 
510 FOR 1=2 TO Z-2 
520 VXZa)=SQR((VC(I)*VC(I)-hVE(I)*VC(I))) 
530 NEXT I 
540 IF AVD(START)<3 THEN 580 
550 RR=START-hl 
560 GOSUB 1370 
570 GOTO 540 
580 IF VC(START)>1 THEN 610 
590 FSTOP=START 
600 GOTO 710 
610 FOR I=START TO Z-2 
620 B(I)=VXZ(I) 
630 NEXT I 
640 KK=START 
650 GOSUB 1430 
660 IF VXZ(FSTOP)<3 THEN 710 
670 IF AVD(FSTOP)>5 THEN 710 
680 KK=FSTOP+l 
690 GOSUB 1430 
700 GOTO 660 
710 GOSUB 1500 
720 LOCATE 4,25 
730 PRINT "SUMMARY REPORT OF SLIP DISTANCE" 
740 LOCATE 5,33 
750 PRINT "HLE: ";YY$ 
760 LOCATE 6,15 
770 PRINT "=========================" 
780 LOCATE 8,20 
790 PRINT " FRAME X Y Z" 
800 LOCATE 9,16 
810 PRINT "SLIP START";F(START);C(START);D(START);E(START) 
820 LOCATE 12,16 
830 PRINT " SLIP STOP";F(FSTOP);C(FSTOP);D(FSTOP);E(FSTOP) 
840 IF FSTOP=START THEN 870 
850 SD=SQR((C(FSTOP)-C(START))^2+(E(FSTOP)-E(START))/^2) 
860 SDIREC=180/3.1416*ATN((C(FSTOP)-C(START))/(E(FSTOP)-E(START)) 
870 LOCATE 10,18 
880 PRINT "VELOCITY" 
890 LOCATE 10,32 
900 PRINT USING "####.##";VC(START) 
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910 LOCATE 10,42 
920 PRINT USING "####.##";VD(START) 
930 LOCATE 10,52 
940 PRINT USING "####.##" ;VE(START) 
950 LOCATE 11,18 
960 PRINT "VXZ" 
970 LOCATE 11,31 
980 PRINT USING "#####.##" ;VXZ(START) 
990 LOCATE 13,18 
1000 PRINT "VELOCITY" 
1010 LOCATE 13,32 
1020 PRINT USING "####.##" ;VC(FSTOP) 
1030 LOCATE 13,42 
1040 PRINT USING "####.##" ;VD(FSTOP) 
1050 LOCATE 13,52 
1060 PRINT USING "####.##" ;VE(FSTOP) 
1070 LOCATE 14,18 
1080 PRINT "VXZ" 
1090 LOCATE 14,31 
1100 PRINT USING "###.##";VXZ(FSTOP) 
1110 LOCATE 15,16 
1120 PRINT "SLIP DISTANCE IS " 
1130 LOCATE 15,33 
1140 PRINT USING "###.##";SD 
1150 LOCATE 16,16 
1160 PRINT "SLIP DIRECTION =" 
1170 LOCATE 16,47 
1180 PRINT USING "###.##";SDIREC 
1190 LOCATE 16,55 
1200 PRINT "DEGREE" 
1210 LOCATE 17,16 
1220 IF SD=0 THEN PRINT "NO SLIP" 
1230 IF SD>0 AND SD>3 THEN PRINT "MICROSLIP" 
1240 IF SD >3 AND SD<10 THEN PRINT "SLIP" 
1250 IF SD >10 THEN PRINT "SLIDE" 
1260 LOCATE 22,1 
1270 IF POUT$><>"Y" THEN 1320 
1280 LPRINT "FRAME X Y Z VX VY VZ VXZ" 
1290 FOR 1=1 TO Z-1 
1300 LPRINT Fa),C(I),D(I),E(I),VCa),VD(I),VEa),VXZa) 
1310 NEXT I 
1320 SD=0 
1330 SDIREC=0 
1340 INPUT "[ENTER] - GO TO MAIN MENU";EN$ 
1350 GOTO 20 
1360 END 
1370 REM SUBROUTINE SLIP START 
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1380 FOR I=RR TO Z-2 
1390 IF B(I)<=B(I+1) THEN 1410 
1400 NEXT I 
1410 START=I 
1420 RETURN 
1430 REM SUBROUTINE SLIP STOP 
1440 FOR I=KK TO Z-2 
1450 IF Ba)>=B(I+l) THEN 1470 
1460 NEXT I 
1470 FSTOP=I 
1480 RETURN 
1490 END 
1500 REM SCREEN FRAME 
1510 CLS 
1520 PRINT STRING$(80,205) 
1530 LOCATE 21,1 
1540 PRINT STRING$(80,205) 
1550 RETURN 
1560 CLS 
1570 SYSTEM 



APPENDDC D 

COMPUTER PROGRAM FOR NON-PARAMETRIC 

FRIEDMAN TEST 

10 REM **** NON-PARAMETRIC FRIEDMAN TEST ***** 
20 DIM A(150),R(150),M(150),RO(150),LO(150) 
30 KEY OFF 
40 CLS 
50 LOCATE 8,25 
60 PRINT "NON-PARAMETRIC FRIEDMAN TEST" 
70 LOCATE 15,40 
80 PRINT "WRIITEN BY KAI WAY LI" 
90 LOCATE 17,40 
100 PRINT "MARCH 26, 1991" 
110 LOCATE 22,1 
120 LINE INPUT "[ENTER] - TO CONTINUE OR [Q] TO QUIT";ENT$ 
130 IF ENT$="Q" THEN 1650 
140 CLS 
150 INPUT "HOW MANY BLOCK" ;BB 
160 LOCATE 1,30 
170 INPUT "HOW MANY TREATMENT" ;KK 
180 LOCATE 1,65 
190 INPUT "SUBSAMPLE ";MM 
200 N=BB*KK*MM 
210 FOR 1=1 TO N 
220 R(I)=0 
230 NEXT I 
240 ZZ=4 
250 FOR 1=1 TO 5 
260 LO(I)=I*15-14 
270 RO(I)=2 
280 NEXT I 
290 FOR 1=6 TO 10 
300 LOa)=a-5)*15-14 
310 RO(I)=3 
320 NEXT I 
330 FOR 1=11 TO 15 
340 LOa)=a-10)*15-14 
350 RO(I)=4 
360 NEXT I 
370 FOR 1=16 TO 20 
380 LO(I)=a-15)*15-14 
390 RO(I)=5 
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400 NEXT I 
410 FOR 1=21 TO 25 
420 LOa)=a-20)*15-14 
430 RO(I)=6 
440 NEXT I 
450 FOR 1=26 TO 30 
460 LOa)=a-25)*15-14 
470 RO(I)=7 
480 NEXT I 
490 FOR 1=31 TO 35 
500 LOa)=a-30)*15-14 
510 RO(I)=8 
520 NEXT I 
530 FOR 1=36 TO 40 
540 LOa)=(I-35)*15-14 
550 RO(I)=9 
560 NEXT I 
570 FOR 1=41 TO 45 
580 LO(I)=(I-40)*15-14 
590 RO(I)=10 
600 NEXT I 
610 FOR 1=46 TO 55 
620 IF I<=50 THEN RO(I)=ll 
630 ELSE ROa)=12 
640 IF I<=50 THEN LOa)=a-45)*15-14 
650 ELSE LOa)=(I-50)*15-14 
660 NEXT I 
670 FOR 1=56 TO 65 
680 IF I<61 THEN RO(I)=13 
690 ELSE ROa)=14 
700 IF I<61 THEN LO(I)=a-55)* 15-14 
710 ELSE LOa)=(I-60)*15-14 
720 NEXT I 
730 FOR 1=66 TO 75 
740 IF K71 THEN RO(I)=15 
750 IF K71 THEN LO(I)=(I-65)*15-14 
760 IF I>70 THEN RO(I)=16 
770 IF I>70 THEN LO(I)=a-70)*15-14 
780 NEXT I 
790 FOR 1=76 TO 85 
800 IF I<81 THEN R0(I)=17 
810 IF K81 THEN LO(I)=a-75)* 15-14 
820 IF I>80 THEN RO(I)=18 
830 IF I>80 THEN LO(I)=a-80)* 15-14 
840 NEXT I 
850 FOR 1=86 TO 100 
860 IF K91 THEN RO(I)=19 
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870 IF I<91 THEN LO(I)=a-85)* 15-14 
880 IF I>90 AND K96 THEN RO(I)=20 
890 IF I>90 AND K96 THEN LO(I)=(I-90)*15-14 
900 IF I>95 THEN RO(I)=21 
910 IF I>95 THEN LO(I)=a-95)* 15-14 
920 NEXT I 
930 FOR 1=1 TO N 
940 LOCATE LO(I),RO(I) 
950 INPUT A(I) 
960 NEXT I 
970 FOR XX=10 TO 100 STEP 10 
980 YY=XX-9 
990 GOSUB 1660 

000 NEXT XX 
010 FOR 1=1 TO N 
020 IF LOa)=l THEN RRR(1)=RRR(1)H-R(I) 
030 IF LOa)=16 THEN RRR(2)=RRR(2)+R(I) 
040 IF LOa)=31 THEN RRR(3)=RRR(3)+R(I) 
050 IF LOa)=46 THEN RRR(4)=RRR(4)+R(I) 
060 IF LOa)=61 THEN RRR(5)=RRR(5)+R(I) 
070 NEXT I 
080 EXPP=BB*MM*(MM*KK4-l)/2 
090 IF TIEolOO THEN VAR=BB*MM*MM*(MM*KK+1)*(KK-1)/12 
100 IF TIE olOO THEN 1150 
110 FOR 1=1 TO N 
120 SUMRSQ=SUMRSQ+R(I)*R(I) 
130 NEXT I 
140 VAR=MM*(KKl)*(SUMRSQMM*KK*BB*(MM*KK+l)*(MM*KK-Hl)/4) 

/KK*KK*(MM*KK-1) 
150 FOR 1=1 TO 5 
160 EXR=EXR+(RRR(I)-EXPP)*(RRR(I)-EXPP) 
170 NEXT I 
180 T4=(KK-1)/(KK*VAR)*EXR 
190 CLS 
200 FOR 1=1 TO N 
210 LOCATE RO(I),LO(I) 
220 PRINT USING "###.##";A(I) 
230 NEXT I 
240 FOR 1=1 TO N 
250 LOCATE RO(I),LO(I)+7 
260 PRINT USING "##.#";R(I) 
270 NEXT I 

290 P R S ^ ^ ^ R I ^ = ";RRR(1);" R2 = ";RRR(2);" R3 = ";RRR(3);" R4 = ";RRR(4); 
"R5 = ";RRR(5) 

300 LOCATE 23,1 
310 PRINT "T4 = ";T4 
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1320 CH(1)=5.385 
1330 CH(2)=7.779 
1340 CH(3)=9.488 
1350 CH(4)=11.14 
1360 CH(5)=13.28 
1370 CH(6)=14.86 
1380 CH(7)=18.47 
1390 IF T4<CH(1) THEN P=0.26 
1400 IF T4>CH(7) THEN P=0.0005 
1410 IF T4>CH(1) AND T4<CH(2) THEN P=0.25-(0.15*(T4-CH(1))/(CH(2) 

-CH(1))) 
1420 IF T4>CH(2) AND T4<CH(3) THEN P=0.1-0.05*((T4-CH(2))/ 

(CH(3)-CH(2))) 
1430 IF T4>CH(3) AND T4<CH(4) THEN P=0.05-0.025*((T4-CH(3))/ 

(CH(4)-CH(3))) 
1440 IF T4>CH(4) AND T4<CH(5) THEN P=0.025-0.015*((T4-CH(4))/ 

(CH(5)-CH(4))) 
1450 IF T4>CH(5) AND T4<CH(6) THEN P=0.01-0.005*((T4-CH(5))/ 

(CH(6)-CH(5))) 
1460 IF T4>CH(6) AND T4<CH(7) THEN P=0.005-0.004*((T4-CH(6))/ 

(CH(7)-CH(6))) 
1470 LOCATE 23,20 
1480 PRINT "P = " 
1490 LOCATE 23,25 
1500 PRINT USING "#.####";P 
1510 DF=MM*BB*KK-KK-BB+1 
1520 MCI= 1.99*SQR((1-T4/(BB*(MM*KK-1)))*2*KK*BB*(MM*KK1) 

*VAR/((KK-1)*DF)) 
1530 LOCATE 23,35 
1540 PRINT "DIFFERENT IF RJ-RI > " 
1550 LOCATE 23,57 
1560 PRINT USING "###.##";MCI 
1570 LOCATE 23,67 
1580 INPUT "[ENTER] ";WWW$ 
1590 P=0 
1600 MCI=0 
1610 FOR 1=1 TO 5 
1620 RRR(I)=0 
1630 NEXT I 
1640 GOTO 30 
1650 SYSTEM 
1660 REM ***** SUBROUTINE FOR RANKING ***** 
1670 FOR KK=X-1 TO YY STEP -1 
1680 FOR I=YY TO K 
1690 IF A(I)<=A(I+1) THEN 1790 
1700 T=Aa) 
1710 A(I)=A(I+1) 
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1720 A(I-hl)=T 
1730 TT=LO(I) 
1740 LOa)=LO(I-Hl) 
1750 LOa+l)=TT 
1760 TTr=RO(I) 
1770 RO(I)=RO(I-H) 
1780 RO(I+l)=TTT 
1790 NEXT I 
1800 NEXT K 
1810 FOR I=YY TO XX 
1820 IF YY=1 THEN R(I)=I 
1830 IF YY=11 THEN Ra)=I-10 
1840 IF YY=21 THEN Ra)=I-20 
1850 IF YY=31 THEN Ra)=I-30 
1860 IF YY=41 THEN Ra)=I-40 
1870 IF YY=51 THEN Ra)=I-50 
1880 IF YY=61 THEN Ra)=I-60 
1890 IF YY=71 THEN Ra)=I-70 
1900 IF YY=81 THEN Ra)=I-80 
1910 IF YY=91 THEN R(I)=I-90 
1920 NEXT I 
1930 SUM=0 
1940 FOR 1=1 TO 10 
1950 IF Ma)=l THEN 2080 
1960 IF A(I)<>Aa+l) THEN 2080 
1970 IF A(I-Hl)<>A(lH-2) THEN 2060 
1980 IF A(I-H2)<>A(I-H3) THEN 2030 
1990 IF A(I-h3)<>A(I+4) THEN 2000 
2000 AA=4 
2010 GOSUB 2100 
2020 GOTO 2080 
2030 AA=3 
2040 GOSUB 2100 
2050 GOTO 2080 
2060 AA=2 
2070 GOSUB 2100 
2080 NEXT I 
2090 RETURN 
2100 REM **** SUBROUTINE FOR TIE **** 
2110 FOR J=l TO I+AA-1 
2120 SUM=SUM+R(J) 
2130 NEXT J 
2140 FOR J=l TO I+AA-1 
2150 R(J)=SUM/AA 
2160 M(J)=1 
2170 NEXT J 
2180 SUM=0;TIE=100;RETURN 



APPENDIX E 

RAW DATA 

SLIP DISTANCE (CM) UNDER 0, 10%, 20%, 30%, AND 40% LOAD CARRYING 
CONDITIONS: 

0 
1.00 
8.43 
7.46 

11.07 
0.07 
2.55 
6.14 

11.80 
3.89 
1.96 
1.19 
0.00 
1.16 
2.04 
2.00 
1.88 
2.22 
2.43 
0.25 
0.77 

10% 
9.87 
1.59 
8.12 
3.66 
6.04 
3.75 
1.00 

19.89 
10.60 
6.20 
1.89 
2.50 

18.39 
18.47 
1.36 
0.45 
2.97 
2.92 
0.36 
2.07 

20% 
19.70 
6.95 
4.34 
3.46 
6.77 
5.94 

65.89 
1.36 
0.78 
0.22 

18.92 
1.58 

12.74 
5.16 
7.03 

16.89 
1.33 
1.70 
0.86 
1.45 

30% 
32.74 
7.50 

32.75 
31.02 
0.78 
1.58 
5.36 
4.93 

24.49 
4.51 
5.78 

28.33 
31.13 
17.55 
1.28 
1.29 
2.21 
7.15 
1.32 
8.16 

40% 
12.28 
24.80 
14.84 
41.62 

3.03 
0.44 
4.21 
2.23 
2.64 
0.21 
7.96 
2.57 
8.49 

14.43 
15.55 
26.23 
3.86 

10.00 
4.30 
3.55 

HEEL VELOCITY (CM/SEC) UNDER 0, 10%, 20%, 30%, AND 40% LOAD 
CARRYING CONDITIONS: 

32.85 
231.81 
226.81 
107.22 

7.53 
11.47 

112.77 
266.08 
158.07 
73.98 
29.05 
0.00 
8.14 

91.03 
85.93 

228.89 
39.70 

252.45 
141.23 
221.77 
152.09 

5.50 
151.18 
237.03 
192.19 
26.03 

125.87 
375.26 
423.80 

52.56 

384.85 
214.36 
128.56 
145.85 
212.02 
195.81 
325.81 
60.06 
62.44 
12.36 

426.14 
83.96 

309.63 
142.62 
257.04 

466.20 
207.62 
542.36 
549.92 
40.37 
63.45 

213.83 
147.44 
565.63 
148.36 
85.69 

245.36 
553.39 
304.02 

55.58 

282.41 
431.04 
355.24 
245.35 
71.41 
13.45 

188.88 
90.23 

124.60 
12.66 
35.65 
77.84 
55.38 

331.74 
392.17 
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88.40 
93.69 
11.85 
11.60 
6.25 

28.65 
132.38 
131.07 
22.45 
113.59 

367.19 
68.99 
79.23 
34.84 
69.51 

38.04 
36.58 
59.12 
70.35 
35.51 

29.76 
181.38 
87.03 
151.24 
145.33 

STRIDE LENGTH (CM) UNDER 0, 10%, 20%, 30%, AND 40% LOAD CARRYING 
CONDITIONS: 

146.98 
156.30 
150.95 
109.24 
135.16 
140.00 
88.16 
107.56 
139.49 
138.28 
145.47 
148.35 
138.57 
145.08 
157.60 
147.75 
126.69 
131.08 
76.78 
127.42 

142.33 
149.02 
143.56 
144.64 
143.45 
114.36 
129.78 
128.58 
126.84 
125.36 
145.73 
146.77 
159.16 
154.24 
147.66 
153.15 
122.24 
127.44 
129.79 
126.67 

150.04 
145.00 
137.95 
144.20 
141.80 
128.17 
127.90 
136.23 
142.82 
133.76 
141.63 
120.02 
114.68 
144.67 
148.06 
155.00 
119.11 
129.59 
125.88 
121.00 

155.10 
151.04 
149.26 
144.15 
117.93 
149.00 
114.32 
116.22 
123.76 
130.02 
132.06 
156.05 
135.16 
108.00 
154.96 
156.00 
122.22 
110.85 
113.94 
123.82 

149.00 
147.02 
144.11 
134.14 
131.22 
132.61 
128.52 
113.90 
103.97 
138.54 
126.19 
138.27 
141.91 
96.79 
145.00 
52.22 
120.49 
130.19 
99.65 
126.65 

TIME TO SLIP-START (SECOND) UNDER 0, 10%, 20%, 30%, AND 40% LOAD 
CARRYING CONDITIONS: 

0.10 
0.07 
0.03 
0.02 
0.18 
0.07 
0.07 
0.03 
0.00 
0.05 
0.07 
0.00 
0.07 
0.05 

0.02 
0.08 
0.05 
0.03 
0.03 
0.05 
0.08 
0.02 
0.02 
0.02 
0.02 
0.02 
0.00 
0.00 

0.00 
0.05 
0.05 
0.08 
0.02 
0.03 
0.02 
0.00 
0.02 
0.07 
0.00 
0.03 
0.02 
0.05 

0.00 
0.03 
0.00 
0.00 
0.02 
0.05 
0.00 
0.00 
0.00 
0.03 
0.03 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.05 
0.05 
0.03 
0.00 
0.03 
0.05 
0.03 
0.05 
0.03 
0.00 
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0.03 
0.03 
0.03 
0.03 
0.20 
0.05 

0.03 
0.07 
0.03 
0.03 
0.05 
0.03 

0.02 
0.00 
0.03 
0.02 
0.05 
0.02 

0.03 
0.05 
0.05 
0.03 
0.03 
0.02 

0.00 
0.05 
0.03 
0.03 
0.03 
0.03 

STANCE TIME (MILU-SECOND) UNDER 0, 10%, 20%, 30%, AND 40% LOAD 
CARRYING CONDITIONS: 

613 
633 
576 
553 
700 
710 
646 
590 
683 
713 
590 
566 
656 
686 
583 
580 
566 
606 
506 
536 

606 
613 
600 
550 
686 
606 
550 
506 
526 
610 
480 
550 
586 
540 
590 
616 
640 
643 
580 
606 

613 
630 
560 
560 
723 
733 
790 
593 
536 
530 
496 
526 
666 
603 
593 
646 
546 
586 
590 
550 

563 
627 
570 
556 
586 
636 
610 
523 
560 
653 
520 
523 
603 
550 
633 
610 
543 
550 
523 
520 

587 
593 
580 
543 
703 
673 
543 
610 
563 
593 
486 
560 
506 
523 
600 
680 
540 
546 
516 
603 

TOE ANGULAR VELOCITY AT SLIP-START (DEGREE/SECOND) UNDER 0, 10%, 
20%, 30%, AND 40% LOAD CARRYING CONDinONS: 

283.0 
5.43 
11.75 
296.3 
-64.7 
303.6 
-99.2 
60.1 
2.3 

260.8 
-19.3 
111.6 
-75.6 

113.3 
-299.4 
25.35 
-171.8 
120.2 
-7.38 
-99.34 
-103.2 
-221.5 
-70.16 
-21.8 
-140.9 
-295.0 

237.7 
25.8 

-268.6 
-126.8 
120.2 
53.63 
226.1 
-243.3 
-258.6 
-217.1 
-179.2 
-187.3 
64.7 

48.4 
14.2 

-43.53 
182.5 
-179.7 
-217.4 
32.1 

-147.1 
-183.0 
-256.1 
96.8 
-74.1 
-286.0 

105.9 
283.5 
258.87 
-156.6 
-170.1 
-341.7 
-19.6 
-146.6 
-85.42 
-96.6 
-82.6 
-144.7 
-292.9 
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-93.4 
-69.4 
302.6 
151.7 
216.1 
204.8 
223.6 

-127.3 
220.5 
283.4 

-263.5 
-249.5 
-90.4 
-58.3 

-134.1 
334.9 

-170.6 
-14.5 
185.1 

-197.2 
-244.5 

2.7 
397.0 
-5.32 

-182.2 
-163.4 
-370.4 
-163.7 

-177.2 
-277.1 
129.4 
166.4 

-389.3 
-3.3 

-203.8 

Fx/Fy UNDER 0, 10%, 20%, 30%, AND 40% LOAD CARRYING CONDITIONS: 

0.15 
0.12 
0.17 
0.17 
0.09 
0.13 
0.17 
0.15 
0.08 
0.10 
0.07 
0.08 
0.07 
0.09 
0.13 
0.09 
0.06 
0.06 
0.07 

0.12 
0.12 
0.18 
0.19 
0.10 
0.11 
0.13 
0.10 
0.12 
0.12 
0.08 
0.06 
0.09 
0.12 
0.12 
0.03 
0.04 
0.09 
0.04 

z/Fy UNDER 0, 10%, 

0.17 
0.16 
0.19 
0.19 
0.13 
0.14 
0.18 
0.15 
0.10 
0.13 
0.07 
0.13 
0.18 
0.13 
0.12 

0.15 
0.17 
0.19 
0.20 
0.12 
0.21 
0.17 
0.15 
0.17 
0.14 
0.14 
0.10 
0.11 
0.23 
0.16 

0.13 
0.08 
0.15 
0.15 
0.11 
0.11 
0.12 
0.13 
0.18 
0.16 
0.07 
0.05 
0.08 
0.12 
0.14 
0.09 
0.07 
0.10 
0.09 

20%, 30%, 

0.17 
0.15 
0.19 
0.20 
0.12 
0.12 
0.12 
0.15 
0.20 
0.18 
0.13 
0.09 
0.08 
0.20 
0.20 

0.09 
0.13 
0.17 
0.25 
0.09 
0.10 
0.15 
0.11 
0.13 
0.12 
0.07 
0.18 
0.06 
0.13 
0.11 
0.13 
0.15 
0.05 
0.08 

AND 40% LOAD C 

0.14 
0.16 
0.19 
0.26 
0.18 
0.18 
0.15 
0.15 
0.16 
0.14 
0.15 
0.24 
0.06 
0.19 
0.17 

0.06 
0.11 
0.15 
0.15 
0.09 
0.21 
0.09 
0.13 
0.12 
0.13 
0.08 
0.04 
0.11 
0.11 
0.14 
0.09 
0.07 
0.06 
0.06 

:ARRYI 

0.15 
0.14 
0.18 
0.18 
0.14 
0.22 
0.13 
0.13 
0.22 
0.22 
0.15 
0.07 
0.29 
0.17 
0.22 
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0.17 
0.14 
0.10 
0.08 
0.10 

0.16 
0.06 
0.08 
0.12 
0.08 

0.16 
0.15 
0.13 
0.12 
0.13 

0.13 
0.15 
0.15 
0.09 
0.12 

0.24 
0.10 
0.12 
0.10 
0.06 

FORWARD IMPULSE (KN-SEC) UNDER 0, 10%, 20%, 30%, AND 40% LOAD 
CARRYING CONDITIONS: 

15.84 
16.06 
12.74 
25.68 
7.78 

12.56 
13.31 
5.46 
5.42 
6.49 
7.46 
9.65 
2.09 

12.88 
15.81 
15.38 
8.32 
4.23 
1.97 
9.00 

16.73 
18.35 
10.27 
12.18 
9.59 
9.85 

14.44 
12.32 
8.82 

12.36 
10.56 
3.50 

12.78 
9.95 

16.58 
16.13 
2.78 
2.97 
3.20 
3.00 

20.20 
13.28 
17.08 
15.09 
14.03 
11.03 
7.96 

12.15 
15.64 
14.88 
7.99 
2.95 

14.98 
14.00 
20.36 
25.90 
12.07 
9.61 

13.80 
13.63 

12.29 
21.36 
21.84 
18.61 
12.71 
13.51 
12.25 
13.97 
13.39 
14.42 
11.89 
2.27 
7.46 
6.60 

19.31 
20.48 
14.99 
24.75 
9.23 

10.32 

8.44 
19.41 
21.39 
24.66 
11.42 
26.91 
8.51 

10.03 
15.46 
15.44 
18.84 
4.25 

22.63 
12.07 
23.65 
50.31 
9.25 
6.69 
6.50 

10.17 

RATE OF INCREASE OF VERTICAL FORCE (KN/SEC) FROM HEEL-ON TO THE 
PEAK OF Fx/Fy UNDER 0, 10%, 20%, 30%, AND 40% LOAD CARRYING 
CONDITIONS: 

14.40 
7.90 
7.80 
0.90 
4.55 
5.38 
2.78 
4.90 
4.13 
3.19 
0.37 
5.84 

11.53 

7.50 
6.80 
8.00 
6.82 
5.03 
5.44 

10.71 
10.42 
5.83 
4.50 

11.31 
8.79 
3.61 

11.00 
5.60 

10.70 
10.62 
5.96 
4.42 
3.70 

10.82 
8.22 

16.50 
10.37 
8.54 
6.62 

6.50 
6.84 

10.20 
20.00 

8.63 
11.41 
13.63 
13.30 
5.93 
4.76 
8.43 

13.03 
7.76 

3.50 
9.60 
9.06 
7.74 
4.86 

12.28 
10.26 
11.30 
5.26 

10.20 
9.46 
9.38 
3.04 
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6.75 
9.50 
9.46 
2.30 
2.00 
7.49 
6.14 

15.76 
7.86 
8.58 
2.82 
2.53 

11.93 
2.22 

1.10 
9.43 
6.23 
8.73 
9.67 

10.00 
8.44 

9.04 
4.73 
7.49 

13.07 
14.87 
7.17 

10.93 

2.19 
13.05 
3.71 
3.39 
2.42 
8.99 
8.13 

RATE OF INCREASE OF HORIZONTAL FORCE (KN/SEC) FROM HEEL-ON TO 
THE PEAK OF Fx/Fy UNDER 0, 10%, 20%, 30%, AND 40% LOAD CARRYING 
CONDITIONS: 

2.22 
0.92 
1.32 
0.17 
0.43 
0.72 
0.48 
0.71 
0.47 
0.41 
0.33 
0.32 
0.32 
0.47 
0.83 
0.60 
1.25 
1.21 
0.21 
0.13 

0.89 
0.79 
1.47 
1.29 
0.50 
0.62 
1.35 
1.05 
1.05 
0.09 
0.72 
0.52 
0.88 
0.48 
0.33 
1.94 
0.92 
1.00 
0.10 
0.10 

1.39 
0.45 
1.64 
1.62 
6.74 
0.51 
0.43 
1.44 
1.04 
0.76 
1.47 
2.63 
0.67 
0.42 
0.50 
0.13 
1.28 
0.82 
0.81 
0.71 

0.60 
0.90 
1.75 
4.99 
0.80 
1.10 
2.04 
1.48 
0.32 
0.88 
0.76 
0.59 
0.55 
2.29 
0.43 
1.21 
0.45 
0.38 
1.75 
2.18 

0.21 
1.07 
1.35 
1.30 
0.45 
2.59 
0.95 
1.47 
0.50 
0.49 
0.65 
1.33 
0.84 
0.41 
0.34 
0.25 
1.86 
0.90 
0.30 
0.17 


